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Abstract

The power conversion system (PCS) is a vital part of many energy storage
systems. It serves as the interface between the storage device, an energy source,
and an AC load. This report summarizes the results of an extensive study of state-
of-the-art power conversion systems used for energy storage applications. The
purpose of the study was to investigate the potential for cost reduction and
performance improvement in these power conversion systems and to provide
recommendations for future research and development. This report provides an
overview of PCS technology, a description of several state-of-the-art power
conversion systems and how they are used in specific applications, a summary of
four basic configurations for the power conversion systems used in energy storage
applications, a discussion of PCS costs and potential cost reductions, a summary
of the standards and codes relevant to the technology, and recommendations for
future research and development.




Acknowledgements

Sandia National Laboratories would like to acknowledge and thank Dr. Christine E. Platt of
the U.S. Department of Energy’s Office of Utility Technologies for the support and funding
of this work. Appreciation is also extended to Mike Behnke of Trace Technologies (for
reviewing Appendix B) and to Russell Bonn and Garth Corey of Sandia National
Laboratories; Dr. Mariesa Crow, Associate Professor of Electrical and Computer Engineering
at the University of Missouri-Rolla; Dr. Ned Mohan, Professor of Electrical Engineering at
the University of Minnesota; and Loren Walker, an independent consultant, for their
participation as technical reviewers. We also gratefully acknowledge all of the contributing
organizations who participated in this project and contributed to its success.




Contents

Executive SUMMATY ...cceeeeeerecernses v
 Introduction 1
Applications 4
Scope 5
PCS Basics 7
Power Stage 7
Controller 9
AC Interface and DC Interface 10
State-of-the-art PCS Configurations. 13
ABB Industrial Systems Concept 13
Abacus Controls Concept 14
Advanced Energy Systems Concept . 15
Exide Electronics Concept 16
Liebert Corporation Concept ‘ 17
Omnion Power Engineering Conc¢ept 17
Orion Energy Concept ‘ 19
Soft Switching Technologies Concept 20
Trace Technologies Concept 20
Westinghouse Electric Concept 22
Northern Power Systems Concept : 24
Oak Ridge National Laboratory Concept 25
Power Electronics Building Block Concept 27
PCS Configurations Summary 29
Grid-connected Parallel Configuration 29
Shunt- and Series-INJeCtion TTANSTOITIIETS ...c.uevtviririirierieirece st ereie et reeenesae st eseesrnestes e sarasseeneeecersesasensoresson 30
Grid-connected Series Configuration 31
Grid-independent Parallel and Series Hybrid Configurations . 32
Comparison and Use of PCS Cornfigurations 34
PCS Efficiency 35
PCS Cost 37

Cost Breakdown and Cost Reduction Potential by Application 37
PCS Costs for Power QUality APPLCAONS.....coeeuivveueereeerieerrereentraeeeeneserensessessaecsesssssesessesanssesaesssionaseseessores 38
PCS Costs for Voltage Regulation APPLCAtIONS........c.cveeriereeemerrerirereeeriesenseresseneeseeearessessetesssacsessssssene 39
PCS Costs for Customer Demand Pzak Reduction APpliCations..........ccivvcereeceeernnrercrnesrereenssssresnssssenens 40

PCS Costs for Area Control/Frequency Regulation Applications........ccovureecvieceirecennereccesreesesrnnesesesisesnens 40




Contents

PCS Costs for Residential APPHCAHONS ....c.cccocrtemtemierierentneentnerertrertseeseiesreseaessnannesenssssansssssssesssssssasensans 41
PCS Costs for Small Village APPLCAHONS .....c.eeueeeerirreeresiririererrrerasescstesnassesersasessnscssssresssssesssssassesonsseses 41
PCS Costs for Large Village/Small Industrial APPIICAtIONS ........ccveveveeerennererneeeesiereeseseneeenresssesesssesesesnns 42
Discussion of Potential Cost Reductions and Cost-reduction Conclusions 42
Applicable or Relevant Standards and Codes 45
Electrical Equipment Installation Codes 45
National Fire Protection Association National Electric Code .........occcririnerncinrirreneneerenreseecsenssaecereenene 45
Underwriters LabOTaIOTY ....ccciriiiieereee ittt rec e st samss st st et ssa st ss et aresaes st nasensseensarass 45
Electrical Systems and Interface Codes 43
American National Standards Institute/Institute of Electrical and Electronic Engineers .......cocoeceeereeerennen. 45
Federal Communications COMINISSION. ....coueueeveoierererierecreererseereessascssessenstsasesassensentrssssassentonsessaosesesssns 46
Other Related Codes and Standards 46
National Electric Safety COde ......oceoerieieieireieierieeiniieseestesseteeseesnessetesesssessaesessessasasassessesesnsesessesansanes 46
International Electrotechnical COMIMISSION. .....ccoucueieirirririrrtrerteee ettt e eeteteseneesesertsenssesessarasesasans 47
Conclusions 49
Recommendations for Future Research and Development. 51
Appendix A—List of Companies Interviewed A-1
Appendix B—Inverters B-1
Appendix C—Semiconductor Switches C-1
Appendix D—Advanced Energy Storage Electrical Interface D-1
Appendix E—R&D Needs: Industry Responses E-1
Appendix F—Acronyms and Abbreviations F-1
Appendix G—Bibliography and References G-1
Figures
Figure 1. EREFQY SIOVQQE SYSIEM. .......cccoceiveiereeierieaeteiecaceieeae et e et saess e et eresae ettt ese s e e e e ansoeemenessenmsnesinns !
Figure 2. Graphical representation of real and reactive DOWET. .................coeeureeeresininntecrnesieereesesasseesesesenes 3
Figure 3. PCS connected to a storage device and an AC I0GA/SOUFCE. ...........ccccvuvievemceiiieinenieiecreaeerinnereereene 7
Figure 4. EXQMPIE Of G POWEF SHAZO. .......cccouuoeimiriiiiiienieeeereeecte ettt et aeeeaas et e sma e e seteb e sttt eateesaraeeseressemnereenens 8
Figure 5. Rectification QNd INVEYSION. .......c..eerueeeuereieeeieiesi ettt seet e seesaese st aas st e e ssamsabe st e anensseesmaeasennaseresmannes 8
Figure 6. One possible PCS controller for a grid-COnnected SYSIEm. ...........ccccovuvoeiuceeicecrnieeeeesesaceesisereena 10
Figure 7. TYPICal AC GRIEHTACE. ...oveeveeeeit ettt sttt sttt r ettt b b b et enasesbeaenn 11
Figure 8. Typical DU IBIETTACE. .....oovecuereieieieiecireeereeeie ettt e st et ss e e et e e s e st et sae e e e s eese e naeeee st eareene 11
Figure 9. ABB power quality, voltage regulation, customer demand peak reduction, and area control/frequency
FEGUIATION GOSIGN. ......ceoneveeieiette ettt et ber e 13
Figure 10. Abacus Controls, Inc. TRIMODE power processor hybrid topology. .........cccoeeverveiincceriineccencnne. 15
Figure 11. Advanced Energy Systems hybrid itVerter deSIgh. ..........coooveccuiuianeiccieecniecceieee e sicieseseenas 16
Figure 12. Exide Electronics on-lineg UPS d@SIGN. .........ccoooeiiveiriieiiniertieiiieienet ettt ceveee s sas e s nanenes i6
Figure 13. Liebert Corporation power qUQIIty deSign. ..........c..cc.coeimvviiiinniiiiiiiciicae et 17
Figure 14. AC Battery PO2000 CONFIGUIAIION. ...cc.ooeeviicuiiiaiiiriiiciiniiee st nrteaet e sabeene s st eaescne s sas e ennesenes 18
Figure 15. AC Battery PM250 configuration. ............cccvccecoomumnenerecneranene SRS — 19
Figure 16. Orion Energy’s Series RYBFIA SYSTEM. .........cccc.vociuicoereiriniiicieiiice et ssenes 19
Figure 17. Trace 1.3-MVA SMES voltage sag protection designi.............oooevveviiimiiineieieiiieccvoveseececetennns 20
Figure 18. Trace 50-kVA voitage regulation and customer demand peak reduction design (proposed). ............ 21
Figure 19. Trace 10-MVA area control/frequency regulation design (proposed). .............ccoocorrvivvirnicimnnncne 21
Figure 20. Trace 30-kVA or 250-kVA off-grid hybrid deSign.............ccccocoeviviiiiicoiieniiiiiiiienieeiereerereiceneeanaas 22
Figure 21. Westinghouse EIectric DVR..........c.couiiivmiieneirereiceeeees vt et sen et s se e enecanenenasssasaens 23




Contents

Figure 22. Westinghouse Electric DSTATCOM. .........coovoumiiiicrieeeeeeeececcanieneceteresestreansseasesensracascsenesseseacaenea 24
Figure 23. Northern Power SyStems rotary CONVETSION SYSIEM........c.eerureiereereareerareesesssasassnssasessessinsesnsnsesnasaseses 25
Figure 24. Multilevel converter used for reactive power (RED). .....coco.oreeeemeorieceiriirenenieeniecereeeieeecineenen 27
Figure 25. Multilevel converter used in a back-to-back intertie (RED). ......cccooevveornecenenneerinecereereercnenaens 27
Figure 26. The PEBB cONCEPE (RED). .c..eoeieieieieeeeetee ettt vae st anse e e s e s anamansatnenas 28
Figure 27. Grid-connected parallel CORfIGUPALION. .............ocveevvieriveree e eisieseeesaesesse st sesaneesessase e iessemesenenerene 29
Figure 28. Example of a shunt-injection and a series-injection trGnSfOrmer. ............cuocceveecenencereemvererscenennnene 30
Figure 29. Grid-connected Series COMfIGUIATION. ..........ecvvuvuriveeoarieeiseeease s essaes e saessseeessaseseseasansaserenssssaneceseean 31
Figure 30. Grid-independent parallel hybrid CORfIUFATION. ..........co.ooceceveveiiviiiieiiiiiitce et 32
Figure 31. Grid-independent series hybrid CONfIGUIQLION. .........cccccovuuumvmirieiiinieeieirieiseieeieeee e erene s e srave s 33
Figure 32. PCS cOSt Breahtlown. ........c.c.o.oooveuivriieneeieeeteeee ettt asee e s asesa e ae s besa s es s eanseneneemnnans 38
FiIgure 33. CUFFENE PCS COSIS. ..ovvviuiuiriitiaeieiisie it cetriere e te st stae e sttt st e taeteseesaesaent e s anseve et snesee e enasse s e sesatanesssncace 43
Figure 34. Near-term (within approximately two years) cost reduction potential. .............cocovcevveueeeiuneernccunnns 43
Figure B-1. Basic voltage-source inverter With resiStive I0ad. ............co.ooeeecirecioenieeerireeeceeieeeneieseseeneneneas B-2
Figure B-2. Current-source inverter (with Square-wave SWItCHING). .........coccucvrvcineuecnrintieeineseseseeiescvieeene B-3
Figure B-3. Voltage (v) and current (i) in a reactive (inductive) I0Qd. .............coovececuviireeeirieeeeiernieeeeieecseaeens B-3
Figure B-4. Accommodating rective IOAUS. ..............ccccocveviivieeiiiiviiniirceeeeeee et et B-4
Figure B-5. lllustration of how the fundamental, third, fifih, and seventh harmonic components “sum” to

APPTOXIMALE & SQUATE WEAV.......c.nneieiiimieeiieaeitieeeteeseeateuteeraneratesosie st aasesasemreeesesesasesaseaeaaseeetnaaneesseeemtesaeesnessmenesnes B-5
Figure B-6. Harmonic spectrum correspending to time waveforms in Figure B-5..........cccccvicccivrevccccrennna, B-6
Figure B-7. Pulse-width mOGQulGrion WAVEOTI. ..........ccccovcerieeiuniisieceiiie e steeieeeetesveeseessseeseese st ssenesseesseaeeeesens B-6
Figure B-8. StEDPEA SGUATE WAVE..............ceooeucereeeereeoeesesssseeeae s sessss s esea st s s sssneassas st ses s s s s e ssans B-7
Figure B-9. SHUBBEY CIFCUIL. ..........oouoericiiitcicci ettt et et e ea e eech st n et e e nae s B-9
Figure B-10. Operating quadrants for @ basic CUTTERE-SOUTCE IAVEFIET. ............cceeeaverereeeerreresemesnrseeraneeecns B-13
Figure B-11. Voltage regulation Building BIOCKS. ............c.cccccoveiviereiioiomiieiierieeeeientese et secee e B-14
Figure B-12. Series-connected VOItage BOOSE THVETIEF. ..........ccccuvvceeeriunreieenieieeriesseseesiereres e eenenaseseeneneseeens B-14
Figure B-13. Unified Power FIOW CORIPOIIEY . .............ccvevieeiriereieierieanemeete s iessse s s sae e seeseseseenes B-15
Figure B-14. Three-phase vOltage-SOUrCe TAVEFIEY. ..........occevveeevereeieerieeeceesets i see et ne e e sassesme e e saeeres B-16
Figure B-15. Waveform and switching sequence for a three-phase, voltage-source inverter........................ B-16
Figupe B-16. MAITIX COMVEFLET. ........ccueirieeeireeieieirieoeeree et sttt ettt e e et esa st eetasee et et e bt e ssesment e saencaseseeacre B-17
Figure B-17. Single- and three-phase lzne—commutatea’ COMVEFTRYS. ..cuveveeranerererereeenreissesesantsesentnsnesassneaeesenin B-18
Figure B-18. Voltage and current wavefcrms for a single-phase, line-commutated converter. ...................... B-19
Figure B-19. Waveforms for a three-phase, six-pulse bridge rectifier........o.coeeeivirieiniieneesiieeiseeniee. B-20
Figure B-20. Twelve-pulse bridge using wye-to-wye and wye-to~delta transformers. .........c..ccccceeevcvcveneenncns. B-20
Figure B-21. Waveforms for a twelve-puise Bridge IVerter. ...........cccoveevveuieaeririrameereeeieesneesrereesransnes B-21
Figure B-22. Basic DC-link SOft-SWItCRING TNVEFIET . .........cococceiiiniiiiiiieeieneeeee et et aeee et ena e et omie B-23
Figure B-23. Representative DC-link inverter waveforms under discrete pulse modulation........................... B-24
Figure B-24. Single-phase, three-level VOltQZe-SOUrCe INVETTT..............c.ccvevvcirurevrveieirnratereneaeaeeseeniecencnes B-25
Figure B-25. Single-phase, three-level CUrrent-SOUrCe MMVEFLEY...............ccouuuuuueeiecureeevocccseavneccsveceersereccrvane B-25
Figure B-26. Voltage (current) waveform for a three-level voltage-source (or current-source) inverter. ...... B-26
Figure B-27. Relationship between the inner and outer CORtrOL I0OPS. .........ccoccovvvvviiniinicicncrccciirccieian, B-27
Figure B-28. Sinusoidal PWM. .........cccooiiiiiiiiiiie ettt ettt eameesesm s st st aemeesetas e naneenen B-28
Figure B-29. Hysteresis-based PWM. ..........cccccvueiioeieeeiieeeeeeieteseeereasetesseesassamsassseseeseseassesesesasansansesssseamenens B-29
Figure B-30. Space-veCtor PWM. ..........coocivieciiieiiintiasieit ettt erts et sere e aebe st sen e s se et esee e assaesanasnnes B-29
Figure B-31. Example circuit for a grid-connected ESS iMVETLer. ........c.o.cuwureceorireeceneeeneesenseesesseesensenneses B-30
Figure B-32. Inverter technology by rating and SWitChing frequency..............ccouvevcvnimencninincisisnieccsinenns B-34
Figure B-33. INVEFLEE LAXORMOMY. ......co.cc.cocutreviiireiriieieeie sttt et eses e eet et e e an et et ses et aaeconaoneerastaentetsenes B-35
Figure C-1. Voltage ratings for commonly used SEMICONGUCIOTS. ........ccco.coruvoenccineneniiiicniriseseneeessesnseieene C-3
Figure C-2. Current ratings for commonly used SEMICONAUCIOFS. ...........cccoeevvrecoriurnresieeeeeesssieneersseienssssenens C-4
Figure D-1. One-line diagram for the PQ VR™ system at the SAAPI Stanger Mill...........cc.cococeviveinvcainncnnn. D-1
Figure D-2. Power quality glitch proteciion CORfIGUPALION. .........c..cc.ocvuerenuenrenrereeesresreresasereseienereeseenssaseaensren D-2




Contents

Figure D-3. CleanSource™ deviCe. ...........ccocereneieriiieniniet e isesisasssessssesss s essese s et ssasassensessassesessesessenens D-3
Figure D-4. DESS used for UPS QPDIICAUONS. .........ccoovevioeiiecieieiirireestee st eeeete e ere st e snesea s sas s nesa e s D-4
Tables

Table 1. PCS COSIS BY APDIICALION. ........c.ccccorinieneeiiiiiisieiieeseet e st esvtes s asse e sesstensstentessassesnsstesanessssnsnsanees viii
Table 2. PCS Characteristics for Grid-connected Energy StorQge SYSIEMS .........coueeeeuvrueeeeeceeirnreeieenasresseenens 5
Table 3. PCS Characteristics for Grid-independent Energy Storage SYSems ........ooceeeomveriereeevamnreeeeeeeeeaaneceeene 5
Table 4. Soft-switched and Multilevel Converters Built and Tested by ORNL.............oucoeeeeeeveeeeereieeeeenenanenns 26
Table 5. Grid-connected Systems Parallel/Series Configuration COMPAVISON ...........ccccvovceeeriecvareerneirerivaeseneens 34
Table 6. Grid-independent Systems Parallel/Series Configuration COMPAFISOR.........oeoovevevivierecraecrnsrenessenes 34
Table 7. Summary of Design Configurations Used by Companies Interviewed.............c..c.coovveeveeieicivnereennenenenns 34
Table 8. PCOS EffICIENCIES ......c.oevereenrieeecrmre ettt sttt eenes e e e st s sttt s e st e e s es e et st amameraas 36
Table 9. PCS Costs for Power Quality APPlICAIIONS .............cocccooveiriioireieeirieesceeeevieieisasceeseeae s ssas e e esessessenes 39
Table 10. PCS Costs for Voltage Regulation APPICALIONS ........cccocoimeiieverieiiiieiieeesiesieeeteete ettt esseeteseeananens 39
Table 11. PCS Costs for Customer Demand Peak Reduction APPIICALIONS .........ccoceeoeerievieoineneeneeereeeeenee 40
Table 12. PCS Costs for Area Control/Frequency Regulation APplicQtions.............ccovevveverececvirceaenereceneas 40
Table 13. PCS Costs for Residential APPICLIONS .............ccccoovviviviniinnin et see e e s ereee 41
Table 14. PCS Costs for Small Village APPIICALIONS.........occoooceeeeirieeieerieiieirie et sseetesteesassesemessesaensenenrene 41
Table 15. PCS Costs for Large Village/Small Industrial AppliCQLIOnS ............ccc.covvvnvvivevernienccsiniecvcreneersrenn 42
Table C-1. CONrOUADBIE SWILCRES...........cooeveierreeieeeetecetes et aas s e s s s e e e s e s sa s esenseneneasasen C-1
Table C-2. Semiconductor Comparison (ROTMAlZEd) .................co.ccccoeviiiciieninveciiesrieee e e C-3




Executive Summary

Introduction

Sandia National Laboratories (SNL) performs technical activities for the Department of
Energy- (DOE-) sponsored Energy Storage Systems Program (ESSP). This program focuses
on research and development (R&D) of energy storage systems for use by electric utilities
and consumers. In the simplest terms, energy storage systems (ESSs) store energy for use
when other means of supplying power are unavailable, uneconomical, or when additional
power is necessary. In systems that are connected to the utility grid, utility power or another
energy source is used to charge the storage device. Then, when an outage or a disturbance
occurs, or during times of peak demand, the storage device supplies power to the grid as
necessary. In grid-independent systems, power is supplied to the load by a renewable source
(or, in hybrid systems, a renewabl: source and a diesel generator) that also charges the
storage device. When power from the renewable source is unavailable, the storage device
supplies the necessary power.

The power conversion system (PCS) is a vital part of many energy storage systems. It serves
as the interface between the storage device, an energy source or sources, and the load. The
load can either be a utility distributing electricity to its customers or a residential, village, or
other user who is not grid-connected. An electric utility may also be a source for charging the
storage device.

The ultimate goal of future PCS development is to create advanced, multi-technology, low-
cost, and low-footprint PCSs. The ideal PCS would be able to interface any or all of the four
major storage technologies (batteries, superconducting magnetic energy storage (SMES),
flywheels, and supercapacitors) with a renewable power source (grid-independent or hybrid
systems), and with the utility grid or a grid-independent load. Many different types of PCSs
have been used in or proposed for ESS applications. In many pilot projects, the choice of
technology has been based on vendor experience, the desire to investigate an advanced
concept, or a specific requirement of the project.

Purpose

The purpose of this study was to investigate the potential for cost reduction and performance
improvement in PCSs for ESS applications. A comparative technical study of alternative
technologies would lend insight, but is not suited, by itself, to identifying areas of general
improvement. This study combined a detailed survey of manufacturers and experts with a
comparative analysis that provides the basis for R&D recommendations for PCS technology.

To gather design and cost data, site visits were made to companies who are considered
stakeholders in the technology (PCS and component manufacturers, etc.). The following
companies were interviewed and participated in detailed discussions of the target
applications specified by this report:

e  ABB Industrial Systems, Inc.
° Abacus Controls, Inc.
e  Advanced Energy Systems
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Exide Electronics

Liebert Corporation

Northermn Power Systems (formerly The New World Power Technology Company)
Omnion Power Engineering Corporation

Orion Energy Corporation

Soft Switching Technologies Corporation

Trace Technologies Corporation

Westinghouse Electric Corporation

Scope

The ESSP has identified seven target applications toward which future PCS development
should be directed (Butler). These applications are thought to offer the highest potential cost
savings to the user, to be the most likely to be commercialized in the near term, and to have
the greatest potential impact on industry. Four of the target applications are grid-connected:

e  Power Quality—The ability to mitigate or prevent voltage sags, voltage spikes, and
momentary power outages.

e  Voltage Regulation—The ability to maintain voltages at the load within 5% of
normal voltage.

e  Customer Demand Peak Reduction—The ability to store off-peak power for a
customer to dispatch during on-peak demand periods as a way to reduce monthly
demand charges.

e  Area Control/Frequency Regulation—The ability for grid-connected utilities to .
prevent the unplanned transfer of power between themselves and the neighboring
utilities (area control); and the ability for isolated utilities to prevent the frequency
of the electricity that they produce from deviating too far from 60 Hz (frequency
regulation).

The remaining three target applications are grid-independent:

o  Residential—The ability to provide up to 12 kWh of storage for power ranges from
1to 5 kW.

e  Small Village—The ability to provide 120 kWh of storage for power ranges from
510 30 kW.

e  Large Village/Small Industrial—The ability to provide 250 kWh of storage for
power ranges greater than 30 kW.

Each of these seven applications has different system requirements. The limitations of the
storage technology and the demands of the application must be considered when planning
PCS development. It is tempting to ask whether a “one-size-fits-all” PCS is possible, but this
question is not specifically considered in this study. Whether or not the “one-size” concept is
possible or practical, the opportunities for reducing the system cost of future PCSs is the
focus of this report.

vi
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To more specifically discuss the direction future PCS development should take, it was first
necessary to gain an understanding of the current state-of-the-art of existing PCS technology.
This report focuses on the PCSs used to interface the following energy storage and renewable
technologies to electricity networks and grid-independent loads:

Batteries

SMES

Flywheels

Supercapacitors

Photovoltaics (PV)

Wind

This report does not discuss the benefits of specific renewable or storage technologies. The
report does, however, describe several different methods for configuring a PCS for energy
storage applications, some of which include renewable technologies.

The main body of the report presents current and proposed PCS system configurations
provided by the companies interviewed. Additionally, power converter R&D that is currently
being conducted by Oak Ridge National Laboratories (ORNL) and related research (the
Power Electronics Building Block, or PEBB, concept—a cooperative effort being led by the
Office of Naval Research) are also reviewed. This report focuses on technologies discussed
by the companies interviewed and does not attempt to include all possible system
configurations. '

PCS Overview

Generally, there are four major components in an energy storage system: the storage device,
the PCS, the energy source (e.g., utility power), and the load. The PCS can be broken down
into four major subcomponents—the power stage, the controller, the DC interface, and the
AC interface. The DC interface, the AC interface, and the system’s magnetic components are
sometimes collectively referred to as the “balance of system” (BOS). The primary magnetic
components in the PCS are transformers, filter inductors, DC-link inductors, resonant-link
inductors, and resonant-pole inductors.

Most state-of-the-art PCS designs fit in one of the following four configuration categories:

Grid-connected parallel configuration
Grid-connected series configuration
Grid-independent parallel hybrid configuration
Grid-independent series hybrid configuration

In a grid-connected parallel configuration, the energy storage system is connected in parallel
with the utility to the load. In a grid-connected series configuration, the energy storage
system is connected in series with the utility to the load. Grid-connected series configurations
are generally called on-line or double-conversion systems. On-line refers to a PCS that is
continually in use; in other words, it is always “on line” to the load. Double-conversion refers
to systems that convert power twice, once from AC to DC and then again from DC to AC.
The primary distinction between grid-independent systems using parallel and series hybrid
configurations is how the engine generator is tied into the overall system. In a parallel hybrid

vii
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configuration the engine generator is tied directly to the AC load. In a series hybrid
configuration the engine generator is tied to the DC link of the PCS.

PCS Costs

One of the major barriers to widespread use of any emerging technology is high cost. The
extent to which the PCS can interface with the energy storage device and the energy source,
and how the PCS interfaces to the load, depends on design tradeoffs that are specific to the
application for which the system is designed. Obviously, the more functions required of the
PCS, the more likely the cost to the customer will increase.

The PCS cost ranges from 20% to 60% of the energy storage system (Akhil). In applications
where the ESS must supply power for extended periods of time, the energy storage
requirement is substantial and the cost of the energy storage device dominates. In other
applications, the energy storage device is small and is only required to supply power for a
short period of time. In these instances the PCS cost becomes significant. Consequently,
reducing PCS cost and/or improving performance can contribute to making energy storage
systems a more commercially viable technology.

The ESSP developed a cost breakdown structure for state-of-the-art PCS systems. PCS
companies were contacted and estimated cost breakdowns were discussed. Some suppliers
were reluctant to give detailed cost information.

The PCS cost was broken into four major cost centers—power stage, device drivers, PCS
controller, and balance of system (BOS). The companies interviewed were asked to provide
the total cost of the PCS. Additionally, manufacturers were asked to provide a percentage of
the total cost for each of the major cost centers and to discuss potential near-term (less than
two years) cost reductions.

The PCS cost ranges for each of the seven target applications are presented in Table 1. Most
of the applications had a wide cost range. Additionally, the cost estimates for PCSs used in
area control/frequency regulation applications were highly speculative. In general, grid-
independent systems seem to cost more than grid-connected systems ($60 to $750/kW for
grid-connected systems, $200 to $1200/kW for grid-independent systems).

Table 1. PCS Costs by Application

Application . - | §WS
Power Quality $60 - $400
Voltage Regulation $150 - $500
Customer Demand Peak Reduction $420 - $750
Area Control/Frequency Regulation $80 - $320
Residential $700 - $1200
Small Village $790 - $858
Large Village/Small Industrial $200 - $647

Potential Cost Reductions

Some PCS manufacturers are advancing the concept of modular PCSs to reduce costs. The
modular concept uses inverters connected in series and/or parallel to achieve higher ratings.
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These manufacturers feel that lower-power PCSs are probably easier and cheaper to produce
and can be networked together using software to achieve the same rating as a single high-
power PCS. Increased component integration and functionality per unit area, such as that
which could be achieved by replacing analog components with digital components in
controller circuits, could also result in cost reductions as well as a smaller package. Some
cost reductions may also be realized from advances in semiconductors. Possibly the greatest
cost reduction in PCS development would come from combining modular semiconductor
switching devices with advanced microprocessor controllers. The trend in industry appears to
be toward modular component designs that use advanced controllers; for example, some
manufacturers are placing the entire inverter power stage in a single package with one heat
sink. This standardization of a single, modular package that can be used for a variety of
applications by slightly modifying the software could reduce or eliminate the need for
custom-designed PCSs.

These potential cost reductions require design enhancements that can increase the initial cost
of the PCS. However, the cost of PCS components and subassemblies is generally on a
downward trend. Advances in tecknology are expected in the areas of packaging,
semiconductors, and power conversion topologies. These advances may help reduce the
number of parts required and the size of the units, and combined with increased demand and
higher production, will probably result in lower PCS costs in the future.

Standards and Codes

The design, installation, and operation of electrical equipment is governed by standards and
codes. Requirements dictated by such standards directly affect the cost of equipment and
systems. Other than UPSs, which are widely used, only a2 small number of energy storage
systems are currently operating in the United States. Consequently, specific standards and
codes have not been developed for systems other than UPSs, or for the inverters used in these
systems. Pending the development of specific standards, several existing standards and codes
may be considered to apply to energy storage systems and inverters.

Electrical equipment installation codes pertain to electrical equipment, rather than entire
systems. The prevalent codes in the US are the National Fire Protection Association (NFPA)
National Electrical Code (NEC), Articles 70 and 690; and Underwriters Laboratory (UL),
Article UL1741. Electrical systems and interface codes apply to the installation of entire
systems and the system’s interface to a utility grid and/or the load. The relevant codes are
American National Standards Institute (ANSI)/ Institute of Electrical and Electronics
Engineers (IEEE), IEEE-1001, 519-1992, 928-1986, 929-1988, and WG $; and Federal
Communications Commission (FCC), Part 15, Subpart J. Other codes that may be relevant
are the National Electric Safety Code (NESC), Sections 9, 12, and 14 and the 60000 series of
the International Electrotechnical Commission (IEC).

Conclusions and Recommendations
The following general observations were made during the course of this study:

o The UPS area is a mature example of energy storage systems and cost-effective and
reliable PCSs.
e  Most fielded systems use tried and proven inverters.
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¢  Most fielded systems require one-of-a-kind controllers.

e  TFielded systems at 500 kVA and below generally use IGBTs and hard-switched
bridge topologies.

e  Systems in excess of 10 MW generally use SCRs and GTOs.

o  There are very few fielded ESSs in the 1- to 10- MW range. The lack of technology
in this range may be because (1) it is convenient to keep pilot projects in the lower
kV A range, (2) this range requires higher voltage/current devices, and/or (3) the
market potential in this range is unclear.

e  Higher power ratings could be achieved using a modular approach in which PCSs
are connected in series/parallel arrangements, but few demonstrated systems have
used this approach.

e  Soft switching is becoming a mature technology in the 250-kV A range and can
provide advantages over hard switching.

e  Higher-rated devices that can switch at high frequencies would be beneficial.
Topologies such as multilevel converters could be beneficial.

o  The cost centers that were identified as having potential for cost reduction are the
power stage, the controller, and the BOS (specifically, the magnetic components).

Additionally, two analogies can be drawn with respect to the current state of PCS
development and technology. First, PCSs are now at the state that personal computers were
in the early 1980s—they are highly-proprietary, and thus, very expensive. During the
meetings with industry, a great deal of discussion focused on how to reduce the costs of
building PCSs for, and integrating PCSs with, energy storage technologies. It is thought that
with greater standardization of PCS components and entire PCS designs the costs will be
reduced.

The second analogy is taken from the automotive industry. From the discussions with the
PCS industry, it is not clear whether customers need a high-end, and consequently high-
dollar, “luxury” model converter or if a simpler, and cheaper, “ basic transportation” model
will do. The converters that are currently being manufactured are expensive, engineering-
intensive devices that have a wide range of available features and options. It is not clear from
the study whether such devices are “necessary” (required by the customer for specific
reasons) or are simply the result of enthusiastic engineering.

Of interest is whether customers (system integrators and end users) would use more
economical, “basic transportation” converters. Presently, the market for PCSs is still
relatively small and not well-defined. Additionally, a “Model T” of converters apparently has
not been developed. It is not clear if the development of a mass market, affordable converter
that could be used for a wide variety of applications would do for the PCS market what the
Model T did for the automobile market, but it is a question worth exploring. Currently,
however, a question also exists as to the actual cost benefits of the low end converters.
Unlike the Model-T, it is not clear at this time that providing a converter with minimal
specifications would dramatically reduce its cost.
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Based on this study, the following recommendations are made:

e  Support the near-term development of high-power semiconductor switches.

° Explore the options available for developing cheaper, lighter, and smaller
magnetics, and for reducing losses for filter inductors and line-frequency
transformers.

e  Research advances in PCS controllers for hybrid ESSs, including reducing software
development time and cost.

e  Encourage R&D into advanced converter concepts specifically for energy storage
applications.

e  Support the development of standards and codes specifically related to the PCSs
used with energy storage systems and renewables.
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Introduction

Sandia National Laboratories (SN1) performs technical activities for the Department of
Energy- (DOE-) sponsored Energy Storage Systems Program (ESSP). This program focuses
on research and development (R&D) of energy storage systems for use by electric utilities
and consumers. The ESSP’s vision is that “energy storage will be highly valuable in enabling
the 21st century utility, in a competitive environment, to efficiently provide low-cost,
reliable, environmentally-benign service to a broad spectrum of electricity users.”

Since its origins in the 1970s, the ESSP has evolved to meet the changing needs of the
nation. It began with an emphasis on developing diverse components, but in the 1980s the
emphasis switched specifically to battery storage subsystems. In the 1990s integration with
the utility grid and field tests of turnkey systems were the Program’s focus. The Program is
currently being driven by the need for reliability (ensuring power quality and reliability for
end-users), renewables (enabling the increased utilization of wind and photovoltaic power),
and productivity (enhancing productivity by increasing efficiency and cost-effectiveness).
The emphasis now is on working to develop integrated storage systems for a variety of grid-
connected and grid-independent applications.

In the simplest terms, energy storage systems (ESSs) store energy for use when other means
of supplying power are unavailabls or when additional power is necessary. In systems that
are connected to the utility grid, utility power (or possibly another energy source) is used to
charge a storage device. Then, when an outage or disturbance occurs, or during times of peak
demand, the storage device supplics power to the grid as necessary. In grid-independent
systems, power is supplied to the load by a renewable source (or, in hybrid systems, a
renewable source and a diesel gensrator) that also charges the storage device. When power
from the renewable source is unavailable, the storage device or the diesel generator supplies
the necessary power..

The power conversion system (PCS) is a vital part of all energy storage systems. It is used to
interface between the storage device, the energy source or sources, and the load (see Figure
1). The load can either be a utility distributing electricity to its customers or a residential,
village, or other user who is not grid-connected. An electric utility may also be a source for
charging the storage device.

Energy
Storage fmam——
Technology

Power
— - em— - Conversion ———
) System

AC
Load/Source

Optional
Renewable
Energy
Technology

M

Figure 1. Energy storage system.
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The primary function of the PCS is to transform stored and renewable energy into energy that
can be used at the load. Generally this means converting direct current (DC) into alternating
current (AC) at a specific frequency (usually 60 Hz, the standard operating frequency for
U.S. utilities). This is done by making the output sinusoidal. “In a simple form, the PCS
inverter takes power from a DC source and uses high-power switching devices to form a
sinusoid. The PCS switches rapidly between the positive and negative DC voltage supply,
creating a sinusoidal output.” (Mohan, et al.)

In DC systems, such as a battery, the steady-state voltage and current do not change with
time. (Of course, the voltage and current do change as the operating conditions change, e.g.,
the battery discharges.) The power supplied by the battery is the rate at which energy is
delivered, and equals the product of the voltage and current. This power is constant in time
and corresponds to work done per unit time (and losses in the system).

In AC systems, such as an electric utility, the steady-state voltage and current are sinusoidal
functions of time that have a constant amplitude. The power supplied, which equals the
product of voltage and current, thus oscillates in time. The average of this oscillating power
corresponds to work done per unit time and losses in the load, and is called “real” or “active”
power. Real (or active) power (P) is measured in watts (W). Real power is the product of the
voltage magnitude (V), current magnitude (I), and the cosine of the phase angle (8) between
the two. Real power can be represented by the following equation:

P =V*I*cos(d) )

Thus, if voltage and current are in phase (6=0°) the utility delivers real power; if they are
exactly opposite in phase (6=180°) the utility absorbs real power. Intermediate phase angles
correspond to situations in which the load contains capacitors and inductors. In these cases, a
portion of the oscillatory component of energy corresponds to the need to charge and
discharge these components in the AC cycle. Reactive power (Q)—the product of voltage
magnitude, current magnitude, and the sine of the phase angle between the two—is defined
to measure this portion of the oscillatory component. Reactive power is measured in volt-
amperes reactive (VAR). Reactive power can be represented by the following equation:

O =V *I'*sin(6) 2)

Reactive power for a source or load is positive when voltage leads the current, and negative
when voltage lags the current. Apparent power (S) is defined as the product of voltage
magnitude and current magnitude. Apparent power is measured in volt-amperes (VA).The
magnitude of apparent power (|S]) equals the square root of the sum of real power squared
and reactive power squared as shown in Equation 3. Apparent power thus gives a feel for the
“size” of a system or component. PCSs are typically given ratings of kVA or MVA.

|s|=+P* + 0’ 3

Reactive power is important for two reasons. First, as Equation 3 indicates, the size of the
system increases if the system must supply or absorb reactive power. Reactive power also
has a significant influence on voltage in AC systems. Electric utility systems deliver power
via essentially inductive transmission lines. Therefore, a load that absorbs reactive power




Introduction

makes voltages decrease or drop, while a load that delivers reactive power makes the
voltages increase or rise.

The inverter, in the process of converting DC voltage or current to AC, also provides a means
to adjust the direction or polarity of voltage/current on the DC side as well as the magnitude
and phase relationship of voltage/current on the AC side. Consequently, the inverter can
control the direction of real power flow. The concept of real and reactive power is illustrated
in Figure 2.

I s + VAR (Delivered)
/__ + W (Delivered)
N :
+ VAR (Delivered) N Phase | Q
- W (Absorbed) Angle |
n A g
1 v P w

- VAR (Absorbed) | - VAR (Absorbed)
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Figure 2. Graphical representation of real and reactive power.

The inverter thus uses the energy in a storage system to deliver real and reactive power as
might be needed by an AC load. Additionally, by controlling reactive power the inverter also
provides a means to control voltage in grid-connected applications. The PCS can also be used
when the energy storage device (e.g., a battery) is being charged. During charging, AC power
is converted to DC, a process known as rectification.

“Converter” is a general term used to describe the following four types of power conversion:
AC to AC, AC to DC (rectification), DC to DC, and DC to AC (inversion). Power conversion
can be achieved in one of two ways—by solid-state switching devices or by rotating
machines, such as motors and gererators. A PCS that uses rotating machines is known as a
“rotating” converter. A PCS that uses solid-state switches is known as a “static” converter
(Krein). Although PCS technology is not limited to static conversion, the solid-state devices
are the predominant choice of industry and will most likely continue to dominate because of
continued progress in semiconductor technology. Consequently, this report focuses on static
converter technology, although one rotary conversion technology is discussed.
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Applications

The ESSP has identified seven target applications toward which future PCS development
should be directed (Butler). These applications are thought to offer the highest potential cost
savings to the user, to be the most likely to be commercialized in the near term, and to have
the greatest potential impact on industry. Four of the target applications are grid-connected:

e  Power Quality— The ability to mitigate or prevent voltage sags, voltage spikes,
and momentary power outages.

e  Voltage Regulation—The ability to maintain voltage at the load within 5% of
normal voltage.

¢  Customer Demand Peak Reduction—The ability to store off-peak power for a
customer to dispatch during on-peak demand periods as a way to reduce monthly
demand charges.

e  Area Control/Frequency Regulation—The ability for grid-connected utilities to
prevent the unplanned transfer of power between themselves and the neighboring
utilities (area control); and the ability for isolated utilities to prevent the frequency
of the electricity that they produce from deviating too far from 60 Hz (frequency
regulation).

The remaining three target applications are grid-independent:

o  Residential—The ability to provide up to 12 kWh of storage for power ranges from
1to5kW.

e  Small Village—The ability to provide 120 kWh of storage for power ranges from
5to 30 kW. v

e  Large Village/Small Industrial—The ability to provide 250 kWh of storage for
power ranges greater than 30 kW.

Each of these seven applications has system requirements. The applications and their
characteristics are summarized in Table 2 and Table 3. The limitations of the storage
technology and the demands of the application must be considered when planning PCS
development. It is tempting to ask whether a “one-size-fits-all” PCS is possible, but this
question is not specifically considered in this study. Whether or not the “one-size” concept is
possible or practical, the opportunities for reducing the system cost of future PCSs is the
focus of this report.

The ultimate goal of future PCS development is to create advanced, multi-technology, low-
cost, and low-footprint PCSs. The ideal PCS would be able to interface any or all of the four
major storage technologies (batteries, superconducting magnetic energy storage (SMES),
flywheels, and supercapacitors) with a power source (grid-independent or grid-connected
systems), and with the utility grid or a grid-independent load.
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Table 2. PCS Characteristics for erd—connected Energy Storage Systems

Apphcatlon Duratmn: p T
' | Require; o Range ;
Power Quahty <15 min 1-10MW | 480V -12.5kV | Batteries
SMES
Flywheels
Supercapacitors
Voltage Regulation <15 min 1 MVAR | 12kV-34.5kV | Batteries
SMES
Flywheels
Customer Demand ~2 hrs 1MW 480 V - 12kV | Batteries
Peak Reduction Flywheels
Area Control/ <1lhr 10 MW 12kV - 138 kV | Batteries
Frequency Regulation Flywheels

Table 3. PCS Characteristics for Grld-mdependent Energy Storage Systems

Apphcatlon b AC Voltage ~Storage
' | Requlrement Range |  Range - Technology
Res1dent1a1 12 kWh 1-5kW [ 120V -480V Battenes
, Flywheels
Small Village 120 kWh 5-30kW | 120V -480V | Batteries
Flywheels
Large Village/ 250 kWh >30kW | 120 V -480 V | Batteries
Small Industrial Flywheels
Scope

To more specifically consider the direction future PCS development should take, it was first
necessary to gain an understanding of the current state-of-the-art of existing PCS technology.
This report focuses on the PCSs used to interface the following energy storage and renewable
technologies to electricity networks and grid-independent loads:

Batteries

SMES

Flywheels

Supercapacitors

Photovoltaics (PV)

Wind

This report does not discuss the benefits of specific renewable or storage technologies. The
report does, however, describe several different methods for configuring a PCS for energy
storage applications, some of which include renewable technologies. It was observed that
these configurations generally could be separated into distinct categories based on the type(s)
of applications for which they are used. A summary of these configuration categories is
provided.

Finally, one of the major barriers to widespread use of any emerging technology is cost. The
extent to which the PCS can interface with the energy storage device and the utility and/or
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renewable energy source, and how the PCS interfaces to the load, depends on design
tradeoffs that are specific to the application for which the system is designed. Some specific
topologies (PCS designs) used in various applications will be discussed later in the report.
Obviously, the more functions required of the PCS the more likely the cost to the customer
‘would increase.

A discussion of the current costs of PCSs is included. To gather the design and cost data, site
visits were made to companies who are considered stakeholders in the technology (PCS and
component manufacturers, etc.). Appendix A contains a list of the companies who were
visited. The last section of the report contains conclusions and recommendations for future
R&D based on the assessment of the state-of-the-art and the corresponding cost data.
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Generally, there are three major components in an energy storage system: the storage device,
the PCS, the energy source (e.g., utility power), and the load. The PCS can be broken down
into four major subcomponents—the power stage, the controller, the DC interface, and the
AC interface (Figure 3). The DC interface, the AC interface, and the system’s magnetic
components are sometimes collectively referred to as the “balance of system” (BOS). The
primary magnetic components in the PCS are transformers, filter inductors, DC-link
inductors, resonant-link inductors, and resonant-pole inductors. The four subcomponents are
discussed in more detail below.

Energy l AC
Storage [ f—=Pp{ DC Interface [Pt Power Stage jd—P»| AC Interface 4—-|-—ﬂ Load/
Technology I A I Source
X T .

I ] 1 |
r - e - e— : : : I
Optional ' i H H 1
' Renewable : L : l --------- Data Flow
Energy L 1 Controlier |d-~eceee=-! l ———— Power Flow
Technology
Lo — o L_ Power Conversion System "y

Figure 3. PCS connected to a storage device and an AC load/source.

Power Stage

The heart of the PCS is the power stage. In the energy storage systems discussed in this
report, the power stage acts mainly as an inverter—it converts DC power from the storage
device to AC power (such as that supplied by the utility grid). The power stage also acts as a
rectifier that converts AC (utility) power to DC for charging the storage device. An example
of a typical power stage is shown in Figure 4. In general, the power stage consists of the
physical topological connection off power semiconductor devices (the “topology™),
semiconductor device drivers, thermal management devices, and protective circuits such as
snubbers (if required). Snubbers are used in power electronics to limit the rate-of-rise of
current or voltage that could potentially destroy the semiconductor device.

PCS manufacturers build three basic types of power stages—line-commutated and self- and
force-commutated. A line-commutated power stage uses the utility power frequency as the
reference signal to form the sinusoidal output voltage. Line-commutated power stages
generally cannot operate without a utility source and always absorb reactive power. Self- and
force-commutated power stages can provide current at any phase angle relative to the utility
voltage and can deliver power (from storage or renewables) even in the absence of a utility
source. The self-commutated power stage can supply real power (Watts) and reactive power
(VARSs) for residential and grid-independent systems. A more thorough discussion of
inverters is provided in Appendix B.
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Figure 4. Example of a power stage.

Most PCSs depend on solid-state switching devices to permit or inhibit the flow of current
through specialized circuits that invert and rectify electrical signals. An “ideal” AC source
changes with time and is depicted graphically as a sine wave. An “ideal” DC source doesn’t
change with time and is depicted graphically as a horizontal line. To invert means to convert
a DC source to an AC source (see Figure 5). When the storage medium is in a discharge
mode, the power stage acts as an inverter to supply power to the utility by converting the DC
power supplied by the system to AC. When the energy storage device is being charged, the
power stage acts as a rectifier to change the AC into DC for use by the storage device.

Voltage/ A Voltage/ A
Current Rectify Current

= ANANANA
—> VUVUV

Invert
A A
L V.l

Time Ve
DC source AC source

Figure 5. Rectification and inversion.

The complexity of the power stage varies depending on the system’s design requirements
(which depend on the application for which the system is being designed). The voltage
rating, current rating, and switching frequency of a solid-state switch are used to determine
which switch best meets the system’s requirements. The power electronics used in ESSs for
utility applications generally are based on one of three types of electronic switches—silicon-
controlled rectifiers or thyristors (SCRs), insulated-gate bipolar transistors (IGBTs), or gate-
turn off thyristors (GTOs). In high-power systems (10 MW or higher), the available
switching devices are limited to the SCR and the GTO. For systems with lower output power
ranges, faster devices, such as IGBTs, can be used. For example, in many industrial
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applications IGBTs are commonly used for systems with output ranges up to 750 kW, while
for higher output levels GTOs are used. Grid-independent systems typically use IGBTs with
ratings from 5 to 250 kW. Continued progress in semiconductor technology towards higher
voltage ratings, current ratings, and switching frequencies has resulted in the development of
new types of solid-state switches such as integrated gate-commutated thyristors (IGCTs),
MOS turn-off thyristors (MTOs), and MOS-controlled thyristors (MCTs). A more thorough
discussion of switch types and their corresponding applications is provided in Appendix C.

The power rating of a PCS is limited by the power rating of the semiconductor switches used,
by the power rating of the associated magnetics, and by the ability to transfer the heat
generated by the electronic devices. The PCS designer must make tradeoffs between voltage
and current to achieve a given power level. In general, the tradeoffs tend to favor higher
voltage and lower current, because the heat dissipated is a direct function of the current, and
lower current means smaller heat sinks.

Controller

The controller compares the output of the PCS with a desired or a reference value, and
minimizes the error between the two. The power flow in a bidirectional system is reversible.
The controller can be analog, digital, or both. The controller generally is divided into three
loops—the inner loop, the outer loop, and the functional control loop. The inner loop
typically controls the current delivered to the utility and, in a bidirectional inverter, to the
energy storage device. The outer control loop controls the output requirement at the load
(voltage, MW, MV AR, amperes, and frequency), for example by setting the desired current.
The functional control loop (also known as the supervisory control loop) regulates the
relationship between the PCS and the other system components, for example determining
when to charge and discharge battery banks. The controller is typically microprocessor-based
or an analog-digital hybrid and hzs five major functions:

To send control signals to the semiconductor device drivers,

To generate the switching waveform,

To control the current provided to the load via the inner control loop,

To manage power, such as performing voltage or power regulation at the utility, via
the outer control loop, and

e  To control the overall system configuration, such as the charge and discharge rate
of batteries, via the functional control loop. -

An example of a controller used in a grid-connected system is shown in Figure 6. Recent
advances in microelectronics have led to more sophisticated control circuit designs. The
recent trend from manufacturers is to replace slower controls with faster microprocessor-
based control systems. Different manufacturers may design different systems depending on
the system requirements. A more detailed discussion of PCS controllers is provided in
Appendix B.
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Figure 6. One possible PCS controller for a grid-connected system.

AC Interface and DC Interface

The AC interface may consist of current sensors, inductors, voltage sensors, circuit breakers,
fuses, surge arrestors, an AC isolation switch, and a transformer. An example of a typical AC
interface is shown in Figure 7. The current sensor is used to detect AC current at the output
of the PCS. Inductors are used to buffer dynamic current changes. Voltage sensors are used
to detect instantaneous voltages at the output of the PCS. Circuit breakers and fuses are used
for overcurrent situations and in case the system needs to be disconnected or turned off
quickly. Surge arrestors are used to reduce overvoltage situations that could result from
lightning strikes on the utility system. The AC isolation switch is used to isolate the utility
and the PCS. The transformer is typically a step-up transformer that increases the PCS output
voltage levels to the voltage levels desired by the utility. AC capacitors as shown are almost
always used in grid-independent applications and are often needed on grid-connected
systems, sometimes in the form of filters, to bypass harmonic currents.

The DC interface hardware usually consists of fuses, current and voltage sensors, isolating
switches, a surge arrestor, an electromagnetic interference (EMI) filter, and additional filters.
A diagram of a basic DC interface is shown in Figure 8. The fuse is used to disconnect DC
circuits in the event of an overcurrent. The current and voltage sensors are used to detect
instantaneous DC voltage and current. Isolating switches are used to disconnect the DC
devices and the PCS. The surge arrestor is used for overvoltages that may be caused by the
DC devices. The EMI filter attenuates PCS-generated electronic switching noise.

One example of additional filters is electrolytic capacitors. These capacitors, also known as
DC-link capacitors, are usually series and/or parallel connected to achieve the correct amount
of capacitance needed in a PCS design. The DC-link capacitor provides the source voltage or
current for the PCS and also reduces ripple in the DC voltage.
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State-of-the-art PCS Configurations

Ten PCS firms were interviewed and participated in detailed discussions of the target
applications specified by this report. This section presents current and proposed state-of-the-
art system configurations provided by the organizations interviewed. Proposed systems
(those not currently on the market) are noted in the figure captions. A summary of all the
configurations presented is provided in the next section of this report. Additionally, power
converter R&D that is currently being conducted by Oak Ridge National Laboratories
(ORNL) and separate research (the Power Electronics Building Block, or PEBB, concept—a
cooperative effort being led by the Office of Naval Research) are also reviewed. This report
focuses on technologies discussed by the organizations interviewed and does not attempt to
include all possible system configurations. Additional examples of specific systems that are
currently being fielded or are on the market, and that incorporate advanced storage
technologies (SMES, flywheels) are provided in Appendix D.

ABB Industrial Systems Concept

ABB Industrial Systems’ power cenversion systems are used in a variety of utility
applications. Some applications include utility frequency conversion; AC-to-AC interties;
DC-to-utility frequency power conversion for fuel cells, photovoltaics, high-speed
generators, etc.; battery energy storage and SMES applications; and three-phase to two-phase
conversion. ABB has proposed SMES and battery applications for power quality (1-MW and
10-MW systems), voltage regulation (1-M VAR system), customer demand peak reduction
(1-MW system), and area control/frequency regulation (10-MW system). The design shown
in Figure 9 is the same for all of the applications discussed.

= N
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s || 3G e

TO LOAD OR UTILITY
26-835 Hz

INVERTER 1

DC VOLTAGE SOURCE % :+‘

R

INVERTER 2

Figure 9. ABB power quality, voltage regulation, customer demand peak reduction, and
area control/frequency regulation design.

This design uses two six-pulse, step-wave inverters (see Appendix B) coupled with two
delta (A) and wye (Y) transformers to provide twelve-pulse operation at the output. This
method is also known as step-wave technology. All applications mentioned use GTO
technology rated at 1700 V and 1800 A with switching frequencies at 300 Hz.” The 1-MW
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and 10-MW systems for power quality have an output rating of 480 V and 12.5 kV, three-
phase respectively. Information on the 1-MVA system for voltage regulation was not
provided. The 1-MW system for customer demand peak reduction can accommodate 480-V
to 12-kV operation. The 10-MW system for area control/frequency regulation applications
can accommodate 12-kV to 34.5-kV outputs. The power quality application uses SMES for
energy storage. The systems used for voltage regulation could use SMES and both the
customer demand peak reduction and area control/frequency regulation applications could
use batteries for energy storage. ABB representatives also speculated on how they would
connect their PCS to the utility grid for voltage regulation, peak reduction, and area
control/frequency regulation applications shouid such a need arise.

*Note: As of 1998 ABB Industrial Systems has moved to IGBT- and IGCT-based
technology in their PCSs.

Abacus Controls Concept

Abacus Controls’ current product line includes single- and three-phase frequency converters,
inverters, and UPSs. Their family of products ranges from 500 VA to 150 kVA, 45 Hz to
450 Hz for use in both commercial and military applications. Abacus proposed the
TRIMODE™ power processor for hybrid renewable energy applications in the range of
5kW, 30 kW, and 150 kW. The design used for these systems is shown in Figure 10.

The TRIMODE™ power processor uses IGBT devices with a PWM switching strategy. It
operates in bimodal state for charging and discharging the battery. The TRIMODE™ works
in concert with renewable sources and with AC diesel generators. The TRIMODE™ includes
a DC-to-DC max power tracker, a power processing controller for a hybrid system that
includes an industrial battery, an inverter battery charger, diesel engine generator, and a
ground fault detector. The max power tracker converts power from the PV array to the DC
bus of the TRIMODE™ power processor. Its main function is to operate the PV array at its
maximum power point whenever the battery can take the power and to operate as a constant-
voltage DC power supply at the battery float voltage whenever the battery is fully charged.
The TRIMODE™ power processing controller optimizes the use of PV energy and
minimizes the consumption of diesel fuel by managing when the diesel generator will supply
the AC grid and when the battery or PV array will supply the AC grid. The ground fault
detector senses a ground through the normal array grounding resistor. If the current exceeds a
predetermined level, the array is short circuited and the fault is annunciated.
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Figure 10. Abacus Controls, Inc. TRIMODE power processor hybrid topology.

Advanced Energy Systems Concept

Advanced Energy Systems specializes in hybrid inverter systems for remote applications,
grid/diesel inverters, and utility-interactive micro-inverters for grid-connected applications.
Some remote applications include providing electricity to communities, telecommunication
sites, homes, ecotourist resorts, and other commercial enterprises. Advanced Energy Systems
proposed the 5-kW, 30-kW, and 60-kW hybrid inverter units. The configuration for these
hybrid inverters is shown in Figure 11.

This configuration has three operating modes:

e  Standby mode—The engine generator is off-line and battery and renewable energy
sources are operating through the inverter.

e  Battery-charge mode—The engine generator is supplying the load, the
bidirectional inverter is charging the battery with excess diesel capacity.

e  Parallel-boost mode—The diesel generator is operating at optimal loading with the
inverter supplementing the load. The inverter is bidirectional for inverter and
battery charger operatior..

The inverter used in the hybrid systems uses pulse-width modulation (PWM) switching
strategies at 16-20 kHz operation. Single IGBT switches rated at 600 V and 200 A are used
for the 5-kW units, and 600 V and 400 A for the 30- and 60-kW systems. The 5-kW unit has
a single-phase output voltage of 240 VAC and both the 30-kW and 60-kW units have three-
phase outputs of 240 VAC.
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Figure 11. Advanced Energy Systems hybrid inverter design.

Exide Electronics Concept

Exide Electronics’ current product line consists of single- and three-phase UPS systems that
range from 650 VA to 4 MV A with input and output voltages 120 to 600 V. Exide discussed
500-kVA, 1-MVA, and 3-MVA units and the design associated with all three of these units is

shown in Figure 12.

Static SW
and
Bypass Breaker
Vutiiy Input - Inverter/
" Rectifier
Filter Charger
Batteries

Figure 12. Exide Electronics on-line UPS design.

Load

Figure 12 is known by the UPS community as an “on-line” technology. Other names include
double-conversion or series-connected design. The on-line UPS is said to protect against all
types of power problems including power surges, spikes, sags, noise, power failure,
brownout, etc., and continuously uses the inverter to create 100% new, clean, regulated AC
power for the protected load. Brownouts, spikes, and surges are isolated from the protected
equipment by the on-line, double-conversion design. A bypass is required for servicing the
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UPS system. The bypass also allows the protected load to be transferred to an alternate
energy source if the UPS fails.

The 500-kV A unit presented by Exide uses PWM for its switching strategy, IGBT switches,
and operates at 5-6 kHz. The 1-MV A units use SCR-based, twelve-pulse step-wave
technology operating at 120 Hz. The 3-MV A rated system consists of three 1-MV A modules
connected in parallel. A fourth 1-MV A unit can also be connected if the customer requires
some redundancy for the system.

Liebert Corporation Concept

Liebert Corporation’s product line: consists of uninterruptible power supplies (UPSs) used to
protect computer and telecommunications networks. The type of UPS equipment used
depends on factors such as load size, criticality of applications, the proximity of the
equipment being protected, and the nature of the power problems. Liebert proposed a
facility-wide protection scheme for 1-MVA and 4-MV A UPSs. Facility-wide protection
refers to a UPS application that supplies power to the entire facility to protect a large number
of workstations and networks. The design proposed for the 1-MV A and 4-MVA UPSs is
shown in Figure 13.

Maintenance

Bypass Option
Power Factor
- Surge . q
Utility . Correction/Rectifier/ Inverter Load
Suppression
) Charger
Battery

Figure 13. Liebert Corporation power quality design.

Figure 13 is an “on-line” system that provides for the highest level of network power
protection. Protection is provided from many types of power disturbances including sags,
outages, surges, spikes, noise, waveform distortion, and frequency variation. Conditioned
power comes from the UPS continuously. The 1-MVA configuration consists of a single
1-MVA UPS unit. The 4-MVA configuration consists of four 1-MV A units connected in
parallel to achieve protection rated at 4 MVA. Both the 1-MVA and 4-MVA UPSs use step-
wave PWM, SCR-based technology that operates at a switching frequency of less than

1 kHz. Both have a three-phase iriput and output voltage of 480 V. A built-in maintenance
bypass circuit allows the load to be supplied by utility power while the UPS is being
serviced.

Omnion Power Engineering Concept

DOE through the ESSP issued a contract to Omnion Power Engineering Corporation to
design and deliver a prototype aired at testing battery energy storage for commercial
applications by protecting utility customers from the detrimental effects of voltage
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disturbances that affect power-sensitive electronic equipment. Work initiated by Omnion
Power Engineering to refine and enhance system designs for this project led to the formation
of a strategic partnership with key suppliers under a new corporate identity known as AC
Battery Corporation. AC Battery Corporation initiated development of a modular,
transportable battery energy storage system, with Omnion Power Engineering Corporation
supplying key power conversion technology and acting as a primary component and
subsystem supplier. Under this contract, two battery energy storage systems were
developed—the PQ2000 and the PM250.

The PQ2000 is a power quality device that consists of eight 250-kW modules connected in
parallel to make a nominal 15-second, 2-MW battery energy storage system. Each module
contains 48 batteries and a power conversion system. The purpose of the PQ2000 is to
eliminate the harmful effects of voltage sags, swells, and short-term outages that may
interrupt electronically sensitive manufacturing processes, data processing centers, or other
critical operations. The PQ2000 consists of three main components—a system container with
up to eight 250-kV A battery modules and a system controller; a 2-MV A static isolation
switch and associated switchgear; and a 208/480-V isolation transformer. The controller is
microprocessor based. The PCS uses IGBT and hysteresis current regulator technology (see
Appendix B) for switching and power conversion. The PQ2000 block diagram is shown in
Figure 14.
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Figure 14. AC Battery PQ2000 configuration.

The PM250 is a fully-integrated, prepackaged, factory-assembled battery energy storage
system. Once the system goes online, it can perform multiple functions, including peak
shaving, load leveling, and voltage and frequency regulation. It consists of a 250-kW,
167-kWh battery energy storage system. The PM250 comprises eight modules, each
containing 48 12-V batteries and a power conversion system. Multiple container installations
can be configured in 250-kW increments up to 10 MW.

Like the PQ2000, the PM250 has microprocessor-based control and the PCS uses IGBT and
hysteresis current regulator technology for switching and power conversion. Its standard
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operating voltage is three-phase, 430 VAC. The topological block diagram is shown in

Figure 15.
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Figure 15. AC Battery PM250 configuration.
Orion Energy Concept

Orion Energy’s current product line is the APEX series, which consists of packaged power
systems designed to provide 6 to 24 kWh per day of AC or DC power for off-grid
applications. The basic skid-mounted package includes the battery, control and power
electronics, a diesel generator, and a fuel tank. It also includes a connection for multiple PV
arrays, which can be mounted nearby. Orion presented the APEX 2-kW hybrid, which uses
PWM switching strategies and has 12 kWh of storage. The 2-kW APEX system is shown in
Figure 16. Figure 16 is also knowr as a “series” or “DC” hybrid system because the
generator is located on the DC side of the inverter.
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Figure 16. Orion Energy’s series hybrid system.
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The load is supplied primarily from the battery, which is recharged by the PV array when
energy is available. When the battery state of charge falls below a preset level, the generator
is started and provides rapid recharge of the battery. Typical operation is with a 50% solar
contribution and the generator running about twice a week for about six hours at a time.

'Soft Switching Technologies Concept

Soft Switching Technologies' product line is based on a line of soft-switching resonant DC
link (RDCL) inverter modules. This zero-voltage switching, three-phase inverter product line
1s currently rated up to 200 kV A in single modules, and the devices may be connected in
paralle] to achieve higher ratings. The link frequency of the RDCL is approximately 70 kHz
and depends on control and application requirements. The RDCL is known to have lower
EMI, higher efficiency, minimum acoustical noise, and higher-control bandwidth properties
than conventional PWM-based inverters. The standard RDCL inverter module has a nominal
480-VAC or 650-VDC input and 460-VAC, three-phase outputs. The units are available up
to 250-A root mean square (rms), which represents a continuous rating of 200 kVA. Other
products include switch mode DC-to-DC converters and DC power supplies with output
current ratings of 50 to 1000 A and output voltage ratings of 5 to 54 VDC. Some RDCL
applications include frequency converters (up to 180 kVA), automatic voltage regulators
(available at power ratings from 100 to 750 kVA), active filters, IEEE 519-compatible power
converter systems, and UPS systems for industrial processes.

Trace Technologies Concept

Trace Technologies’ current product line consists of grid-independent hybrid power
processing systems with ratings of 30 kVA to 250 kVA. Trace provides units and
subassemblies to original equipment manufacturers and value-added resellers. Grid-
connected applications in power quality, voltage regulation, customer demand peak
reduction, and area control/frequency regulation were discussed. Grid-independent
applications with ratings of 120 kWh (for small villages) and 250 kWh (for large villages)
were also discussed.

Trace discussed system designs rated at 1.3 MV A for voltage sag protection, a power quality
application. Figure 17 shows the configuration used for this application. This configuration
consists of six 216-kVA PCS units connected in parallel to achieve a 1.3-MVA design.
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Figure 17. Trace 1.3-MVA SMES voltage sag protection design.
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For voltage regulation and customer demand peak reduction applications, Trace presented a
50-kV A unit as shown in Figure 18. This configuration, also known as double conversion,
was proposed by Trace for voltage regulation applications.

Battery Current/Voltage Control via
Charge and Equalize Algorithms
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FILTER m Load
1NVERTER/RECT!F(ER # INVERTER

Figure 18. Trace 50-kVA voltage regulation and customer demand peak reduction
design (proposed).

For the area control/frequency regulation application Trace proposed the 10-MVA
configuration shown in Figure 19. This design consists of twenty 500-kW modules connected
in parallel to increase the rating up to 10 MVA.
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Figure 19. Trace 10-MVA area control/frequency regulation design (proposed).

For off-grid hybrid units, Trace uses the configuration shown in Figure 20, which is rated at
30kVA or 250 kVA. This design uses batteries, PV, and a diesel generator to deliver power
to the customer load.
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Figure 20. Trace 30-kVA or 250-kV A off-grid hybrid design.

Westinghouse Electric Concept

Westinghouse Electric develops and supplies power conversion systems for a variety of
applications and industries. Westinghouse has currently two classes of equipment: the
Flexible AC Transmission System (FACTS) and Custom Power products. FACTS and
Custom Power equipment have been supplied at ratings of 40 MVA through 320 MVA, and
2 MVA through 6 MV A respectively.

A joint partnership between the Electric Power Research Institute (EPRI), utilities, and
Westinghouse Electric Corporation, that addresses power stability issues developed the
FACTS concept to improve power control, capacity, and security of transmission lines.
Central to FACTS are advanced power electronics to control the flow of current over the
transmission lines.

Westinghouse’s line of Custom Power products, created in cooperation with EPRI, include
the dynamic voltage restorer (DVR), distribution static compensator (DSTATCOM), solid-
state breaker, and solid-state transfer switch. Of the available product lines, the DVR (for
power quality applications) and the DSTATCOM (for voltage regulation applications) were
discussed in detail.

Figure 21 shows the DVR block diagram for a power quality application. The DVR is
designed to restore the quality of electric energy delivered to the end user when the voltage
on the source side is out of specification for load-sensitive equipment. When tied to the
utility via a series injection transformer, the DVR is designed to eliminate voltage sags,
swells, and transients; regulate voltage within acceptable tolerances; and compensate for
harmonic line voltage. Current DVRs have a size range of 2 to 10 MVA in 2-MV A modules
and 4160 V to 34.5kV.
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‘Westinghouse relies on a modular approach consisting of 2-MVA DVR units, which use
PWM switching strategies, eight IGBT switches in series (each rated at 1800 V and 400 A),
and an output voltage at the secondary of the series injection transformer of 4160 V. They
currently use capacitors for energy storage.

Figure 22 shows the DSTATCOM block diagram for the voltage regulation application. The
DSTATCOM is used to protect the distribution system from “polluting” loads, surges, or
harmonics caused by other users on the system. The shunt-connected DSTATCOM injects a
current at the proper phase angle with system voltage to provide voltage support and
regulation of VAR flow. It is said to replace the conventional switched inductors and
capacitors for the same application. The DSTATCOM can be coupled with a solid-state
breaker and energy storage. When a source disturbance occurs, the solid-state breaker
isolates the DSTATCOM and connected load, and the DSTATCOM supports the entire load
from its energy storage subsystem. Current sizes range up to 20 MV A (one to ten 2-MVA
modules), with a maximum power insertion of +2 MV A per module, and an application
voltage range 0f 4160 V to 69 kV.

Westinghouse uses the 2-MVA DSTATCOM for voltage regulation. It uses PWM switching
strategies, eight IGBT devices cormected in series at 1200 V and 400 A, with a 4160-V
output. The number of devices necessary (in this case eight) depends on the maximum
voltage expected at the DC link and includes a safety factor to ensure reliable operation.
Consequently, eight 1200-V switches (which total 9600 volts) provide a generous margin for
its 4160-V output.
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Figure 21. Westinghouse Electric DVR.
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Figure 22. Westinghouse Electric DSTATCOM.

Northern Power Systems Concept

Northermn Power Systems (formerly The New World Power Technology Company)
specializes in remote power generation. The company designs prepackaged hybrid power
systems that supply electricity to off-grid villages and communities, industrial facilities,
resorts, and other applications requiring autonomous power supplies. These hybrid systems
are “rotary” based rather than “static” based. Rotary-based systems (also known as rotary
conversion systems) use rotating machines to convert one form of power to another. A
simplified block diagram of a rotary conversion system that uses wind turbines as the energy
source is shown in Figure 23.

The rotary converter modules can be made to couple the available renewable energy sources
(wind, solar, hydro) with an integrated engine generator/converter unit and short-term battery
storage to provide continuous power to the customer. The prepackaged power system is
available in 50-kW and 100-kW units. Costs for rotary systems are not included in this
report, but in general the costs for the 50- and 100-kW units (not including the diesel
generator) are $350/kW and $250/kW, respectively.
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Figure 23. Northern Power Systems rotary conversion system.

Oak Ridge National Laboratory Concept

ORNL’s Power Electronics Center has developed two “new generation” power converter
technologies that utilize soft-switching technology and multilevel converters. Table 4
summarizes the soft-switched and multilevel converters built and tested at ORNL to date.

In general, the multilevel converter synthesizes the staircase output voltage waveform with
multiple capacitor voltages, as opposed to multiple transformer couplings used in traditional
step-wave inverter systems. A detailed discussion of multilevel converters can be found in
Lai and Peng’s “Multilevel Converters—A New Breed of Power Converters.”

Three types of capacitor-voltage/synthesis-based multilevel converters were recently
reviewed by ORNL: the diode-clamped converter, the flying capacitors converter, and the
cascade inverter with separate DC sources. All of these converters are variants of the basic
multilevel converters described in Appendix B. Some possible applications for the diode-
clamped and flying capacitors converters include providing reactive power compensation,
functioning as a back-to-back intertie between adjacent utility grids for unified power flow
control, and use as adjustable speed drives. Some possible applications for the cascade
multilevel inverter with separate DC sources include reactive power compensation, power
line conditioning, series compensation, and phase shifting.
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Table 4. Soft-switched and Multilevel Converters Built and Tested by ORNL

Soft Switched Inverters | Power |: Operati
Single-phase resonant 1 11072 Used as an adjustable speed drive for Ya-hp
snubber inverter (RSI) fan.
Three-phase RSI 100 200/300 Drove a three-phase reactive inductor load.
100 200/300 Drove a permanent magnet axial gap
(PMAG) motor to 1000 rpm.
100 200/300 Drove in regenerative mode to control a DC
link for inserting power back on grid.
Three-phase auxiliary 10 230/30 Drove 5-hp induction motor and 50-kW
resonant tank (ART) PMAG motor at 13 hp.
iverter
‘Multilevel Invertersand | Power | Operating | ~  Descriptionof Test
. Converters: | Level | (Volts’Amps) | -~ .. =~ .
Diode-clamped back-to- 10 230/35 Transferred power across an interface
back voltage source between two different AC sources.
converter
10 230/35 Drove a 50-kW PMAG motor from the line
with unity power factor at 10 kW.
Cascade multilevel 0.22 110/2 Interfaced five 30-V power supplies.
mverter with separate DC simulating PV modules to drive a 110-V
sources house fan.
10 230/3.2 Interfaced five 36-V storage batteries to
drive three-phase %- hp induction motors at
230 V. '
10 230/3.2 Interfaced five 36-V storage batteries to
drive three-phase 5-hp induction motors at
230 V.
10 240/24 Operated a power line conditioner that

provided VAR compensation and voltage
regulation.

Below are two examples of multilevel inverters used in grid-connected system applications.
In both figures, Vs and I represent the utility three-phase voltages and currents and V¢ and
Ic represent the multilevel three-phase output voltages and currents. Lg and L represent the
converter’s inductance. Figure 24 shows a multilevel converter connected to a utility for
reactive power compensation. This multilevel structure is directly tied to the utility gnid.
Consequently, it does not require a step-down transformer. The polarity and the magnitude of
the reactive current are controlled by the magnitude of the converter voltage, which is
synthesized from the capacitor voltages. One use for reactive power compensation is to
maintain supply voltages at the load if the voltage drop occurs at the utility. Reactive power
compensation minimizes power transmission losses, maximize power transmission
capability, and stabilize the power system.
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Figure 24. Multilevel converter used for reactive power (R&D).

A back-to-back intertie is a connection between two adjacent utility grids that are out of
phase. The intertie can function as a frequency changer, phase shifter, or a power flow
controller. A block diagram showing a back to back intertie is shown in Figure 25. The
power flow between the two grids is controlled bidirectionally.

Rectifier Opeoration DC Link Inverter Operation . .
Utility Grid 1 o — BN 1 e L E L eSS 1 Utility Grid 2

e ——— —— ——

Figure 25. Multilevel converter used in a back-to-back intertie (R&D).

Power Electronics Building Block Concept

A related concept that is not a specific system configuration is the PEBB project—a federal
interagency program. The project’s primary sponsor is the U.S. Navy, through the Office of
Naval Research. The project also receives support from various universities and the national
laboratories and participation from industry. Industry and the Department of Defense have a
great interest in reducing both the cost and time required to design and produce power
electronic circuits. DOE is interested in PEBB for transportation and utility applications
(Hamilton).

The PEBB concept is to create a universal power processor; one that could change any type
of electrical power to any desired voltage, current, and frequency output (see Figure 26).
PEBB is being designed to make the necessary electrical conversion by sensing what type of
electrical input source the PEBB unit is plugged into and what type of load is attached to it.
Ideally, this conversion would be accomplished automatically using software internal to the
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PEBB unit (similar to “plug and play” computer technology). For example, one of the goals
of the project is to design a PEBB converter that could be plugged into any wall outlet in the
world and provide the correct type of power needed by any U.S. appliance. The vision for
PEBB is to develop a single package multifunction controller that 1) replaces complex power
electronic circuits with a single device, 2) reduces development and design costs for complex
power circuits, and 3) simplifies development and design of large electric power systems.
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Figure 26. The PEBB concept (R&D).

The design and development of PEBB units is currently considered device-independent. This
means that the PEBB unit may be based on MCT, IGBT, MOSFET, or any other type of
available semiconductors and, consequently, may be designed for a wide range of voltage
and current ratings. The rating would depend on the application. The PEBB concept utilizes
soft-switching technologies for their circuit topologies.

The PEBB project has had a number of demonstration units built and tested. One utility-scale
project is based on a contract signed with Silicon Power Corporation to produce a full-scale,
3-MW, soft-switching converter that would use MTOs as its semiconductor switches. Future
applications for this unit include a 3-MV A static compensator for voltage regulation and
harmonic cancellation. The unit will also include a battery interface for operation as a UPS.
Other development in progress involves a 50-kW soft-switching converter for demonstrating
MCT switches and a 400-kV A soft-switching converter for demonstrating MTO switches
(PEBB web page).
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This section summarizes the static converter system configurations described in the previous
section. There are many different ways of diagramming different PCS configurations but, in
general, the system designs can be presented using block diagrams. Most of the state-of-the-
art PCS designs discussed earlier fit in one of the following four configuration categories,

. which are discussed in greater detail below:

Grid-connected parallel configuration
Grid-connected series configuration
Grid-independent parallel hybrid configuration
Grid-independent series hybrid configuration

Grid-connected Parallel Configuration

Grid-connected systems using a parallel configuration have the energy storage system
connected in parallel with the utility to the load. The simplified block diagram of such a
system is shown in Figure 27. This simplified system configuration consists of a DC-to-AC
inverter, an optional DC-to-DC/A(C-to-DC converter, a controller, and a transformer. The
DC-to-DC and AC-to-DC converter may be used, at additional cost, to provide
charge/discharge control or to optimize operating conditions for the inverter. The DC-to-DC
converter is typical of SMES- and battery-based energy storage systems. In some instances,
batteries are connected directly to the DC bus without a DC-to-DC converter. A flywheel-
based energy storage system would require an AC-to-DC converter because pre-conversion
of the flywheel power is necessary. The transformer can either be shunt- or series-injected.

Shunt- or Series-injected Transfomer

Utility Grid ) AC Load
| SO
| — 1T T T T T I
I Controller > '\’ DC-AC inverter |
| T = |
| : !
[ be
l E Bus |
| ! !
I H Optional |
""""" DC-DC/AC-DC
l Converter l
Powser Convarsion Subsystem
e |
Power Flow
----------- Data Flow Energy
=== « = - =« QOptional Component s;:'f"
== == —— = Subsystem e

Figure 27. Grid-connected parallel configuration.

The DC-to-AC inverter (also known as the bidirectional inverter) has two modes of
operation, the rectifier and inverter modes. In the rectifier mode the converter controls the
voltage and the charging current by turning semiconductor switches OFF and ON. The
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voltage and current are adjusted to the desired charge rate for the storage system. In the
inverter mode, the converter (by turning semiconductor switches OFF and ON) synthesizes
AC output.

Shunt- and Series-injection Transformers

Examples of shunt- and series-injection transformers are shown in Figure 28. The system
integrator generally makes the determination of which transformer to use based on the
application; certain tradeoffs in efficiency, reliability, and rate of response between the two
types of transformers; and field experience.

Shunt-Injection Transt Series-Injection Transformer
Utility Load Utility Load
e —————
Power Power
Conversion Conversion
System System
Energy Storage Energy ?tougo
Device Device

Figure 28. Example of a shunt-injection and a series-injection transformer.

A grid-connected system using a parallel configuration and a shunt-injection transformer can
exchange both real and reactive power with the utility and the load by varying the amplitude
and phase angle of the inverter output with respect to the utility voltage. The result is a
current flow through the transformer from the energy storage device and the PCS to the
utility. This current flow enables the PCS to control the utility voltage, for example in
voltage regulation applications. Generally, the PCS and the load can be disconnected from
the utility using a solid-state breaker in the event of a utility-side fault or interruption. The
PCS and the energy storage device supply full-rated real power at the load. When the utility
voltage is restored, the solid-state breaker restores the connection between the utility and the
load and the energy storage device is recharged via the PCS or via a lower-rated PCS that is
also tied to the utility.

A grid-connected system using a parallel configuration and a series-injection transformer can
generate or absorb independently controllable real and reactive power at the PCS output
terminals. The PCS injects a set of AC output voltages in series and synchronized with the
utility voltage. The amplitude and phase of the PCS output voltages are variable, thus
allowing the exchange of real and reactive power between the PCS and the utility. The
reactive power exchange is internally generated by the PCS without any passive AC
components, such as inductors or capacitors. The real power exchange must be achieved by
an external energy storage device. For example, in voltage sag protection, the PCS injects
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voltages to restore the quality of the voltage at the load when the utility voltage sags below a
speciﬁed level. When the utility voltage is restored, the energy storage device is recharged
using utility power via the PCS. In some cases, the recharge is achieved by a smaller-rated
PCS that is also tied to the utility (Woodley, et al.).

Grid-connected Series Configuration

Systems using the grid-connected series configuration are generally on-line or double-
conversion systems. On-line refers to a PCS that is continually used; in other words, it is
always “on line” to the load. Double-conversion refers to systems that convert power twice,
once from AC to DC and then frora DC to AC. The on-line system is shown in Figure 29 and
consists of a rectifier, an inverter, an optional DC-to-DC or AC-to-DC converter, a
controller, and a bypass switch. It may or may not have an input filter or surge suppression
on the utility side of the system; these decisions are usually driven by the customer or the
manufacturer.

Bypass
Switch
AC-DC DC-AC I
_Rectifier Converter
Utility Grid { b DC Bus — AC Load

Controller

D

Power Flow
........... Data Flow Energy Storage
— e = - -  Optional Compcnent Device
— — — - Subsystem

Figure 29. Grid-connected series configuration.

For the system shown in Figure 29, the rectifier converts utility AC power to DC power. The
inverter converts the DC-bus power back to utility AC for use at the load. The DC-to-DC
converter is used for charge/discharge control and to optimize operating conditions for the
inverter. The AC-to-DC converter is used to convert AC power to DC power to be used by
the DC bus. This is typical of flywheel-based energy storage systems. The controller controls
the flow of energy from the utility to the load, from the utility to the energy storage device,
and from the energy storage device to the AC load. The bypass switch is typically used for
isolating the PCS during maintenance or for providing bypass power in the event of a PCS
failure. The bypass switch is typically a static switch or a solid-state device. For added
protection, an input filter or surge suppressor is used on the utility side of the PCS. The input
filter reduces harmonic currents that could feed back into the utility, which could potentially
cause computers to malfunction, transformers and motors to overheat, and circuit breakers to
trip. The surge suppressor reduces power surges or voltage increases in one or more cycles,
high voltage spikes, and switching transients. The reduction is achieved by clipping high
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voltage spikes to safe and tolerable levels. Power surges and spikes may be caused by heavy
electrical equipment being turned off on the customer side, or by load shedding, switching
operation, arcing faults, or lightning strikes on the utility side.

‘Grid-independent Parallel and Series Hybrid Configurations

Hybrid systems consist of more than one source of electrical energy and are configured so
that the AC load can be served directly or indirectly by any or all of the system’s energy
sources. Most hybrid systems today consist of the following energy sources: an engine
generator, a renewable (PV or wind), and a battery. Generally hybrid systems are used to
reduce the engine generator’s run time and, consequently, fuel consumption. Hybrid systems
are also used to optimize generator use for loads that are periodically very large and highly
variable by properly managing the renewable and storage (battery) resources (Bower).

The primary distinction between systems using parallel and series hybrid configurations is
how the engine generator is tied into the overall system. In a parallel hybrid configuration the
engine generator is tied directly to the AC load. In a series hybrid configuration the engine
generator 1s tied to the DC bus of the PCS via a rectifier (AC-to-DC converter). Major
components in the PCS for the parallel hybrid configuration are a DC-to-AC inverter, an
optional DC-to-DC or AC-to-DC converter, and the controller (see Figure 30).

Engine l I
@ AC Load

* COptional
DC-DCIAC-DC l
Converter

Optional
DC-DCIAC-DC
Converter

r—-—" - T T T T T T T |
I f\) DC-AC I
I Controller j«g inverter

= |
| LY |
I .
| - |

)
|

I i DC Bus |
I !
| = |
|
|

Power Flow
........... Data Flow Energy Storage Renaswable
. Device Energy Source
——— - — - e Optional Component
— — — s;,'bsys(gm

Figure 30. Grid-independent parallel hybrid configuration.

This configuration has three different operating modes—stand-alone, battery-charge, and
parallel-boost mode. In the stand-alone mode, the engine generator is off-line and the
renewable energy sources and batteries operate through the inverter. In this mode, the
inverter converts DC power to AC power to the load. In the battery-charge mode, the engine
generator supplies the load and excess power from the engine generator charges the battery.
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In this mode, the inverter functions as a rectifier to convert AC power to DC power. In the
parallel-boost mode, the engine generator is operating at optimal load with the renewable
energy source and the energy storage device supplying supplemental power to the load. The
inverter converts DC power to AC power in this mode. Some manufacturers use the
bidirectional inverter as a battery charger or use a separate charge controller. The charge
controller is typically a DC-to-DC converter that controls the charge rate to the battery bank.

In the series hybrid configuration (Figure 31), the load is supplied primarily from the battery
via the DC-to-AC inverter; the battery is recharged, when energy is available, by the
renewable energy source via the optional DC-to-DC converter (for PV arrays) or AC-to-DC
converter (for wind generators). The DC-to-DC converter used with PV arrays is also called
the max power tracker or PV controller. When the battery state of charge falls below the
preset level, the generator is started and provides rapid recharge of the battery. The recharge
of the battery is achieved through an AC-to-DC converter (rectifier).

AC Load

’\’
Generator
| —

—
AC-DC
I Convertsr

Power Flow

----------- Data Fiow

. Energy Storage Renewable
— . e e « Optional Component Device Energy Source
— Semms emm— - Subsysfgm

Figure 31. Grid-independent series hybrid configuration.

33




PCS Configurations Summary

Comparison and Use of PCS Configurations

Comparisons of the grid-connected and grid-independent configurations are provided in

Table 5 and Table 6.

Table 5. Grid-connected Systems Parallel/Series Conﬁguration Comparison

: _ Parallel Configuration el ~Series Configuration
PCS can be de-rated (lower) PCS is contlnuously rated (higher)
Minimal switching delay No switching delay

System failure doesn’t affect the load

System failure requires a bypass and possible
interrupt

Table 6. Grid-independent Systems Parallel/Series Configuration Comparison

ParallelConfigugation. | L

_Series Configuration

Complex AC switching

No AC sw1tch1ng

Possible power disturbance if engine generator is
activated

No power disturbance if engine generator is
activated

Bidirectionatl inverter

Unidirectional inverter

More availability—inverter failure does not
result in system failure

Less availability—if the inverter fails, the system
fails

Complex and custom supervisory controller

Simpler supervisory controller

Table 7 summarizes the design configurations used for energy storage applications.

Configuration A—Grid-connected parallel configuration
e  Configuration B—Grid-connected series configuration (on-line or double

conversion systems)

. Configuration C—Grid-independent parallel hybrid configuration
e  Configuration D—Grid-independent series hybrid configuration

Table 7. Summary of Design Configuratlons Used by Companies Interviewed

Manufacturer J PQ

| CDPR

_AC/FR | Res.

Abacus Gl - -

Advanced Energy Systems

= - C C C
C C C

‘Exide Electromcs e
Liebert ‘ £

>

Ommon '

‘Orion

Trace

>

Westinghouse
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PCS Efficiency

PCS efficiency (the ratio of AC power supplied to DC power drawn in the inverter mode or
DC power supplied to AC power drawn in the charging mode) can be an important
consideration in ESS applications. Low PCS efficiency indicates that the energy storage
device rating must be increased, which in turn increases the initial cost of the energy storage
system. In applications where the PCS operates continuously, for example a series-connected
UPS, low efficiency implies a recurring cost component that corresponds to energy loss.
However, in ESS applications such as power quality and voltage regulation, where the PCS
operates at full load for only a short period of the time, a low efficiency PCS has minimal
impact on the PCS operating cost. It should be noted, however, that for power quality and
voltage regulation applications, device loss considerations that affect the cooling
requirements remain an issue.

PCS losses can be divided as follows:

Semiconductor device ON-state loss
Switching loss

Copper loss in transformers and inductors
Core loss in magnetics :

Efficiencies for the commercial or proposed PCSs described in this report are provided in
Table 8. In this table, some manufacturers specified efficiency from the DC bus to the AC
output of the PCS, while others included the AC transformer in the specified efficiency. For
double-conversion systems or series-connected UPSs, some manufactures defined efficiency
from the AC input power to the AC output power. From the standpoint of energy storage, the
efficiency from the DC to the AC appears to be most important. All of the efficiencies listed
exceed 90% at full load; the soft-switched converters provide a small improvement compared
to hard-switched converters.

For silicon-based minority carrier devices, it is virtually impossible to reduce the ON-state
voltage drop in a device. Future devices such as silicon carbide, gallium nitride, aluminum
nitride, or diamond-based materials might have smaller ON-state voltage drops or ON-state
resistance, which would increase the overall system efficiency. Switching losses can be
eliminated or reduced by soft-switching; however, the objective of soft-switching is to allow
higher switching rates. Core and copper loss can be reduced, to an extent by, for example,
using copper conductors. Nonetheless, it is not expected the that PCS efficiency will increase
substantially in the near future. The efficiencies shown in Table 8 also suggest that efficiency
may not be a near-term concern for the target applications described by this report.
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Table 8. PCS Efficiencies

~Company .| Application | Rating | Device| = Efficiency

ABB - - S PQ 1 MVA GTO Fullload 98% t0 98.5%
L T o LT 50% load — 97%

Hybrid, All | S5kVAto | IGBT | Fullload-92%
150 kVA

Hybrid, SV 30kW IGBT | Full load —92%
50% load — 93%

Hybrid, LV 60 kW IGBT | Full load - 92%
50% load —-93%

UPS 1 MVA SCR | Full load - 93%
o5 e 50% load — 91%
Exide UPS 500 kVA | IGBT | Full load - 95% to 97%
Liebert: - UPS 1 MVA SCR | Full load — 93%

UPS 500kVA | IGBT | Full load —94%

Licbert
| F e 75% load — 94%
50% load — 93%

Orion i n

_| Hybrid, R'TC 2kW IGBT | Full load 90%, 40% load 85%

Soft Switching - 100kW | IGBT | Fullload-97.7%
Technologles R 50% load 97.5%
A 10% load 93%
ﬁTrace L PQ 216 kVA | IGBT [ Full load — 95% to 97%
Westmghouse PQ 2MVA | IGBT | Standby mode - 1% to 3% loss
ST iy Active mode — losses not given
ﬂWestmghouse : R VR 2MVA | IGBT | Normal operation - 2% loss
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PCS companies were contacted and estimated cost structures were discussed. The companies
interviewed were asked to provide the total cost of the PCS. The total cost for the PCS
includes materials, labor, and overhead. Switchgears, transformers, and cabinets are also
included in the total PCS cost. Shipping and installation costs are not included in the total
PCS cost because they are site specific and highly variable.

In addition to the total PCS cost, manufacturers were asked to provide a percentage of the
total cost for each of four major cost centers and to discuss potential near-term (within
approximately two years) cost reductions. In many instances the suppliers were reluctant to
give detailed cost information. To maintain PCS manufacturers’ confidentiality, company
names are not identified with the estimated cost structures. Nine out of the ten PCS
companies interviewed provided cost information.

Most of the cost information was obtained during interviews with company representatives.
Consequently, it must be understood that much of this information is highly subjective. The
numbers given are approximations and are not meant to be provided as “hard” data, but
merely to give a general idea of the system costs and potential areas for cost reduction.
Additionally, the large-scale UPS market (100-1000 kW) is a mature and stable industry, and
UPS manufacturers have aggressively pursued technology advances and cost-cutting
measures for nearly two decades. Consequently, future cost savings in the UPS market (a
power quality application) will probably be incremental (3-5% per year) rather than
revolutionary. In the tables below, the cost reduction percentages, where available, are given
in parentheses next to the percentage of the total system cost for each cost center.

Cost Breakdown and Cost Reduction Potential by Application

The ESSP developed an estimated cost breakdown structure for state-of-the-art PCS systems.
The PCS cost was broken into four major cost centers—power stage, device drivers, PCS
controller, and balance of system (BOS). The power stage consists of the topological
connection of switching devices, its thermal management, and its protective circuits (such as
snubbers). The nameplate rating of the power stage (which includes the ratings of its
semiconductor devices and ancillary circuits), the chosen inverter topology, and the control
requirements are all factors that determine the overall cost of the inverter. The device drivers
are circuits that take input signals from the controller and effect the turn ON/turn OFF of the
switching devices. The PCS controller includes the inner loop, outer loop, and functional
control loop. The BOS includes the DC interface, the AC interface, and the magnetics. For
this portion of the report, the primary magnetic components are transformers and filter
inductors. Figure 32 shows the range for each cost center for grid-connected and grid-
independent systems.
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Figure 32. PCS cost breakdown.

A distinction must be made between balance of system and balance of plant. The balance of
plant, as described in “Cost Analysis of Energy Storage Systems for Electric Utility
Applications” (Akhil), encompasses the facility to house the entire energy storage system;
heating, ventilation, and air conditioning (HVAC); the interface between the energy storage
system and the customer or utility; the provision of services such as data gathering/trending
and project management; and other charges associated with transportation, permits, training,
spares, and finance charges. Because this paper focuses on PCSs, the BOS refers to the
power converter, not the overall plant. The BOS is a variable figure and depends upon the
type of energy storage and renewable generation devices and the type of configuration used
to interface the ESS to the utility. The BOS cost is largely determined by the specific needs
for the site and for the application.

PCS Costs for Power Quality Applications

The total PCS cost for power quality applications ranges from $46/kW to $400/kW as shown
i Table 9. The $46/kW cost applies to a situation where the PCS manufacturer supplies only
the inverter, not the entire PCS. The $60/kW cost applies to a situation where a large number
of units (more than 10 per year) are produced at a time. The other cost figures ($100/kW to
$400/kW), which represent the majority of the cost range, are for cases where only a few
units (less than 10 per year) are produced each year.

Based on the data collected, the power stage ranges from 25% to 47.5% of the total PCS cost.
In most instances the costs for the device drivers were hard to separate from the power stage
costs. Consequently, device driver costs are not evaluated separately, but included in the
power stage data. In some cases, the controller cost was combined with the device driver cost
accounting for 25% of PCS cost, as one company suggested. The controller costs range from
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4% to 33% of the overall PCS cost. The BOS costs ranged from 33% to 51% of the overall
PCS cost.

Table 9. PCS Costs for Power Quality Applications

Company | - Total | Power Stage | Devi oller o
oo o SKW | (% Reduiction) || (% R | (% Reduction) | (% n) |
A $400 33% (-30%) in PS 33% (-30%) 33% (-30%)

B $300 47.5% (-30%) | inPS 5% (-30%) 47.5% (-30%)
C $100 NA NA NA NA

D $90 - $100 | NA NA NA NA

E $46 45% (-30-40%) | in PS 4% (-33%) 51% (ROI)

F $60 25% (-10%) 25% (-25%) in DD 50% (+5%)
G $109 NA NA NA NA

H $145 NA NA NA NA

I $250 NA NA NA NA

J $300 NA NA NA NA

Most companies were hesitant to respond with cost and cost reduction potential. In general,
the cost reduction potential for the power stage ranged from 10% to 30%, and for the
controller from 30% to 33%, of the current cost. One company suggested that the costs of
device drivers could be reduced by 25% in the near future. Potential cost reductions for the
balance of system ranged from a reduction of 30% to a possible increase of 5%. Increases in
balance-of-system costs are possible due to the rate of inflation (ROI) that may cause
increases in the prices of materials (copper, steel, etc.) and labor.

PCS Costs for Voltage Regulation. Applications

Three companies discussed PCS costs for voltage regulation applications, but only two
provided cost breakdown information. As shown in Table 10, the total cost for a voltage
regulation application ranges from $150/kW to $500/kW. The power stage accounted for
33% to 36% of the total PCS cost, the controller for 10% to 33%, and the balance of system
for 33% to 54%. Both companies that gave detailed information (Companies A and B)
included the cost of the device drivers in the power stage costs.

Table 10. PCS Costs for Voltage Regulation Applications

 Company [ Total [ [ Device D
i |- SKW. - (% Reducti (¥ !
A $400 33% (-30%) in PS 33% (-30%) 33% (-30%)
B $500 | 36% (-30-40%) in PS 10% (-33%) 54% (ROI)
C $150 NA NA NA NA

The cost reduction potential for the power stage/device drivers ranged from 30% to 40% of
the current cost. The companies also saw a potential 30% to 33% reduction in the cost of
controllers. Company A estimated a 30% reduction could be achieved for the balance of
system, however, Company B felt that the cost for the BOS fluctuated with the rate of
inflation.
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PCS Costs for Customer Demand Peak Reduction Applications

Three companies supplied cost information for the customer demand peak reduction
application, but only two provided cost breakdown information. The total PCS cost for this
application ranged from $420/kW to $750/kW, as shown in Table 11. Both of the companies
that provided detailed cost information (Companies A and B) included the cost of the device
drivers in the power stage costs, which accounted for 32% to 36% of the total PCS cost. The
controller accounted for 10% to 30% of the total PCS cost, and the BOS for 10% to 30%.

Table 11. PCS Costs for Customer Demand Peak Reduction Appllcatlons

Company Total .| Po e e Hers |
| skwe if:i(% Reduction) ) | %’;éRedu’ction) (Y
A $420 32% (-30%) in PS 32% (-30%) 36% (-30%)
B $500 36% (-30-40%) in PS 10% (-33%) 54% (ROI)
C $750 NA NA NA NA

Companies A and B speculated that a 30% to 40% reduction in power stage costs could be
achieved. It was anticipated that the lower-cost solid-state switches coming on the market
could result in such a reduction. The cost reduction potential for controllers was estimated as
being between 30% and 33%. Company A estimated a 30% reduction in balance-of-system
costs in the near future; however, Company B stated that balance-of-system costs, and
consequently any potential cost reductions, depend on the rate of inflation. For example, the
cost of steel used for enclosures fluctuates according to the rate of inflation, as does the cost
of copper and iron used in filters and transformers.

PCS Ceosts for Area Control/Frequency Regulation Applications

The cost estimates and cost reduction potentials for PCSs used in area control/frequency
regulation applications were highly speculative and presented a wide cost range (see Table
12). Company A estimated the total PCS cost for this application as $320/kW, while
Company B estimated only $80/kW. Both costs are based on low-volume production and in
both estimates the cost of the device drivers was combined with the power stage cost. The
device drivers and power stage accounted for 40% to 44.5% of the total PCS cost. The
controller accounted for 4.7% to 6%, and the balance of system from 50.8% to 54%.

Table 12. PCS Costs for Area Control/Frequency Regulation Appllcatlons

Company ‘Total | Power Stage | Device Drivers | Controllers. .| - BOS .
CSKW (% Reduction) (%,Reductlon) Reduction) AiReductlon
A $320 | 44.5% (-30%) in PS 4.7% (-30%) 50.8% (-30%)
B $80 | 40% (-30-40%) in PS 6% (-33%) 54% (ROI)

Company A suggested that a 30% cost reduction could be achieved for the power stage,
controller, and balance of system. This reduction is based on high-volume production, which
tends to reduce cost. Company B indicated that a 30 to 40% cost reduction was possible for
the power stage and device drivers, based on the possible availability of higher-rated
components in the near future. The use of higher-rated components would reduce the need
for protective circuits for a high-power system, and consequently the costs associated with
supplying those circuits. Company B sees a possible 33% cost reduction in controller
technology primarily based on moving toward digital circuits from older, more expensive,
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analog circuits. Company B stated that the because the balance-of-system costs fluctuate with
the rate of inflation they are unpredictable.

PCS Costs for Residential Applications

Three companies provided cost data relating to residential applications, but only two
provided detailed cost information. The total PCS cost ranged from $700 to $1200/kW (see
Table 13). Costs for the power stage ranged from 22% to 60% of the total PCS cost.
Company A included the costs for the device drivers in the power stage cost. Company B
estimated the device drivers cost at 5% of the total PCS cost. The controllers ranged from
22% to 30% of the total cost, and the balance of system from 10% to 51%.

Table 13. PCS Costs for Residential Applications

A $1100- 60% (NA) inPS 30% (\IA) 10% (NA)
1200

B $700 22% (-10%) 5% (-30%) 22% (-30%) 51% (-15%)

C $944 NA NA NA NA

Company A and Company C did not discuss potential cost reductions. Company B estimated
a 10% cost reduction in the power stage, a 30% reduction in device drivers, a 30% reduction
in controllers, and a 15% reduction. in the balance of system in the near future. The
anticipated reduction in power stage costs was based on the advancement of semiconductor
switches. Higher-rated switches need fewer protective circuits, and fewer circuits reduce the
cost of the power stage. The reduction in the cost of device drivers could be achieved if the
current design was fully optimized for the application. The reduction in controllers would be
possible if current analog circuits are replaced with newer, cheaper digital circuits. The
balance-of-system costs could be reduced if the costs of enclosures and magnetics were
reduced due to higher-volume procuction.

PCS Costs for Small Village Applications

Three companies provided total cost data, but only two provided information by cost center
and information on potential cost reductions. The total PCS cost for these applications ranged
from $490 to $858/kW, as shown in Table 14. In comparison, costs for a rotary-converter-
based PCS were reported at $250 to $350/kW. The power stage represented 19% of the total
PCS cost for Company A, but did not include the cost of the device drivers (5%). The power
stage and device drivers accounted for 30% of the total PCS cost for Company B. Both
companies estimated the cost of the controllers at 11% of the total PCS cost. The balance-of-
system costs ranged from 50% to 65%.

Table 14. PCS Costs for Small Village Appllcatlons

Company | Total | Power Stage “BOS
Wl r(ﬁ»-Reductlon)’*i

a::(% Reduction)

| oSKwW (% Reduction) | (% Rednctmn)z-
A $490 19% (-10%) 5% (0%) 11% (-30%) 65% (~15%)
B $650 | 30% (-10-15%) in PS 11% (-33%) 59% (ROI)
C $858 NA NA NA NA
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Potential cost reductions for the power stage ranged from 10% to 15%. Company A, which
did not include device drivers in the power stage cost, did not anticipate any cost reductions
in the device drivers. Both companies felt that controller costs could be reduced by 30% to
33%. Company A believed that a 15% reduction in balance-of-system costs was possible,
while Company B stated that balance-of-system costs vary with the rate of inflation and,
consequently, cost reductions were unlikely.

PCS Ceosts for Large Village/Small Industrial Applications

Three companies provided total cost data, but only two provided information by cost center
and information on potential cost reductions. The PCS cost for large village/small industrial
ranged from $200 to $647/kW, as shown in Table 15. The $200/kW figure was based on
large volume production. For Company A, the cost center percentages were 12% for the
power stage, 3% for the device drivers, 3% for the controllers, and 81% for the balance of
system. For Company B the cost center percentages were 24% for the power stage and device
drivers combined, 5% for the controllers, and 71% for the balance of system.

Table 15. PCS Costs for Large Village/Small Industrial Applications

Company | Total | Power Stage | DeviceDrivers | Controllers |  BOS
ol $/kW . | (% Reduction) | (% Reduction) -| (% Reduction) | (% Reduction)
A $420 12% (-10%) 3% (0%) 3% (-30%) 81% (-10%)
B $200 | 24% (-10-15%) in PS 5% (-33%) 71% (ROI)
C $647 NA NA NA NA

Company A saw a cost reduction potential of 10% in the power stage, no reduction potential
in device drivers, 30% for controllers, and 10% for balance of system. Company B saw a cost
reduction potential of 10 to 15% in the power stage including the device drivers, 33% in
controllers, and the BOS cost as rising and falling with the ROL

Discussion of Potential Cost Reductions and Cost-reduction Conclusions

In general, grid-independent systems cost more than grid-connected systems (see Figure 33).
Some possible contributing reasons for the higher cost are listed below:

o Typical interfaces for grid-independent systems are quite complex when compared
with those for grid-connected systems. Additional work is required to interface
multiple devices such as PV, batteries, and engine generators, which contributes to
higher costs for control hardware and software.

e  Most grid-independent systems are one-of-a-kind systems, which results in one-
time engineering costs that are added to the price of the system. The engineering
costs cannot be distributed among several systems.

¢  Grid-independent systems are generally produced in much smaller volume than
grid-connected systems. Generally in manufacturing, higher-volume production
results in lower costs.
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Figure 33. Current PCS costs.

Figure 34 shows the estimated range of potential near-term (within approximately two years)
cost reductions for each of the cost centers. PCS developers predict that volume production
provides the greatest potential for cost reduction, but market demand, which would justify
higher-volume production, has not yet emerged. PCS manufacturers believe that once
application and product needs become more clearly defined, a significant market will
develop which will likely reduce the cost of PCSs. A well-designed manufacturing process
could also decrease costs. Enhancements in manufacturing techniques, along with mass
production, usually result in both higher-quality devices and reduced manufacturing costs.
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BOS
30% - 33% Grid-independent
Systems
Controller 30% - 33%
Drivers

10% - 15%

Power Stage
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Figure 34. Near-term (within approximately two years) cost reduction potential.

Some PCS manufacturers are advancing the concept of modular PCSs to reduce costs. These
manufacturers feel that lower-power PCSs are probably easier and cheaper to produce and
can be networked together using software to achieve the same rating as a single high-power
PCS. However, industry experience indicates that the PCS cost (in $/kW) tends to decrease
as the PCS rating increases. This is probably because the cost of the controller, generally, is
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fixed—it is the same for both high- and low-rated units. Consequently, the same controller
can be used for both higher- and lower-power systems.

Higher component integration and increased functionality per unit area, such as that which
could be achieved by replacing analog components with digital components in controller
circuits, could also result in cost reductions as well as a smaller package. The sophisticated
internal processes, such as self-testing, in digital controllers simplify controller maintenance
and diagnostics. Digital circuits also require fewer calibrations and less testing and set-up
time compared to analog circuits.

Some cost reductions may also be realized from advances in semiconductors. IGBTs are
currently leading the market for semiconductors used in medium-level (up to 750 kVA) PCSs
(Walden). IGBT technology has wide industry support and is most likely to provide the
greatest cost reduction potential for the near future (Nilsson). Advanced semiconductors have
increased switching speeds that allow for higher operating frequencies, which in turn reduce
the size of filters and other passive components. Increases in semiconductor voltage and
current ratings could also reduce the number of switches required for higher-rated systems
while improving reliability and reducing the design complexity. Fewer semiconductor
switches would reduce the need for protective circuits (such as snubbers) and elaborate heat
sink designs, thus reducing the overall cost. Nevertheless, higher-rated components will only
help reduce cost to a certain degree. Three-phase operation, for instance, will still require at
least six semiconductor switches for a converter.

Possibly the greatest cost reduction in PCS development would come from combining
modular semiconductor switching devices with advanced microprocessor controllers. The
trend in industry appears to be toward modular component designs that use advanced
controllers; for example, some manufacturers are placing the entire inverter power stage in a
single package with one heat sink. This standardization of a single, modular package that
could be used for a variety of applications by slightly modifying the software could reduce or
eliminate the need for custom-designed PCSs. Modular design tends to reduce noise
sensitivity in components and EMI, but has a tendency to require increased complexity in the
heat sinks used in the devices. This modular concept is currently being pursued by the federal
interagency PEBB program.

The potential cost reductions discussed above require design enhancements that can increase
the initial design cost of the PCS. However, the cost of PCS components and subassemblies
are generally on a downward trend. Advances in technology are expected in the areas of
packaging, semiconductors, and power conversion topologies. These advances may help
reduce the number of parts required and the size of the units, and combined with increased
demand and higher production, will probably resuit in lower PCS costs in the future. Finally,
most manufacturers agreed that they would like to see reductions in the cost of the magnetic
components (transformers, filter inductors, etc.) and do not feel that much work is being done
in this area.




Applicable or Relevant Standards and Codes

The design, installation, and operation of electrical equipment is governed by standards and
codes. Other than UPSs, which are widely used, only a small number of energy storage
systems are currently operating in the United States. Consequently, specific standards and
codes have not been developed for systems other than UPSs, or for the inverters used in these
systems. Pending the development of specific standards, several existing standards and codes
may be considered to apply to energy storage systems and inverters.

Electrical Equipment Installation Codes

These codes pertain to electrical equipment, rather than entire systems. The prevalent codes
in the US are the National Fire Protection Association (NFPA) National Electrical Code
(NEC), Articles 70 and 690; and Underwriters Laboratory (UL), Article UL1741.

National Fire Protection Association National Electric Code

The NEC is revised and published every three years by the NFPA. It is the most widely used
code in the US for installing electrical equipment and has been adopted as law in many
states, counties, and cities. The NEC emphasizes safety and fire prevention. The code is not
applicable to electrical systems owned or operated by electric utility companies.

NEC Article 70 applies to energy storage systems (up to 600 V) used in residential and
commercial (non-utility) facilities. It specifies the means and location of disconnects required
to completely isolate the inverter. It also provides specifications for wiring type, wire type,
and wire size; neutral and grounding requirements; and amperage requirements. These
requirements apply to all DC and AC wiring external to the inverter enclosure.

NEC Article 690, which applies to solar PV systems, is currently in the process of being
updated. The NEC definition of a solar PV system includes grid-independent, grid-
connected, and hybrid systems. In this article, higher operating voltage ranges than those
specified in Article 70 are being defined for PV systems. Article 690 will also contain
specifications for the inverters used in solar PV systems.

Underwriters Laboratory

Underwriters Laboratory emphasizes safety and lists equipment that meets its standards. The
UL standard that may be most relevant for inverters is UL 1741, “Standard for Inverters,
Charge Controllers, and AC Modules for Use in Residential Photovoltaic Systems.”

Electrical Systems and Interface Codes

These codes apply to the installation of entire systems and the systems’ interface to a utility
grid and/or the load.

American National Standards Institute/Institute of Electrical and Electronic Engineers

ANSVIEEE develops standards, recommended practices, and guidelines for electric
equipment and systems (for utility use) and for commercial/industrial equipment (such as
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electric motors) in collaboration with the NFPA, UL, National Electrical Manufacturers
Association (NEMA) and others. ANSI/IEEE standards are widely incorporated by reference
in work involving the transmission and distribution of electricity, but sometimes defer to
local standards and codes. ANSI/IEEE has not yet developed standards, recommended
practices, or guidelines for general energy storage systems; however, standards related to the
interconnection of static power converters, PV systems, and high-voltage direct current
(HVDC) and static VAR systems are relevant. Additionally, an energy storage system used
for any of the applications described in this report may readily be classified as a “dispersed
storage and generation facility” and standards related to such facilities will be relevant.

Specific Standards Applicable to Inverters

IEEE 1001, “Recommended Practice for Interfacing Dispersed Storage and Generation
Facilities with Electric Utility Systems.”

WG C5 (special publication), “Static Power Converters Serving as the Ultility Interface
Package.”

IEEES19, “Guide for Harmonic Control and Reactive Power Compensation of Static Power
Converters.”

Specific Standards Applicable to Photovoltaic Systems
ANSUIEEE 928, “IEEE Recommended Criteria for Terrestrial Photovoltaic Systems.”

ANSI/IEEE 929, “IEEE Recommended Practice for Utility Interface of Residential and
Intermediate Photovoltaic Systems.”

Federal Communications Commission

FCC regulations are primarily concerned with electromagnetic emissions from the inverter
that could interfere with radio and television broadcasting and the susceptibility of the
inverter to ambient electromagnetic radiation. Specific requirements are contained in FCC
Rules and Regulations Part 15, Subpart J. Generally, compliance with FCC regulations is not
difficult to achieve and does not require specific design considerations in the inverter.

Other Related Codes and Standards

National Electric Safety Code

The National Electric Safety Code (NESC) is the ANSI standard that covers “supply and
communication lines, equipment, and associated work practices employed by an electric
supply, communication, railway, or similar utility in the exercise of its function as a utility.”
Parts of the NESC are incorporated by reference in the NEC and vice versa. Although the
guidelines contained in the NESC are directed at electric utilities and utility equipment, ESS
system designers, integrators, and component manufacturers should be aware of the code. In
cases where an ESS and its inverter are integrated into a utility system (for example by
installation in a substation), the NESC would presumably apply. Similarly, in many instances
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the AC side BOS (switchgears, disconnects, etc.) usually must conform to both NEC and
NESC requirements for grid-connected systems.

The following sections are of particular relevance for the systems described in this report:

e  Section 9, “Grounding Methods for Electric Supply and Communication Facilities,”
J Section 12, “Installation and Maintenance,” and
e  Section 14, “Storage Batteries.”

International Electrotechnical Commission

International Electrotechnical Conimission (IEC) standards are adopted in Europe and by
many non-European countries. The coverage of these standards is comparable with that of
ANSI/IEEE in the United States and there is currently significant effort (in the electric
energy industry in particular) to harmonize the standards. As in the case of ANSI, the IEC
does not have specific standards directly related to ESS or ESS inverters. The IEC-60000
series covers many issues such as harmonics, power quality, and testing for utility interface
of power electronic equipment. Scme of these standards are listed below. Note: An “EN”
designation indicates a standard developed by the European Committee for Standardization;
a “PNW” designation indicates a standard that is still in process.

Published Standards

IEC 60146-2 (1974-01), “Semiconductor Converters,” Part 2, “Semiconductor self-
commutated converters.”

IEC 60146-4 (1986-09), “Semiconductor Converters,” Part 4, “Method of specifying the
performance and test requirements of uninterruptible power systems.”

IEC 60411-2 (1978), “Power converters for electric traction,” Part 2, “Additional technical
information.”

IEC 61000-2-1 (1990-05), “Electromagnetic compatibility,” Part 2, “Environment,”
Section 1, “Description of the environment—Electromagnetic environment for low-
frequency conducted disturbances and signaling in public power supply systems.”

EN 61000-3-2 (1995), “Measurement of harmonics that applies to all equipment with an
put current of greater than 16A” (originally based on IEC Standard 555-2).

IEC 61000-3-6 (1996-10), “Electromagnetic compatibility,” Part 3, “Limits,” Section 6,
“Assessment of emission limits for distorting loads in MV and HV power systems.”

IEC 61000-4-7 (1991-08), “Electromagnetic compatibility,” Part 4, “Testing and
measurement techniques,” Section. 7, “General guide on harmonics and interharmonics
measurements and instrumentation for power supply systems and equipment connected
thereto.”

IEC 61071-1 (1991-10), “Power electronic capacitors,” Part 1, “General.”

IEC 61377 (1996-05), “Electric traction—Rolling stock—Combined testing of inverter-fed
alternating current motors and their control.”
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IEC 61642 (1997-09), “Industrial AC networks affected by harmonics—Application of filters
and shunt capacitors.”

Standards in Process or Under Revision

IEC 61000-3-4 TR2, Edition 1.0, “Electromagnetic Compatibility,” Part 3, “Limits,”
Section 4, “Limitation of emission of harmonic currents in low voltage power supply systems
for equipment with rated current greater than 16A.”

IEC 61000-3-9, Edition 1.0, “Electromagnetic Compatibility,” Part 3, “Limits,” Section 9,
“Limits for interharmonic current emissions (equipment with input power greater than or
equal to 16 A per phase and prone to produce interharmonics by design.”

IEC 61000-4-7, Edition 2.0, “Electromagnetic compatibility,” Part 4, “Testing and
measurement techniques,” Section 7, “General guide on harmonics and interharmonics
measurements and instrumentation for power supply systems and equipment connected
thereto.”

IEC 61000-4-13, Edition 1.0, “Electromagnetic compatibility,” Part 4, “Testingand
measurement techniques,” Section 13, “Test for immunity to harmonics and interharmonics
including mains signaling at AC power port.”

IEC 61000-4-30, Edition 1.0, “Electromagnetic compatibility,” Part 4, “Testing and
measurement techniques,” Section 30, “Measurement of power quality parameters.”

IEC 61400-21, Edition 1.0, “Power quality requirements for grid-connected wind turbines.”

IEC 61427-1, Edition 1.0, “Secondary cells and batteries for photovoltaic solar energy
systems,” Part 1, “General requirements and methods of test.”

IEC 61728, Edition 1.0, “Safety test procedures for utility grid-connected photovoltaic
inverters.”

PNW 77A-225, Edition 1.0, “Limits for harmonics produced by equipment connected to
public low-voltage systems with input current above 16A.”
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The following general observations were made during the course of this study:

e  The UPS area is a mature example of energy storage systems and cost-effective and
reliable PCSs.

e  Most fielded systems use tried and proven inverters.

e  Most fielded systems require one-of-a-kind controllers.

e  Fielded systems at 500 kVA and below generally use IGBTs and hard-switched
bridge topologies.

Systems in excess of 10 MW generally use SCRs and GTOs.

There are very few fielded ESSs in the 1- to 10- MW range. The lack of technology
in this range may be because (1) it is convenient to keep pilot projects in the lower
kV A range, (2) this range requires higher voltage/current devices, and/or (3) the
market potential in this range is unclear.

e  Higher power ratings could be achieved using a modular approach in which PCSs
are connected in series/parallel arrangements, but few demonstrated systems have
used this approach.

e  Soft switching is becoming a mature technology in the 250-kV A range and can
provide advantages over hard switching.

Higher-rated devices that can switch at high frequencies would be beneficial.
Topologies such as multilevel converters could be beneficial.

The cost centers that were reasonably clearly identified as having potential for cost
reduction are the power stage, the controller, and the BOS (specifically, the
magnetic components).

Additionally, two analogies can be drawn with respect to the current state of PCS
development and technology. First, PCSs are now at the state that personal computers were at
in the early- to mid-1980s—they are highly-proprietary, and thus, very expensive. During the
meetings with industry, a great deal of discussion focused on how to reduce the costs of
building PCSs for, and integrating PCSs with, energy storage technology. It is thought that
with greater standardization of PCS components and entire PCSs the costs will be reduced.
Standardization should greatly increase the volume of production, which generally reduces
costs, because common manufactured components will be able to be used in a wide variety of
systems. Additionally, standardization of both components and entire PCSs will greatly
reduce the engineering costs of any particular system. It is anticipated that by reducing the
cost of designing and building PCSs, the cost reductions will be passed on to system
integrators, and finally, to the end user, which in turn should increase demand for these
systems.

The second analogy is taken from the automotive industry. From the discussions with
industry, it is not clear whether customers need a high-end, and consequently high-dollar,
“luxury” model converter or if a simpler, and cheaper, “transportation-only” model will do.
The converters that are currently being manufactured are expensive, engineering-intensive
devices that have a wide range of available features and options. Indeed, because the systems
are generally engineered to meet the specifications of an individual user or system integrator,
the converter’s design is limited only by customer specifications and the technology of the
components. In other words, they are luxury models. It is not clear from the study whether
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such devices are “necessary” (required by the customer for specific reasons) or are simply the
result of enthusiastic engineering.

Of interest is whether customers (system integrators and end users) would prefer more
economical, “transportation-only” converters. Presently, the market for PCSs is still
relatively small and is not well-defined. Additionally, a “Model T” of converters has not been
developed. It is not clear if the development of a mass market, affordable converter that
could be used for a wide variety of applications would do for the PCS market what the
Model T did for the automobile market, but it is a question worth exploring. Perhaps once the
market is larger and more well-defined, and once competition between manufacturers
increases due to standardization and mass-production of PCSs and components, customers
may recognize the need for additional features and options and start asking for them.
Additionally, while some customers may be asking for newer, “luxury” model converters, a
wide segment of the market may still be satisfied with the “economy” models. Currently,
however, a question also exists as to the actual cost benefits of the more low-end converters.
Unlike the Model-T, it is not clear at this time that providing a converter with minimal
specifications would dramatically reduce its cost. This is another question that, while beyond
the scope of this report, would be interesting to explore further sometime in the future.
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This section provides R&D recommendations for future PCS development. The list of
recommendations, provided in pricrity order, highlights key findings on R&D needs and
opportunities from various discussions with representatives from industry, academia, and the
national laboratories. Some individual responses from industry representatives are provided
in Appendix E.

Support the Near-term Development of Higher-rated Semiconductor Switches

Many companies expressed the need for higher-rated semiconductor devices. Cost-effective
devices are sometimes not available for applications in the megawatt range. Industry
currently uses two approaches to configure PCS semiconductors for high-power applications.
The first approach is to connect the available semiconductor devices in series/parallel
arrangements. Extra devices are used to ensure reliability at high power. The cost, however,
tends to increase sharply because of the additional circuits and controls needed to balance
voltages and current through the devices. It is both preferable and advantageous to use the
fewest possible number of semicoriductor devices in the power stage. Using fewer
semiconductor switches reduces the number of protective circuits (such as snubbers), reduces
the complexity of heat sink designs, and increases reliability. There is, however, a limit to
how many semiconductors may be eliminated in any given circuit. For example, an inverter
used for three-phase operation requires at least six semiconductor devices. The second
approach is to use series/parallel connections of inverters (as opposed to semiconductors)
with the appropriate control algorithm to ensure current/voltage sharing. Both of these
approaches increase the complexity, and consequently, the cost and size of the PCS. The
development of advanced semiconductor switches specifically designed for high-power
applications would probably reduce both the footprint and cost of the PCS.

Explore the Options Available for Cheaper, Lighter, and Smaller Magnetics and
for Reducing the Cost of Filter Inductors and Line-frequency Transformers

Most companies agreed that very little R&D is being done in this area. They stated that filter
inductors tend to be custom and expensive. Some companies indicated that it is hard to find
manufacturers who understand the engineering behind magnetics well enough to provide
components that meet their needs. It is thought that cheaper, lighter, and smaller magnetics
and magnetic components that minimize power losses that occur during high-frequency
operation would improve PCS performance and reduce cost and footprint.

Magnetic transformers have a tendency to have high power losses. Recent advances in
semiconductor technologies and inverter topologies could ultimately eliminate the need for
line frequency transformers and reduce the need for filter inductors. ORNL, for example, is
working on multilevel converters that would allow the converter to be tied directly to the
utility grid without transformers. Another approach is to increase the operating frequency of
the transformers. The introduction of a high-frequency transformer also holds some promise
for reducing the footprint of the trensformer and possibly reducing the overall cost.
Increasing the transformer’s operaring frequency has a tradeoff; it may increase the number
of converters required for some systems. For example, in a typical battery-storage-based
power quality application the DC power from the batteries is converted to 60-Hz AC power,
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which is then fed through a 60-Hz transformer. Introducing a high-frequency transformer in
such a system would require a transformation of DC power to high-frequency AC power by
feeding it through a high frequency transformer. The high-frequency AC power must then be
transformed to 60-Hz AC power to the load via the power converter. Such a system would'
increase the number of conversions required while reducing the size, cost, and losses of the
transformer; however, the cost of the system may be increased because of the number of
conversions necessary. Recent reductions in converter costs might make this a viable option.
The third approach is to develop advanced core materials in magnetics, such as amorphous
materials, to reduce losses, footprint, and cost. All three of these approaches have similar
goals of reducing the cost, size, and losses of transformers, filters, and other magnetic
components.

Research Advances in PCS Controllers for Hybrid ESSs, Including Reducing
Software Development Time and Cost

Historically, there have been some misunderstandings between renewable resource suppliers,
energy storage suppliers, PCS manufacturers, systems integrators, and end users. These
misunderstandings have resulted in systems in which the individual components (PV arrays,
wind generators, engine generators, storage devices, and power conversion subsystems) do
not always operate optimally within a given system. Usually, this less than optimal
performance means that the performance and life span of both the individual components and
the system as a whole are less than the specifications of the individual components lead end-
users to expect. Consequently, the life-cycle cost for hybrid systems has been higher than it
could have been had all of the components performed optimally.

R&D is therefore needed for the development of advanced supervisory controller software
that could maximize the performance of the components and the system, which in turn would
reduce the life-cycle cost of hybrid systems. The components of life-cycle cost that might
ultimately be reduced by the development of an advanced controller include capital,
maintenance, repair, and operational costs (for example, fuel). Current discussions with
industry indicate that the development of a supervisory controller that is capable of
determining when and how each component of a hybrid system should be used would reduce
system costs and result in system performance that is more closely aligned with the users’
expectations and the component specifications.

Additionally, most hybrid systems are one-of-a-kind systems that incur one-time software
engineering costs, which are added to the price of the system. A typical control system for a
solar hybrid system, for example, is usually quite complex and requires longer development
time than a non-hybrid system. More specifically, on a recent contract with the US Navy in
which Trace Technologies provided a power conversion and control system for a large-scale
hybrid diesel-photovoltaic power system, over 40% of Trace Technologies’ costs were
software related. These costs included developing appropriate control algorithms, coding the
algorithms, testing and debugging the code, and on-site tuning of the software after
installation. Many solar hybrid systems, however, are similar or identical and provide
opportunities for standardizing the control software. Consequently, additional R&D
opportunities exist specifically for reducing development time and cost for hybrid system
controller software.
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Encourage R&D into Advanced Converter Concebts Specifically for Energy
Storage Applications

Inverters can, in general, be grouped into several different categories, or families, which are
discussed in detail in Appendix B. Currently, there is not a single, “best” inverter for grid-
connected systems in the 1- to 10-MW range. Within each inverter “family” there are many
existing topologies and additional topologies are in the R&D stage. The results of this study
do not make clear which topologies are best suited for use with the energy storage
technologies of interest to the ESSP (i.e., batteries, flywheels, SMES). Often, PCS
manufacturers have invested a great deal of time and money on a topology designed for a
well-defined and existing market, such as motor drives. Consequently, they are sometimes
hesitant to investigate other converter topologies for applications and markets that are less
well defined. They are more likely to simply modify an existing topology for use in a new
application without extensive study into what would be optimal for that application. The
ESSP should encourage further Ré&D to determine what should be considered the optimal
inverter topology or topologies specifically designed for energy storage systems.

Support the Development of Standards and Codes Specifically Related to the
PCSs Used with Energy Storage Systems and Renewables

The design, installation, and operation of electrical equipment is governed by standards and
codes. Because there are very few energy storage systems in operation, specific standards
and codes have not yet been developed for such systems or for the inverters used in such
systems. Although there are severzl standards and codes that may be relevant to ESS, there is
a need to develop standards specifically for energy storage systems. These standards should
address the unique requirements of energy storage systems in terms of design, installation
and operation of the electrical equipment both for grid-connected and grid-independent
systems. Additionally, collaboration with other standards development activities is needed to
define the final PCS standards and codes related to energy storage systems and renewables.
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Appendix A—L.ist of Companies Interviewed

ABB Industrial Systems, Inc.

Tor-Eivind Moen, Product Manager for Power Electronic Systems
Anders Troedson, Director of Power Electronics

New Berlin, Wisconsin

AC Battery Corporation

William T. Johnson, Applications Engineer

William J. Nerbun, Product/Marketing Manager

Don C. Vanderbrook, Operations/Engineering Support Manager
Daniel H. Zietlow, Project Engineering Manager

East Troy, Wisconsin

Abacus Controls, Inc.

Richard T. Pichnarczyk, Vice President
George O’Sullivan, President
Somerville, New Jersey

Active Power
Jim Balthazar, Vice President of Marketing
Austin, Texas

Advanced Energy Systems -

Mark Hensely, Marketing Manager—Americas
Rob Wills, President and CTO

Wilton, New Hampshire

American Superconductor (formerly Superconductivity, Inc.)
Mike Gravely, Executive Vice President Markets/Business Development
Middleton, Wisconsin

Exide Electronics

John Breckenridge, Director of North American Service Operations
John Messer, Director of Design & Development Engineering
Raleigh, North Carolina

Exide Electronics
Thomas F. Skuce, Program Specialist
Antelope, California

International Computer Power, Inc.
James T. LoGudice, Technical Sales Manager
El Monte, California

A-1



Appendix A—List of Companies Interviewed

International Rectifier

Tim McDonald, Director of Project Engineering for IGBTs

Haim Taraseiskey, Advanced Products Marketing Manager, Switch Products
El Segundo, California

Liebert Corporation
Richard A. Walden, Manager of Integrated Power Systems
Irvine, California

Northern Power Systems (formerly The New World Power Technology Company)
Ed Linton, Senior Electrical Engineer

Jonathan A. Lynch, Director of Engineering

Waitsfield, Vermont

Northrop Grumman
L.E. Lesster, Manager—Vehicle and Energy Program
Baltimore, Maryland

Oak Ridge National Laboratories

Donald J. Adams, Group Leader—Digital and Power Electronics Engineering Technology
Division

Robert A. Hawsey, Manager—Superconductivity Program

John W. McKenner, Ph.D., Senior Research Engineer/Project Manager—Engineering
Technology Division

Leon M. Tolbert, P.E., Electrical Engineer—Power Electronics Center, Engineering
Technology Division

Jim Vancoevering, Manager—Power Systems Technology Program

Oak Ridge, Tennessee

Omnion Power Corporation

Mark Haug, Sales Manager

Hans Meyer, President

David E. Porter, Vice President—Technology
East Troy, Wisconsin

Orion Energy Corporation
Douglas R. Danley, President
Iajmsville, Maryland

PDI Corporation

Richard A. Combs, President/CEQ

John Kammeter, Vice President-Engineering
Sandston, Virginia

Powerex, Inc.
Eric R. Motto, Senior Applications Engineer
Youngwood, Pennsylvania
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Silicon Power Corporation (SPCO)

Roberto M. Andraca, Applications Engineer
Harshad Mehta, Ph.D., President/CEO

Stig L. Nilsson, P.E., Executive Vice President
Malvern, Pennsylvania

Soft Switching Technologies

Deepak Divan, President

Trevor Grant, P.E., Vice President—Marketing
Middleton, Wisconsin

TRACE Technology Corporation
Mike Behnke, Vice President
Livermore, California

United States Office of Transportation Technologies
David Hamilton
Washington, DC

University of Texas at Austin

Center of Electromechanics (CEM)

John Pappas, Research Engineer Associate
John H. Price, Research Associate

Austin, Texas

Westinghouse Electric Corporation

Thomas A. Lemak, Manager—Povwer Electronics Department, Science and Technology
Center

Pittsburgh, Pennsylvania

ZBB Technologies, Inc.
Phillip A. Eidler, President
Wauwatosa, Wisconsin
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Appendix B—Inverters

Introduction

The focus of this report is power conversion technology for interfacing energy storage
systems to stand-alone loads or to an electric power grid. Depending on the type of energy
storage system, the power conversion system may actually contain several subsystems. There
may be a need to condition or otherwise regulate the output of the energy source. However,
the final conversion stage generally involves converting energy at direct voltage and current
(DC) to energy at alternating voltage and current (AC) at a specific frequency. This AC to
DC conversion is accomplished by the PCS inverter.

This appendix provides background material to support the evaluation of inverters suitable
for power conversion from energy storage systems in the following four sections:

The Basic Inverter
Specific Converters
Inverter Control
Conclusion

The first section, “The Basic Inverter,” describes the inversion process—the process of
converting DC power to AC power. The first section also discusses how waveform control is
achieved. Waveform control is an important issue in power conversion systems. Basically,
AC waveforms are required to approximate sinusoids. In the higher-power range (10 MW
and higher) available switching devices are limited to the silicon controlled rectifier (SCR)
and the gate turn off thyristor (GTO). The MOS-controlled thyristor (MCT) is now available
and showing promise. Waveform control in these circuits is achieved by phase-shifted series-
parallel connections of bridges, augmented by passive and active filters. The medium power
(1-10 MW) range could utilize either the same techniques as the higher range, or
series/parallel connections at the low-power device or inverter level. There are few
commercial applications in the medium power range. In lower power ranges (1 MW and
lower) faster devices such as IGBTs, MOSFETs and bipolar transistors can be used.
Waveform control is then achieved by the principle of pulse-width modulation (PWM).

The second section, “Specific Converters,” describes several different types of converters in
detail. “Converter” is a general term used to describe the following four types of power
conversion: AC to AC, AC to DC (rectification), DC to DC, and DC to AC (inversion). The
term “inverter” i1s more restrictive; it applies to those devices used solely for converting DC
power to AC. Although the majority of converters use the bridge circuit, the type of switches
used in the circuit varies based on the application and designer preference. Additionally,
converters may be classified as either line-commutated, force-commutated, or self-
commutated. Each of these three categories may be further divided into those based on hard-
switching and those based soft-switching technologies. The second section discusses the
various types of converters and the differences between hard- and soft-switching
technologies.

The third section discusses basic inverter control. The control elements can be divided into
three parts, or loops. The first part, the inner control loop, includes the generation of the
requisite control signals (for example the PWM signal) and the circuits necessary to actually
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switch devices ON and OFF. The second part, the outer control loop, involves determining
the required parameters associated with the above control signals to effect a desired
objective, such as the control of the resulting AC voltage. Finally, the third level of control,
the functional control loop, incorporates the control of the total energy storage system and
specifies, for example, the desired AC voltage.

The Basic Inverter

Voltage- and Current-source Inverters

Figure B-1 shows the simplest inverter that delivers energy from a battery to a resistive load.
The ideal battery produces a voltage, E, that is DC—that is, it does not change with time as
illustrated in the time waveform at the bottom left of the figure. The battery is connected to a
bridge of switches. Each switch can be turned ON or OFF. When ON, the switch conducts
current in the direction of the arrow.

PN L, . NN

E Load

T N\ —> i p\

E v,i
I —_— t
P N P

Figure B-1. Basic voltage-source inverter with resistive load.

The voltage-source inverter operates by alternately turning the P and N switches ON and
OFF. When the P switches are ON a positive voltage, equal to battery voltage E, is applied to
the load; when the N switches are ON the load voltage becomes the negative of the battery
voltage (1.e., -E). Thus, a periodic AC voltage is synthesized at the load, which appears as the
square wave shown at the bottom right of the figure. In a resistive load, the waveforms of
voltage (v) and current (i), are identical. Thus an alternating current results. The current (I)
from the battery is DC.

Alternatively the circuit in Figure B-1 can be supplied from a DC current source as shown in
Figure B-2. The circuit injects a square wave of current into the resistive load and,
consequently, is called a current-source inverter. Both voltage-source and current-source
inverters are widely used. Although the current-source inverter would appear to be the most
appropriate choice for use in a SMES-based system, and the voltage-source inverter the most
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appropriate choice in a battery-based system, the final choice depends on the application and
on the designer’s preference. Comparative advantages and disadvantages of each type of
inverter are discussed later in this appendix.

P\ . v NN

(D' NN

Figure B-2. Current-source inverter (with square-wave switching).

Practical Considerations for Inverter Design

The waveforms of the AC voltage and current in Figure B-1 and Figure B-2 are square
waves. In practice, it is desired that AC systems operate with sinusoidal waveforms as shown
in Figure B-3. Further, typical loads have reactive (inductive and capacitive) components. If
the voltage is nonsinusoidal, the current will not have the same shape as the voltage; and
even if both waveforms are sinusoidal, the current may not be in phase with the voltage.
Ensuring that the waveforms are as nearly sinusoidal as possible, and that the current has the
desired phase relationship with the voltage requires some fundamental modifications to the
basic inverter as discussed below.

R

Figure B-3. Voltage (v) and current (i) in a reactive (inductive) load.
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Accommodating Reactive Loads

To accommodate phase shifts between the AC voltage and current waveforms, the switches
in the voltage-source inverter shown in Figure B-1 must be made bidirectional, as indicated
by the open-arrow switches in Figure B-4. These bidirectional switches are usually
constructed by adding diodes and are also known as back diodes. When the voltage and
current in the load are both positive, conduction occurs through the P switches. When the
load voltage is negative but the current is positive, conduction occurs through the P' switches.
The complete conduction pattern is shown in Figure B-4. Current-source inverters do not
require these back diodes. However, if the switch does not have an adequate reverse-voltage
rating, series diodes must be used.

AN

E Load

\P

A
¥z
;

s

Figure B-4. Accommodating reactive loads.

Using Filters to Modify the Waveform

Another fundamental modification is necessary if the output voltage waveform is sinusoidal
(AC) or if the load is not a pure resistor. Kassakian, et al., point out that in this case the
instantaneous power from the battery, which is the product of voltage and current, will in
general not match the instantaneous load power. If losses are neglected then, in the steady-
state, the average power must be equal. Thus, additional filters are necessary to absorb the
instantaneous imbalances in battery and load power. The filters can be an integral part of the
converter’s topology. Generally, these filters are capacitors and inductors. Filters are also
applied externally (e.g., at the AC terminals) to control waveform quality.
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Waveform Control and Harmonics

In practical applications either the voltage or current, and in some applications both, must be
as close to sinusoidal as possible. Consequently, the simple square-wave switching pattern
shown in Figure B-2 must be modified. Because the AC voltage and current waveforms in
the basic inverter are periodic, the Fourier series and the concept of harmonics provide a
useful way to evaluate the distortion in or quality of waveforms with respect to waveforms
that are purely sinusoidal.

The square wave current in Figure B-2 can be expressed as the Fourier series shown below:

ity =1, +~2I, cos(2zft+8,) +§°J§In cos(2zn ft+8,) (B-1)

n=2

I, represents the average or DC component of current. Such a component is not allowed on
the AC side because of potential damage to devices such as transformers due to saturation.
The second term is the fundamental component of the equation—it represents the desired
sinusoidal current. Its frequency, f, is the desired output frequency of the inverter

(e.g., 60 Hz). I; represents the RMS value of the fundamental component of the current. It
has a phase angle of 0, with respect to some reference, specifically the fundamental
component of voltage. This phase angle affects the real and reactive power supplied.

Each term in the summation is called a harmonic component, or “harmonic.” Harmonics are
sinusoidal currents whose frequency is an integer multiple of the fundamental frequency. It
has a phase angle of 6, with respect to the reference. Figure B-5 shows how the fundamental
components combine to form the original distorted square waveform.
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Figure B-5. Illustration of how the fundamental, third, fifth, and seventh harmonic
components “sum” to approximate a square wave.

A plot of the harmonic amplitudes (Iy, I;, Iz,...) versus harmonic numbers (n=0, 1, 2,...) or
harmonic frequencies (f, 2f, 3f,...) is called the amplitude spectrum. The amplitude spectrum
of a square wave is shown in Figure B-6.
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Amplitude
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Figure B-6. Harmonic spectrum corresponding to time waveforms in Figure B-5.

In general, harmonic components are undesirable in the inverter output. Harmonic currents
propagate into the AC system and can excite resonance conditions, cause excessive heating
1n components, and cause interference in communication and control circuits. The quality of
a periodic distorted waveform is measured by the total harmonic distortion (THD).

2 ®-2)
THD = 122

L

Inverters are designed to minimize current and voltage THD. Additionally, specific
applications may require that selected harmonics be eliminated. Ideally, the basic inverter
does not generate even harmonics. In balanced three-phase systems, harmonics of order 3n,
called “triplens,” are readily eliminated by suitable connections. On the other hand,
applications such as active filters require the inverter to synthesize a specific harmonic
spectrum. These topics form the area of waveform control.

For example, Figure B-7 shows the basic concept of pulse-width modulation, which is used
extensively for waveform control in low-power systems. Switches P and N are turned ON
and OFF at regular intervals (eleven times per cycle) to produce the voltage waveform (v)
shown. The corresponding waveform for current (i) in an inductive load is also shown. By
properly selecting the switching pattern the current can be made to approach a desired
waveform.

0

: LIRS R Y

Figure B-7. Pulse-width modulation waveform.
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PWM necessitates switching at high frequencies. Device limitations restrict the switching
frequency at high power and voltage levels. Therefore, in medium- and high-power systems,
low-frequency PWM or stepped-square-wave approaches are used for waveform control.
Several phase-shifted low-frequency systems can be combined to achieve higher-frequency
operation. Stepped-square-wave techniques similarly use the basic properties of multiphase
systems. Typical output waveforms for voltage (v) and current (1) are shown in Figure B-8.

1

v _—

/

Figure B-8. Stepped square wave.

Waveform synthesis techniques are used to achieve a desired basic spectrum of current.
When the inverter is interfaced with a grid, or a load in a grid-independent system, additional
restrictions on waveform quality may apply. Harmonic filters can be used as necessary to
refine the waveform and accommodate the restrictions. For example, shunt passive filters are
resistive-inductive-capacitive (RLC) circuits tuned below desired harmonic frequencies, and
provide a low impedance path at harmonic frequencies; series passive filters block the flow
of harmonics into the source systern; and active filters are, in a sense, inverters designed to
generate harmonic currents that cancel existing distortion.

Controlling Output Voltage or Current Amplitude

The fundamental control variables in the operation of the inverter are frequency and output
voltage (or current amplitude). For example, PWM varies the width of the pulses to effect
amplitude control. In high-power systems, such as stepped-square-wave inverters, changing
the input voltage or current effects amplitude control. For the applications described in this
report, the frequency is essentially constant or must be regulated to a constant value. In grid-
connected applications, transient variations in frequency translate into a phase shift between
inverter voltage and grid voltage and are be used to control power and energy flow.

Voltage (or current) amplitude can also be used to regulate power flow from the inverter. In
grid-connected applications voltage control results in reactive power changes while current
or phase angle control can be used to effect changes in real or reactive power.

Switch Implementation

The simplicity of Figure B-1 belies the fact that each switch can be a complex system in
itself. There are several important considerations when choosing the switches for a power
electronics device, for example, switch control (turn on/turn off), protection, and loss
control/thermal design. These issues are discussed below.




Appendix B—Inverters

Switch Turn-on and Turn-off (Commutation)

Each type of switch has a specific tum-on requirement. SCRs, for example, require a
moderate gate current, bipolar transistors require a moderate gate current, and MOSFETs and
IGBTs require a small gate voltage. Turn-on driver design involves supplying the requisite
current or voltage in a manner that optimizes switching speed and ON-state voltage drop.
Switching speed affects switching losses and limits maximum switching frequency. ON-state
voltage drop contributes to ON-state power loss in switches. Additional considerations apply
when switch terminals float with respect to ground and when a switch is composed of
series/parallel connected devices. It is necessary to ensure simultaneous turn-on of devices;
and external circuits may be needed to equalize voltage drops and current. In high-power
systems there is also an issue of pulse delivery to individual devices; fiber optic systems are
used to minimize propagation delay.

Special drivers, implemented in large-scale integration and called power integrated circuits
(PICs), are available for MOSFETs and IGBTs. In addition to optimizing turn-on/turn-off
these circuits also provide interface and protection functions.

Switch turn-off is generally more complicated because of device and circuit properties. The
circuit always contains some inductance. An inductor has the fundamental property that
current cannot be interrupted instantaneously. Rapid interruption results in the appearance of
high voltages. Thus, practically, whenever a switch is turned OFF an alternate path must
exist to maintain current flow in inductors in the circuit. Thus, during turn-off current is
diverted from one path to another. This transfer of current is called commutation.

Turn-off design depends on the type of switch used. SCRs are turned OFF by reducing their
current to zero and reverse biasing them for a period of time. Thus, a reverse biasing voltage
must be available. The reverse biasing voltage can be provided in a number of ways
including grid or load voltage sources or by additional circuits. GTOs require a significant
negative gate current. Bipolar transistors, IGBTs, and MOSFETs require a moderate negative
current or voltage. The PICs referred to previously also provide functions for optimized turn-
off of MOSFETSs and IGBTs.

In literature, the following terms are used to describe common types of switch commutation:

e  Line-commutated—refers to switches where tumn-off is achieved by turning a
switch on in an alternate path with reverse bias provided by a voltage source from a
grid.

. Force-commutated—refers to switches where external circuits are used to reverse
bias and drive current to zero in the switch that is being turned OFF.

o Self-commutated—refers to switches that can be turned OFF by gate or base drives
within the switch itself.

e  Load-commutated—refers to switches turned OFF either by loads that provide
reverse biasing voltages, or resonant inductive-capacitive (LC) circuits that cause
natural current zeros.

e  Lossless—also called zero voltage/zero current switching (ZVS/ZCS), refers to
circuits that permit switches to turn ON and/or OFF only when current/voltage is
zero, thereby eliminating switching losses.
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Switch Protection

The semiconductor switches in the inverter must be protected from overvoltages,
overcurrents, and fast rates-of-rise of voltage and current. The current-source inverter is
inherently protected against overcurrent. Overcurrent protection in SCR-based circuits is
often provided by semiconductor fuses. In modern circuits that utilize MOSFETs and IGBTs,
current sensors can be used to provide protection. There is no simple way to protect against
overvoltages. Generally transient overvoltages are reduced using surge protection and
snubbers, and power devices are rated to withstand anticipated sustained overvoltages.

Snubber circuits, such as the one shown in Figure B-9, provide protection from rapid rates-
of-rise of voltage and current. A capacitor mutes the voltage rate-of-rise and the inductor
limits the current rate-of-rise. As a side benefit, optimized snubbers can reduce switching
losses. Additionally, the switching transient can be modified in a way such that some of the
switching loss occurs in the snubber rather than in the semiconductor device. This is
preferred since snubber components are more robust and, consequently, are better equipped
to handle switching losses.

Y Y Y el

Figure B-9. Snubber circuit.

Loss Control

Power losses in the switch are important both because of efficiency and cooling
considerations. The losses can be szgregated into three components: switching loss in the
device, ON-state loss in the device, and snubber loss. ON-state losses dominate in circuits
that switch at low frequency, while switching losses in the device, which occur once for
every switch transition, are dominant in high frequency switches. Optimized drivers and
snubbers can reduce each component of loss. Conventional switching is usually called hard
switching.

A fundamentally different approach—soft switching—involves zero-voltage and/or zero-
current switching. The idea here is that during switching, either the voltage or the current is
maintained at zero value. This eliminates switching losses, which results in significant
benefits at high frequencies. Additionally, this approach significantly reduces
electromagnetic emissions. However this benefit is often achieved at the expense of higher
device ratings and additional circuit components. ZVS/ZCS is achieved using resonant
circuits and the peak value of resoriant voltage or current exceeds DC bus voltage or current.
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Soft-switching uses three basic approaches. In resonant-switch or resonant-pole designs,
additional circuits are placed across the switch to ensure ZCS/ZVS. In resonant-load
commutation, the load comprises a resonant circuit and ensures current zeros where the
switches are turned OFF; another type of resonant-load commutation uses a resonant DC link
in place of the ideal voltage or current source to provide instances of ZCS/ZVS where
switches are turned OFF. Finally, the cascade switching approach uses additional switches to
reduce stress on the main switch, but the applications of this approach have been limited to
DC-to-DC power supplies. Cascade switching utilizes additional semiconductor devices to
enhance turn-off of the main device.

Inverter Ratings

The nameplate rating of an inverter is not a standardized quantity (unlike ratings for other
equipment such as motors and generators). Inverters can be described by the nominal input
DC voltage and current, and by the nominal output voltage, current, kVA (kilovolt-
amperes—the product of voltage and current), and power factor.

The appropriate ratings for semiconductor devices and ancillary circuits used in a particular
design are determined by the nameplate parameters, the chosen inverter topology, and the
control requirements. These, in turn, determine the overall cost and footprint of the inverter.

Consider the basic grid-connected, square-wave inverter shown in Figure B-1. Assuming that
at least one pair of devices (P or N) is in conduction at any time, the maximum voltage across
a device is the peak AC voltage. This mode is called “continuous conduction mode” because
the current only goes to zero at the natural zero crossings of the AC current. In discontinuous
conduction modes, which are rarely used in inverters with significant ratings, there may be
periods of time when more than two devices are OFF and the AC current is zero. In these
instances, the device voltage can be as high as twice the peak AC voltage. The average
current in each device is half the DC current and the RMS current is 70% of the DC current
when the AC current and voltage are in phase. It is common to build in a 25% margin on
both current and voltage ratings.

If cost-effective devices are not available in the requisite ratings, then one of two approaches
can be followed. In the first approach each device is constructed as a series/parallel
arrangement of available devices. An extra device is used to ensure reliability. The cost rises
sharply since additional circuits or controls are needed to balance voltages across and current
through devices. The second, or modular, approach is based on series-parallel connections of
inverters. The control algorithm is designed to ensure current/voltage sharing between
inverters.
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Component Ratings

Component ratings are affected by several factors. These factors can be classified as
requirements-related, system-related, and topology-related.

Requirements-related Factors

Grid-independent and hybrid systems may require a moderate ability to handle surges in
required current or power, for example during motor starting. Since semiconductor devices
have no inherent overload capability, surge capability is obtained by using larger devices.

The energy storage system, e.g., a battery bank, also determines practical DC input voltage.
Often this voltage is low, typically 600 V, and this sets the requirement for device current
ratings. For example, IGBTs of voltage ratings substantially larger than 600 V are available
and the available current ratings may be adequate for an application. However, the lower
input voltage demands a higher current, which in turn may dictate an oversized device or
device paralleling. '

System-related Factors

Walker has provided an interesting formula for inverter rating in a battery energy storage
application. Although target applications are SCR-based inverters, we suspect the formula is
approximately valid for all inverters. Walker’s formula is given below:

54 _ g Emixyg Ymaxy,  UBFy 0« kvaR* X) (B-3)

SB Emin V min X
SB denotes the basic kV A rating discussed earlier and SA the actual rating required. The first
term relates to variations in the input DC voltage. The inverter must be sized for the
maximum DC voltage (Ey.,) and the maximum current, which will occur when the input
voltage is at a minimum (Ep,). The second term similarly relates to voltage variations Vimin
t0 Vmax from the AC source. The third term is important in a three-phase system. Ideally,
such systems are balanced with equal voltage and current magnitudes in each phase and a
phase displacement of 120° between phases. If, however, there is an unbalance, measured by
the unbalance factor (UBF), then device currents and voltages will differ from each other;
each device must be able to withstand maximum voltage and current. The final term relates
to the need to supply reactive power (kVAR) to a power system represented by an equivalent
reactance, X.

The significance of Walker’s formula is that when an inverter is designed to operate over
wide ranges of input and output parameters, the required rating and cost increase
dramatically. A tradeoff thus exists between adding stages, for example a DC preregulator to
change a varying battery voltage tc a constant DC voltage, or designing the inverter for
variable input voltage.

Topology-related Factors

Basic component ratings apply only to the simple square-wave inverter. More advanced
switching strategies require an increase in ratings as discussed below.
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Pulse-width Modulation

Recall that PWM is widely used for waveform control. The use of PWM increases switching
losses in devices. This loss is proportional to switching frequency. Thus the cost of device
cooling increases. Alternatively a higher-rated device can be used.

The use of higher switching frequency reduces size of magnetic components. Inductors and
transformers have ferromagnetic cores that can achieve higher magnetic flux densities at
relatively low current levels. There is, however, an upper limit on the magnetic flux density
in ferromagnetic components because of the physical properties of saturation and magnetic
losses. The size of a magnetic component is determined by the magnetic flux requirements. A
larger flux requires a larger cross sectional area to limit the flux density to levels allowed by
the ferromagnetic material. The flux, in turn, is determined by the voltage or current in the
component. Where voltage is the determining factor, the flux is inversely proportional to
frequency. In this instance, a higher frequency reduces the flux requirements, and therefore
magnetic device size. This idea is often exploited in systems that use transformers for
isolation.

However, particularly relevant to the size of systems of interest in this report, inductors and
capacitors do set a limit to switching frequency. Magnetic losses increase with frequency;
losses in capacitors also increase. At the same time, increases in AC resistance reduce the
quality factor for inductors and capacitors.

Stepped Square Wave

Another technique for waveform control is to use series-parallel combinations of
low-frequency switched inverters with appropriate phase shifts or staggering, the stepped-
square-wave approach. Conventional approaches add to cost since they necessitate the use of
transformers for phase shifting. Multilevel converters using the stepped-square-wave
approach for waveform control are relatively new topologies that minimize the use of
transformers, which in turn can decrease the overall cost.

ZVS/ZCS-type Topology

As indicated previously, these topologies seek to minimize and eliminate switching losses by
ensuring that the voltage across a device or the current through the device is zero during the
switching period. The topologies achieve this function by additional resonant (LC) circuits.
These resonant circuits generally subject the device to a higher voltage in the OFF state
and/or a higher current in the ON state. Thus device ratings must be higher. In the simplest
ZVS/ZCS type circuits the devices may have to be overrated by a factor of two.

Bidirectional Conversion

In ESS applications it is often convenient to think of available direction of flow for real
power and for reactive power, or “quadrants” of operation as illustrated in Figure B-10. In
typical applications, transfer of real power from the DC to the AC side is often called
powering, or discharging, in ESS applications. Transfer of real power from the AC to the DC
side generically corresponds to rectification and is also called regeneration or charging.
Assuming the powering mode, the inverter is operating at leading power factor if it supplies
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reactive power and lagging if it absorbs reactive power. In ESS applications, both muliti-
quadrant capability and the range of operation in each quadrant are important.

| Q
Absorbs %ggu ‘ P<0
Power i Q>0
E
Supplies Absorbs P<0
Power Power Q<0
DC Side AC Side

Figure B-10. Operating quadrants for a basic current-source inverter.

In the basic current-source inverter, the battery voltage is unidirectional and is always
positive. Further, the current out of the battery is always positive because of the
unidirectional nature of the switches. Thus, the battery always supplies energy and the real
power output is always positive. With force commutation, the phase angle of the square-
wave AC current can be adjusted so as to lead or lag the AC voltage and thus absorb or
supply reactive power. The operating quadrants of the inverter are shown as shaded areas in
Figure B-10.

The voltage-source inverter, on the other hand, is inherently bidirectional and can operate in
all four quadrants. As a trivial example, if the main switches are not turned ON at all the back
diodes act as a bridge rectifier. However, in basic topologies the range of operation is limited
by the relative magnitudes of the DC and AC source voltage. One approach for overcoming
this limitation is to use multiple conversion stages.

Interface with Utility or Load

Figure B-11 illustrates how inverter building blocks might be used for a specific application.
In a SMES- or battery-based grid voltage regulation application, it may be adequate for the
system to provide reactive power &s needed to maintain voltages. In this case, the ESS may
be interfaced through the DC side of an inverter. A DC-to-DC converter may be used, at
additional cost, to either provide charge/discharge control or to optimize operating conditions
for the inverter. All converters must be bidirectional. It should be emphasized, however, that
many alternative building block cembinations may provide the requisite interface. A range of
commercially available topologies is provided in the body of the report.
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E—13H ac

DC LINK INVERTER 3 2 SOURCE
C 2

DC-DC
PREREGULATOR
LOAD
BATTERY
or SMES

Figure B-11. Voltage regulation building blocks.

In Figure B-11 the inverter is simply designed to be a source of AC energy in parallel with
the power system. As such it may be called a “parallel” or “shunt” connection. The voltage
rating of the inverter matches that of the power system, while the current rating depends on
the change in current or power that the inverter must effect. It is, however, easy to imagine an
application in which the inverter and ESS might be used simply to provide a voltage
magnitude through a series connection as shown in Figure B-12. In this connection, the
inverter or its balance of system must accommodate the entire load current but the voltage
rating would depend only on the boost required.

S AC
LOAD % SOURCE
DC LINK INVERTER
DC-DC BATTERY
PREREGULATOR or SMES

Figure B-12. Series-connected voltage boost inverter.

The Unified Power Flow Controller, which belongs to the Flexible AC Transmission System
(FACTS) device family, has the general series/shunt structure shown in Figure B-13.
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The DC link 1s usually simply a capacitor, but could well be an ESS. The device can be
controlled to draw real power from either shunt or series connections. Similarly, it can inject
(reactive) power through the shunt connection or modify voltage amplitude and phase
through the series connection.

A/
LOAD AC

A SOURCE
Y\
Y\

UAALAANY

YYD

INVERTER L|DNCK INVERTER

Figure B-13. Unified Power Flow Controller.

Commercially available topologies favor the type of connection shown in Figure B-11 and a
range of such topologies is discussed in the body of the report.

Three-phase Inverters

Electric power systems are operated as three-phase systems. From the distribution level up,
the systems are essentially balanced. In a balanced three-phase system the voltage _
magnitudes are equal in each phase (a, b, and c) and there is a 120° phase shift between these
voltages; currents have the same property. Balanced three-phase (passive) loads refer to three
equal wye- (Y) or delta- (A) connected impedances.

The basic single-phase bridge inverter is readily extended to produce three-phase voltages for
a voltage source inverter by adding another “leg” as shown in Figure B-14. Back diodes are
required but are omitted in the figure for clarity. A resistive balanced load is assumed. The
switching sequence is shown in Figure B-15, and produces the rectangular wave pattern
shown by the line-line voltages Vap, Vbe, Vea- Superimposed on these rectangular waves, the
dashed waveforms represent the fundamental (sinusoidal) components of the line-line
voltages. Other switching schemes including PWM can also be used. The ZVS/ZCS schemes
are also readily applied to three-phase systems.
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Matrix Converters

Previous sections have discussed the basic concepts associated with single- and three-phase
mverters. This section summarizes another topology, the matrix converter, which allows

transformation from a multiphase system at one frequency (possibly DC) to another

multiphase system at a different frequency and possibly with a different number of phases.
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The conceptual topology is shown in Figure B-16. In this diagram, the first three-phase
system is connected to three lines or columns of the matrix. The second three-phase system is
connected to the rows. Bilateral switches, (i.e., switches that can conduct in either direction
when an appropriate control signal is applied) connect each row to each column. The -
switches are denoted as “Sij” where i = A,B,C and j = a,b,c. Thus, “SAa” is the switch
connecting Phase A of the first system to Phase a of the second.

One way to operate the converter is to turn switches ON and OFF at a specific frequency for
period T. A switch is ON during some portion dT of the period T. Assume the first system
supplies balanced voltages to the terminals ABC, and that the second system is a resistive
load. If switches SAb and SBc are closed, the voltage Vbc instantaneously equals VAB. Over
the switching period the local average value of Vbc is dVAB. The state of the switches thus
determines the voltage across the load. The idea, then, is to determine a switching function
that will produce the desired waveform at the load; this determination is the basic idea behind
the concept of space-vector modulation. This idea is extensively used in cycloconverters. “A
cycloconverter is a frequency changer that converts AC input power at one frequency to
output power at a different frequency with one-stage conversion.” (Bose)
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Figure B-16. Matrix converter.
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Specific Converters

This section describes some specific and practical converter circuits that can be used in
conversion applications.

Line-commutated Converters

Line-commutated converters have been widely used in power systems and in motor control
for over three decades. In very high-power utility applications (100 MW and larger)
thyristor-based converters of this type are still the only available topology.

Circuits for single-phase and three-phase line-commutated converters are shown in Figure B-
17. In the single-phase circuit, the source (E) is a DC source and the source (V) is an AC
source. The switches are SCRs. The “P”” SCRs are turned ON during the positive half-cycle
of the AC voltage, while the “N”” SCRs are turned ON at a corresponding point in the
negative half-cycle. The firing is delayed with respect to the zero crossing of the AC voltage
by an amount known as the firing angle. Figure B-18 shows waveforms for inverter operation
with a firing angle greater than 90°. In this case, the average value of the voltage (vd) is
negative; if its magnitude is less than E, a direct current (id) is established in the inductor. If
the current is continuous, a conducting SCR pair (e.g., P, P) continues to conduct until the
next one is switched ON and the cycle repeats. The turn-off of the first SCR pair is facilitated
by the AC voltage source providing a reverse bias and the incoming pair picking up the
current—hence the name line-commutation. The AC cwrrent is approximately a square wave:
Under these conditions, power is delivered from the DC source to the AC source. If the
polarity of the DC source is reversed and the firing angle is less than 90°, the circuit acts as a
rectifier.
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Figure B-17. Single- and three-phase line-commutated converters.
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Figure B-18. Voltage and current waveforms for a single-phase, line-commutated
converter.

The three-phase version of a line-commutated converter is also shown in Figure B-17. The
waveforms for this circuit operating as a rectifier (AC to DC) are shown in Figure B-19. The
DC voltage (vd) contains six pulses per AC cycle and thus is called a six-pulse bridge.

A comparison of the voltage and current waveforms for the single-phase converter (Figure B-
18) with those for the three-phase, six-pulse bridge (Figure B-19) shows that on the DC side,
the voltage ripple (vd(t))has been substantially reduced. On the AC side, the current
waveform for the six-pulse bridge still consists of a rectangular pulse, but this waveform has
a special property—it does not contain triplen harmonics (i.e., harmonics whose frequencies
are multiples of three times the fundamental frequency). In this sense the bridge rectifier, or
bridge converter, has a better waveform quality and thus a reduced filtering requirement.

The improvement of waveform quality in the six-pulse bridge is obtained because the three
input AC voltages comprising the three-phase source are 120° apart in phase. Thus, their
contributions to the waveforms are staggered with respect to each other. This principle can be
extended to higher-pulse-order converters by using additional phase-shifted voltage. For
example, a twelve-pulse bridge car be constructed using six voltages that are 60° apart in
phase. Another way to obtain higher pulse order is to a use series (or parallel) connection of
bridges. Each bridge is fed from a three-phase source in which each phase is appropriately
shifted with respect to the other phases. In a series connection, the bridge voltages sum to
provide the total DC voltage. The requisite phase shift is obtained by changing the
connections of the transformer feeding each bridge. The connection of a twelve-pulse bridge
1s shown in Figure B-20.
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Figure B-19. Waveforms for a three-phase, six-pulse bridge rectifier.
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Figure B-20. Twelve-pulse bridge using wye-to-wye and wye-to-delta transformers.
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In Figure B-20, Bridge 1 is fed from the AC source via a wye-to-wye transformer (i.e., a
three-phase transformer in which the primary and secondary windings are each connected in
a wye-connection, as shown). Bridge 2 is fed from the AC source via a wye-to-delta
transformer. The voltages input to Bridge 2 are phase shifted by 30° with respect to the
voltages input to Bridge 1. The waveforms for a twelve-pulse bridge consisting of two series-
connected bridges with input AC voltages shifted by 30° are shown in Figure B-21. Again,
the effect of the staggered voltage and current contributions can be seen. The DC voltage
now has a smaller-amplitude, and higher-frequency ripple. The AC current waveform is now
a stepped square wave. The waveforms for a twelve-pulse bridge have a lower harmonic
content with respect to the corresponding waveforms for the six-pulse bridge. In general in a
p-pulse arrangement, the AC current harmonics are restricted to npt1, where n=1, 2, 3, etc.
The AC current harmonics in a twelve-pulse bridge (p=12) are thus limited to 11, 13, 21, 23,
etc.

Although discussed in the context of line-commutated converters, the concept of using
transformers for phase-shifted seriess or parallel operation is applicable to all converters
discussed in this appendix.
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Figure B-21. Waveforms for a twelve-pulse bridge inverter.
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Although simple and suitable for very-high-power applications, line-commutated converters
have several disadvantages as summarized below.

e  Generally, an AC voltage source is necessary; thus the inverter is not suitable for
grid-independent applications.

e  The circuit always absorbs reactive power; consequently, it cannot be used for
reactive power regulation except in conjunction with external capacitors.

e  Low-frequency operation and stepped-square-wave current require extensive
filtering of AC-side harmonics.

e  Specific current waveforms cannot be synthesized.

Force- and Self-commutated, Hard-switched Converters

The line-commutated converter generally requires an AC source and absorbs reactive power.
Switch turn-off is predicated upon an alternate current path being provided by the natural
reversal of AC voltage, which allows the turning ON of alternate switches and reverse
biasing of the conducting switches. If the switches in the inverter can be turned OFF when
desired, then the inverter can operate with or without an AC source. Alternative paths for
current may still have to provided (e.g., by the back diodes). Further, the amplitude and phase
of voltage and/or current can be adjusted to provide, in principle, four-quadrant operation.

The term force-commutation is generally applied to SCR-based circuits in which additional
or external circuits are used to force the turn-off of a desired SCR. Such circuits have been
used in the 0.5- to 10-MW range in SCR-based motor controllers operating at frequencies up
to 300 Hz. The term self-commutation is used somewhat ambiguously, but generally refers to
the use of switches such as BJTs, MOSFETs, IGBTs, and GTOs/MTOs which can be turned
OFF by a drive signal. The low-power range, up to approximately 500 kW, now almost
exclusively uses IGBTs with switching frequencies in the 500- to 2000-Hz range. GTO-
based reactive power controllers with switching frequencies of 300 to 800 Hz have been
installed at power levels of 30 to 50 MW.

Force- and self-commutated converters inverters can either be voltage- or current-source with
the former being the most versatile. Voltage-source inverters use a series inductor or an LC
filter at the AC voltage output for filtering the current waveform. Current-source inverters
generally use a large shunt capacitor at the AC output as a filter.

Force- and self-commutated converters, as described above, are also called hard-switched
converters. Hard-switching converters generally experience a degree of switching loss
because, for a short duration during turn-off and tum-on, switch voltage and current are both
greater than zero which causes energy dissipation in the switch. The corresponding power
loss is directly proportional to switching frequency. These losses degrade efficiency and
increase cooling requirements. The point where switching losses begin to dominate is
probably at switching frequencies of about 8 to 10 kHz. Additionally, hard switching
generates radiated- and conducted-EMI, which must be controlled by in-line filters and
shielding/packaging, respectively. Finally, the switching frequency tends to be within the
audio range.

The ability to commutate switches also allows the use of the stepped and PWM techniques
mentioned earlier for waveform control. This in turn reduces filtering requirements compared
to line-commutated converters.
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Soft-Switching

Soft-switching techniques were developed to overcome the fundamental limitations on
switching frequency that derive from loss considerations in hard-switched converters. The
basic idea is to use additional circuit components, usually resonant circuits, in a way that
ensures that voltage or current is held at zero during switching intervals, thus eliminating the
switching loss.

Snubbers, described earlier, tend to reduce the rate-of-rise of voltage/current and thus reduce
loss in the switch; however, losses now occur in the snubber itself. Resonant snubbers were
developed to minimize losses, and were further developed to hold switch voltage at zero
during turn-off. Resonant converters, typically the so-called “load-resonant converters,” have
been developed for DC-to-DC conversion wherein an LC circuit is used to force zero-
crossings where switches are turned ON or OFF.

The resonant DC link concept was developed by Divan and has gained wide acceptance. This
circuit will be briefly, if somewhat simplistically, described here to summarize the basic
ideas of soft switching. The originel version of the circuit is shown in Figure B-22.
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Figure B-22. Basic DC-link soft-switching inverter.

Suppose at a given instant appropriate switches are ON so as to short-circuit the capacitor.
The inductor current I1 will then rise. If the switches are now turned OFF, the capacitor
maintains essentially zero voltage cluring the short turn-off period. Thus the switches turn
OFF with zero loss. Suppose now, at this point, switches PA and NB are ON, to supply
current to the load in a manner similar to the basic single-phase inverter. If the inductor
current is sufficiently larger than the current delivered to the load, excess current is forced
into the capacitor, essentially establishing a resonant oscillation. The capacitor now charges
and then discharges to zero volts, provided that the original inductor current is sufficiently
large. The switching of devices can now be organized to again short the capacitor and
maintain the voltage V. at zero volts for short period of time. Lossless switching can again be
performed and the cycle repeated.

Although the switching scheme is now more complicated, it is seen that switching can be
organized so as to obtain the waveform of DC bus voltage V. as shown in Figure B-23.
Given this waveform, strategies such as pulse density modulation (PDM) can be used to
synthesize an AC voltage v0. As illustrated in Figure B-23, switches PA and NB are
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switched ON and OFF under zero-voltage conditions to generate discrete positive-voltage
pulses in the first half-cycle of output voltage, then the second half-cycle is synthesized using
switches NA and PB. This strategy is called discrete pulse modulation.

The basic circuit discussed here eliminates switching losses, which permits higher frequency
switching. The circuit has the disadvantage of requiring much higher voltage and current
ratings for the switches because the switches must carry resonant components of voltage and
current. Equally important limitations are the complexity of control and the lack of true
PWM capability. Substantial research in this area has led to modifications that have
essentially removed the high rating requirement limitation, and control schemes have been
developed that approach true PWM.
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Figure B-23. Representative DC-link inverter waveforms under discrete pulse
modulation.

Multilevel Converters

The converters discussed so far find application in well-defined power/voltage ranges
primarily because of the capabilities of the devices used and secondarily by interface
requirements. The line-commutated converter using SCRs is suitable for the high power
range, but requires complicated transformer arrangements and filters for waveform control.
GTO-based voltage-source inverters can also be built at high power levels, but switching
frequency limitations require extensive filtering. The higher-frequency hard- and soft-
switched converters are limited to the lower power/voltage range. Multilevel converters were
developed to overcome some of these limitations. Figure B-24 shows the structure of a
single-phase, three-level voltage-source inverter, while Figure B-25 shows the structure of a
single-phase, three-level current-source inverter.
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Figure B-24. Single-phase, three-level voltage-source inverter.
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Figure B-25. Single-phase, three-level current-source inverter.

Considering the voltage-source inverter of Figure B-24, the output voltage V can take the
values 0, E/2, E, -E/2, or -E depending on which switches are closed. For example, closing
switches PA, PA', NB, and NB' prcduce a voltage V=E with current being supplied by or to
both the source (E) and the capacitors. Closing PA', NB, and NB' creates a voltage V=E/2
with current being supplied by or to the lower capacitor. In the simplest case, then, the
switches can be controlled to create a stepped square wave, or three-level type voltage shown
in Figure B-26. Additional waveform control can be obtained by PWM.
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Figure B-26. Voltage (current) waveform for a three-level voltage-source (or current-
source) inverter.

The multilevel current-source inverter of Figure B-25 operates in a similar manner. Each
inverter can supply a current of either 0 or IL1 either from terminal a to b or in the reverse
direction. Because the switches in each inverter can be controlled independently, the output
current can be set to 2IL1, IL1, 0, -IL1, or —2IL1. In the simplest case, the output AC current
can be made to be the stepped square wave of Figure B-26. Recall that the line-commutated
inverter also synthesizes such waveforms but does so by using specific input transformer
connections. The multilevel converter eliminates the need for such transformers. As in the
voltage-source inverter, PWM can also be used for waveform control.

A principle advantage of multilevel converters is that they can operate at higher voltage (or
current) without physically connecting the devices in series or parallel arrangements.
Additionally, waveform control is more easily obtained. One disadvantage may be that the
control schemes are somewhat more complicated. For example, in the voltage-source inverter
the charge/discharge conditions of the capacitor must be controlled so that their average
voltages remain at E/2. Any imbalance in these voltages would cause deterioration in
waveform quality.

Inverter Control

This section provides a discussion of generic controls associated with inverters, focussing
again on ESS-type applications. As discussed in the main body of the report, target
applications include the relatively slow area control/frequency regulation, voltage regulation,
and emergency power supply applications as well as the faster power quality applications.
Inverter controls generally involve the following three control loops:

e  Outer control loop
° Inner control loop
e  Functional control loop

A block diagram of the relationship between the inner and outer control loops is shown in
Figure B-27. The functional control loop is not included because, as will be discussed in
greater detail below, this loop can either be internal to the inverter or can comprise additional
circuits external to the inverter.
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Figure B-27. Relationship between the inner and outer control loops.

Inner Control Loop

In general, the inner loop controls the current delivered to the utility and, in a bidirectional
inverter, to the energy storage device. Very often the application control commands are
translated in an inverter current coramand or reference set point. The inverter current is then
controlled to match this reference. Control of inverter current provides an additional benefit
of (slow) protection of semiconductor devices in the sense that current is limited to device
rating. However, this control loop can be implemented as a voltage control as well.

The specific forms of the control depend on the inverter type. In a line-commutated inverter,
for example, the inner loop determines the required firing angle usually through a
proportional integral regulator that compares the desired DC current with the actual DC
current. If the DC voltage is fixed, then only the firing angle can be controlled, and
consequently only one variable (real or reactive power) can be controlled. If the DC voltage
can be varied, then two quantities can be controlled. Note, however, that even in the latter
case, the reactive power absorbed ty the inverter is always positive. Force-commutated, low-
frequency inverters have an essentially fixed switching pattern. Thus, only the relative phase
of AC voltage (current) can be adjusted when the DC voltage or current is fixed.
Consequently, the inner control loop is similar to that of a line-commutated inverter. High-
frequency inverters use PWM techniques that permit the adjustment of both magnitude and
phase (frequency). A large number of PWM techniques exist, and the principle ones are
summarized below.

Sinusoidal PWM (SPWM)

Figure B-28 illustrates the SPWM method. The reference sine wave m(t) is the desired
current or voltage to be synthesizec. This sine wave is compared with a synchronized triangle
wave tri(t) whose frequency is an odd multiple of the frequency of the reference wave.
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Figure B-28. Sinusoidal PWM.

The intersections determine the switching instants of the devices as annotated on the
waveform, pwm(t), in Figure B-28. In each switching interval, the duty ratio, D, is defined as
the ON time of the switch divided by the switching period. It is seen in Figure B-28 that D
varies over the reference wave cycle in a sinusoidal manner. Recall that for the basic inverter
in Figure B-1, the P devices are switched to generate the positive half cycle, while the N
devices are switched to generate the negative half cycle.

In SPWM the resulting waveform contains the desired fundamental component and harmonic
frequencies centered around multiples of triangle-wave frequency. The harmonic frequencies
are relatively easily filtered. The amplitude of the fundamental component increases with the
modulation ratio, which is the ratio of the amplitude of the sine wave to that of the triangle
wave. Thus, the output waveform amplitude and phase is controlled directly by the reference
sine wave. The reference wave can, of course, be any desired waveform provided that the
switching (triangle wave) frequency is much higher than the highest frequency in the
reference wave.

Hpysteresis-based PWM

This method is illustrated in Figure B-29. The sine wave, sy, is the reference current desired
and the jagged waveform, cp, is the actual current. If the actual current is below reference, an
-appropriate switch is turned ON to cause the current to increase. If the actual current is
higher, switches are turned ON or OFF to decrease the current. The corresponding voltage is
shown as vy,. The actual current thus tracks the reference current within a “hysteresis band.”
This approach has better tracking and control properties than other PWM methods.
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Figure B-29. Hysteresis-based PWM.

Space-vector PWM

Consider the multilevel single-phase converter in Figure B-24 that was previously discussed.
This converter can generate voltage levels of -E,-E/2, 0, E/2, and E (E is the DC voltage). In
its simplest form, the space-vector method attempts to track a reference waveform by
switching between the nearest voltage levels available. For example, suppose one period of
the sinusoidal reference waveform sy, is divided into M intervals, (i.e., the switching
frequency is a multiple, M, of the desired frequency). In a specific interval suppose the
reference voltage or desired value is 0.3E. This value can be generated by closing switches
that yield E/2 volts for 0.6T seconds and zero volts for 0.4T seconds, where T is the interval
width. This corresponds to a local duty ratio, D=0.6. The local average voltage, then, is 0.3E
over the interval. Figure B-30 illustrates the voltage vy, obtained from the space-vector
approach.
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Figure B-30. Space-vector PWM.

Outer Control Loop

The outer control loop controls the output requirement at the load. This loop uses voltage,
current, and power measurements from the inverter terminals to determine the voltage or
current to be supplied by the inverter. In grid-independent applications the inverter must also
regulate frequency.
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For example, consider a grid-connected application for voltage regulation. The inverter can
be considered to be an ideal voltage (V.£8) or current (1£0) source. The magnitude and
phase of this AC source must be controlled in a way that will maintain constant voltage.
Figure B-31 shows this voltage source tied to a power system. The power system generally
appears as a source (E£0) with inductive impedance (jX). For simplicity, resistance is
ignored.

X
Inverter ,-YJ*Y\ Grid
1 26
q
+ +
V £33 EZ0

Figure B-31. Example circuit for a grid-connected ESS inverter.

The real power, P, and reactive power, Q, delivered by a voltage-source inverter to the grid -
are described by the following equations:

P(Watts) =VEsino/ X (B-4)
O(VAR) = (V> —VEcosd)/ X (B-5)

Equation B-4 indicates that real power is a function of AC voltage magnitudes, V and E, and
the phase angle, 8, between voltages. Given that voltage magnitudes can only be allowed to
vary within a rather narrow band (e.g., £5%), the real power is primarily a function of the
phase angle. Conversely, the real power output of the inverter can be controlled by adjusting
the phase angle of the inverter voltage with respect to the terminal voltage.

The phase angle between voltages is also tied to local frequency. For example, if the inverter
frequency were increased, then the relative phase angle, 8, will begin to increase. Of course,
steady-state operation requires that the two frequencies be equal. Thus, a temporary increase
in inverter frequency advances the phase angle and increases output power. (This is also the
mechanism by which the real output power of a rotating generator is increased. An increase
in prime-mover power temporarily accelerates the machine, thereby increasing the phase
angle and real output power. In stable systems, a new equilibrium is established.)

Equation B-5 shows that reactive power is strongly dependent on voltage magnitude,
particularly for small values of phase angle, 8. Thus, ideally, increasing V causes the inverter
to increase reactive power output. Conversely, in a power system with inductive series
impedances, an increase in reactive power supply raises voltage magnitudes.
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Altemnatively, if the inverter is to be an ideal current-source inverter then the equations are as
follows:

V/o=E-IXsiné+ jiX cosé

(B-6)
V ~(E~IXsin6) and &= tan™'(IX cos&/ (E — IX siné)) (B-7) and (B-8)
Q =VIsiné (B-9)
P=VIcosd (B-10)

Thus any pair of the quantities, voltage magnitude, real and reactive power can be controlled
by controlling the magnitude and phase angle of the current.

Inverter control can then be organized in several ways. Some examples are as follows:

e  Base on voltage regulation error to determine the reactive power requirement.
Control voltage magnitude to yield desired reactive power.

e  Base on voltage regulation error to determine the current magnitude and phase
required. Control the current to drive the voltage regulation error to zero.

e  Use voltage regulation error to directly control the magnitude and phase of the
Inverter voltage.

Specific advantages and disadvantages of each scheme depend on response requirements.
Other applications, for example power quality, may require waveform control. In this case
the inverter is controlled to generate a voltage and current based directly on a desired
response. The discussion above applies to three-phase systems also. The problem can be
transformed to stationary coordinates which provides better control.

Functional Control Loop

The functional control loop regulates the relationship between the PCS and the other system
components. The functional contrcl loop is conceptually the same as the supervisory control
loop associated with hybrid systems. The supervisory control loop, however, is usually a
slow loop that, for example, supervises the charging and discharging of the system’s battery
banks.

Functional, or supervisory, control may be internal or external to the inverter or some
combination of the two. Currently, most of the logic that controls the relationship between
the PCS and the other system components is application specific. In other words, the logic
and the circuits are designed specifically for the application and power range in which the
PCS is being used. Sometimes this logic is inside the inverter, and sometimes it is not. It is
thought that some control functions that are currently built into the inverter could be taken
out. Removing these control functions would reduce the complexity and the footprint of the
inverter, which is considered desirable.

Conclusion

This appendix has provided a basic review of DC-to-AC conversion, or inversion, techniques
and issues. It is important to note that the basic topologies have been presented in their
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simplest form. Research in academia and industry continues to produce new types of
inverters that are either incremental modifications of existing topologies aimed at solving an
application-specific problem, or fundamentally different approaches to the inversion process.
This appendix largely covers all of the currently available concepts, but not the detailed
circuits.

It is tempting to ask if a particular approach is optimal for energy storage systems in general.
The limited number of ESS applications to date makes this question somewhat difficult to
answer. For example, despite the advantages of soft-switching technologies, an ESS design
might utilize a hard-switching approach simply because of the extensive experience and
available hardware. Similarly, a low-frequency approach with expensive filtering may be
more economical in some instances than the development of a higher frequency design. This
section summarizes the basic concepts already discussed and provides some insight as to the
suitability of the various approaches for ESS applications.

An ideal inverter, or more properly converter, in an ESS or any other application would have
the following features:

Bidirectionality

Independent control of AC real and reactive power

Sinusoidal voltage and current (more practically, low distortion and low EMI)
Fast control (subcycle with respect to 60 Hz)

Small footprint

In practice tradeoffs exist that determine the overall cost per kVA.

The basic inverter consists of a set of switches arranged in the form of a bridge topology. By
turning switches ON and OFTF in a specific sequence, DC voltage or current can be converted
to AC (inversion) or AC voltage and current can be converted to DC (rectification). The
magnitude and phase of AC voltage and current can be controlled to supply or absorb real
and reactive power over a range dictated by the type of circuit and devices used.

The bridge topology can be voltage- or current-source. A SMES, for example, is naturally a
current source, while a battery is a voltage source. However, with the appropriate filter
circuit choice, a voltage source can be made to appear as a current source. For example, a
battery can be connected to an inverter through a series inductor to create a current-source
inverter. In this instance, the control of bidirectional power flow can become more
complicated; charging the battery requires switching the battery polarity (additional
hardware) or reversing the current (slow response). On the AC side, a current-source inverter
usually requires a shunt-capacitive filter, while a voltage-source inverter is usually interfaced
through a series inductor. A desired relationship between voltage and current can be
maintained through feedback control in either inverter. The voltage-source inverter is often
preferred in modern implementations, because it is somewhat easier to control, has very good
bidirectional capability, and may have a lower device count than a current-source inverter.

The switches and switching pattern used in an inverter depends on the voltage and current
rating desired. At very high power levels, the SCR is the only switch available and the line-
commutated inverter becomes the topology of choice. Operation is controlled by varying the
firing angle. Bidirectional flow of real power can be achieved, but the inverter always
absorbs real power. Waveform control requires extensive use of passive harmonic filters. In
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the 5- to 50-MW range, force-commutated (SCR-based) and self-commutated (GTO- and
MCT-based) inverters are becoming prevalent in the areas of motor control and utility static
VAR control. Motor controls tend to use current-source inverters while several utility
applications use voltage-source inverters. These systems use low frequency (300-800 Hz)
PWM to reduce filtering requirements. Note that in this high-MW range substantial voltage
capability (tens to hundreds of kV) and current capability (several kA) are required. In the
500-kV A range, IGBT-based voltage-source inverters using PWM switching at several kHz
have been used in ESSs, motor-drives, and UPSs. Even at this higher switching frequency,
the need for passive filters remains significant. These systems involve voltages and current
below 1000 V and 1000 A.

The push for higher PWM switching frequency derives from a desire to reduce the bulky
passive filters required to attenuate low frequency harmonics. Additionally, the filtering of
EMI and elimination of audible noise is possible. It should be noted that switching
frequencies of 20 kHz and higher are used in small (several hundred VA) power supplies and
UPSs and 5-kVA inverters switching at this frequency have been used in the PV area. The
principle barrier to higher PWM switching frequency at the medium power levels has been
device switching speed and increased switching losses. This has led to the development of
resonant soft-switched approaches. The resonant DC link is a viable concept but may be
limited to a few hundred kVA. However, it may be possible to achieve switching frequencies
greater than 20 kHz. Initially, these circuits suffered from a major disadvantage—switching
devices had to be rated at substantially higher voltage and current than the actual system
voltage and current. This problem has been effectively solved by recent research. Generally,
the control of switching patterns in these inverters is much more complex. Advanced PWM
methods, such as space-vector modulation, are actively being researched. Current research
indicates that these approaches are certainly viable and advantageous in the 200- to 500-kVA
range. As devices advance it may be possible to extend these approaches to the
multimegawatt range.

Multilevel converters represent yet another way to achieve good waveform control at higher
power levels when slower devices must be used. In utility-type applications they have the
benefit of reducing filtering and interface requirements. Both voltage- and current-source
inverters can be used in multilevel converters. Finally, there are topologies such as the matrix
converter that may provide advantages but have not advanced to a level that permits adequate
evaluation for ESS applications.

Figure B-32 and Figure B-33 summarize these observations. Figure B-32 displays different
types of device/topology combinations in the space of kVA rating and switching frequency.
Figure B-33 shows a rough taxonomy of inverter types. At this time, anticipated ESS
applications target the 5-kW to 1-MW range and the 1- to 10-MW range. In the lower range,
and in particular in systems involving several hundred volts and amperes, the entire family of
inverter technology is available for ESS applications. Applications fielded in this area
exclusively use hard-switched PWM inverters. Soft-switched inverters may offer significant
advantages in terms of system compatibility (filtering), efficiency, and footprint. In the
multimegawatt range, system voltages and currents may be in the order of kV and kA. There
have been few applications fielded in this range, although several utility power quality
applications can integrate an ESS device. The hard-switched technology with series/parallel
connections and appropriate transformers is viable in this range. The technology could be
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simplified if higher-rated devices were available. The multilevel converters are viable in this
range and indeed have been used in utility static VAR systems. At this time it is difficult to
extrapolate the availability of soft-switching topologies in this range in the near term. Finally,
in the very high power range, which is not a direct target for ESS, technology is still limited
to the line-commutated converter and the GTO-based, low-frequency PWM voltage-source

inverter.
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Figure B-32. Inverter technology by rating and switching frequency.

B-34




Appendix B—Inverters

IPCS Inverter Families
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Figure B-33. Inverter taxonomy.
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Overview

As discussed in the main report and in Appendix B, control of ESSs and inverters is
accomplished by configuring different types of switches to achieve a desired result. This
appendix focuses on controllable switches. Controllable switches can be classified into two
“families”—the transistor family and the thyristor family. Specific switch types and the
characteristics common to the two families are shown in Table C-1.

Table C-1. Controllable Switches

IGBT, MOSFET, BJT GTO, MTO, IGCT, SCR, MCT
Lower power High power

Faster turn-off and turn-on : Slower turn-off, moderate turn-on
More control flexibility Less control flexibility

The choice of which switch to use depends on the application and on designer preference.
When selecting a switch for use in an application, the voltage and current ratings and the
switching frequency must all be considered. The switching losses that occur during high-
frequency operation must also be considered. For a more thorough discussion of diodes,
controlled-rectifiers, and semiconductors see “Introduction to Power Electronics” (Bose).

Controllable Switches

Controllable switches need to be able to block large forward and reverse voltages with no
current flow when OFF (in other words, stay OFF) and conduct arbitrarily large currents with
zero voltage drop when ON (in other words, stay ON). They also should be able to switch
ON and OFF instantaneously and with little power dissipation. Power loss in a
semiconductor switch varies linearly with the switching frequency and switching times. “An
ideal power semiconductor switch has zero conduction drop, zero leakage current at OFF
condition, and turns on and off instantaneously.” (Bose)

State-of-the-art in these switches is advancing rapidly and new types of controllable switches
are always being developed. The means by which the switches are turned ON and OFF is one
of the main distinguishing features of the different types of switches. Generally
semiconductor switches can be divided into the transistor family and the thyristor family.
Switches in these families each have advantages and disadvantages for particular
applications. The switch families and the most common types of switches are discussed in
greater detail below.

Transistor Family

In general, semiconductor switches in the transistor family are lower power, have a faster
turn-on and turn-off, and have more control flexibility when compared to semiconductors in
the thyristor family.
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Bipolar Junction Transistor (BJT)

BJTs are current-controlled and a base current must be continuously supplied to keep the
device on.

Metal-oxide-semiconductor Field E fféct Transistor (MOSFET)

MOSFETs are voltage-controlled and require a continuous gate-source voltage to be ON.
MOSFET switching times are very short.

Insulated-gate Bipolar Transistor (IGBT)

“An IGBT is basically a hybrid MOS-gated turn on/off bipolar transistor that combines the
attributes of MOSFET, BJT, and thyristor.” (Bose)

Thyristor Family

Silicon-controlled Rectifier (SCR)

SCRs are turned on by a pulse of current applied to a safe terminal. Once turned ON, they are
latched in the ON position until sufficient current is removed by an external circuit. The three
major types of SCRs are phase-controlled, inverter-grade, and light-activated. In an SCR, the
recovery time (the time it takes for the current to reach zero from the negative) is less
important than the turn-off time interval. This interval (sometimes called the circuit-
commutated recovery time) is the time it takes for both the current and the voltage to reach
zero (a crossover point). During this time a reverse voltage must be maintained because a
forward voltage will turn the switch on prematurely. If the switch is tured on prematurely,
the switch and/or the circuit could be damaged.

Gate-turn-off Thyristor (GTO)

GTOs are turned ON with current and turned OFF with large negative current. They do not
require constant current across the switch, but do require a “very large magnitude” gate
current to successfully turn off (Mohan, et al.). Present day GTOs require a snubber circuit to
tumn off. Snubbers are there to reduce dv/dt at turn-off. The ON-state voltage is higher than
that of SCRs.

MOS-turn-off Thyristor (MTO)

An MTO is turned ON with current and turned OFF with voltage, which eliminates the need
for a large negative current to turn OFF (as is required by the GTO). The voltage must be
continuous to keep the switch in the OFF state. According to Silicon Power Corporation
representatives, “The MTO thyristor will replace the GTO and promises to meet the need for
simplified gate control at all the power levels now served by the GTO.”

Integrated Gate-commutated Thyristor (IGCT)

IGCTs are similar to GTOs. The main benefits of IGCTs are high-current and low ON-state
voltage, which eliminates the need for snubbers (which must be used with GTOs).
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MOS-controlled Thyristor (MCT)

MCTs can be tumed ON and OFF by small pulses on the MOS gate. It is similar to a GTO,
“except the turn-off current gain is very high.” (Bose) Its switching speed is comparable to
that of an IGBT, but it has a lower conduction drop. MCTs are also capable of operating at
high temperature ranges—they are rated at 150°C and can probably operate successfully at
higher temperatures. MCTs can be connected in series/parallel arrangements to accommodate
higher-power applications. “In next-generation power electronics, MCTs are expected to
offer a serious challenge to other high-power devices.” (Bose)

Summary

Semiconductor technology is advancing rapidly. It is thought that continued improvement in
semiconductor switches will increase their ratings and reduce their cost. Better ratings and
lower cost should in turn improve the efficiency and cost of inverters as a whole.

Table C-2 shows a summary of sorne of the more widely used semiconductors. The IGBT is
used as a baseline. Additionally, Figure C-1 and Figure C-2 show the voltage and current
ratings for the most commonly used semiconductors. Note: The maximum voltage and
current are generally not available simultaneously.

Table C-2. Semiconductor Comparison (normalized)

Ll s epnes v 2 U IGBT ] GT0: LIGCT
%Max Current/V ol tage Ra J 1 9 4
) ; ili B 1 1/4 1/2
ZMax Operatmg K re_quency 1 1/20 1/2
Device Protectlon ' 1 1/4 1/2
Cost. b 1 1/4 3/4
Voltage Ratings
12000
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4000 3300 ||
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ol 1 1 [7 ' . ‘
MOSFET  BJT MCT IGBT GTO IGCT SCR
Device Type

Figure C-1. Voltage ratings for commonly used semiconductors.
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Current Ratings
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Figure C-2. Current ratings for commonly used semiconductors.

In addition to advances in device structure, the development of new materials will also lead
to improved switches. Materials such as silicon carbide (SiC), gallium nitride (GaN),
aluminum nitride (AIN), and diamond all have a wider band gap than the silicon that is
presently used in semiconductor switches. This wider band gap should allow the switches to
carry more power, to be less sensitive to heat and electromagnetic radiation, and to be more
stable than silicon-based switches. PCSs based on these new switches should be faster, more
efficient, and more robust than existing PCSs. Of the new materials, SiC is the closest to
commercialization.
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This section describes some specific SMES and flywheel energy storage systems currently
being used for utility applications. These systems are examples of how a PCS can be used
with non-battery technologies. This section is not intended to discuss all of the possible
SMES and flywheel interfaces to the PCS.

American Superconductor Concept

American Superconductor (formerly Superconductivity, Inc.) specializes in the sale of
commercial products and the research and development of superconducting magnetic energy
storage (SMES) technology. Their other core capabilities include power electronics and
system analysis. SMES is a type of storage device that stores energy in superconducting
magnetic fields. One of American Superconductor’s current developments is a system known
as a PQ VR™ gsystem. The PQ VR™ system is a superconducting storage device that is
designed to compensate for voltage sags by adding the power needed to compensate for the
reduced voltage. This system inserts the appropriate voltage vector via three single-phase
injection transformers in series with the utility power and the protected load. The transformer
ratio can be designed such that the system can be rated for 50% or 75% of the maximum
voltage boost.

The first PQ VR™ was commissioned in April of 1997. This system was connected to a
paper mill in South Africa to provide for dip protection of 75% (75% voltage boost). The
one-line diagram that illustrates how the system is connected to the paper mill is shown in
Figure D-1.
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Figure D-1. One-line diagram for the PQ VR™ system at the SAAPI Stanger Mill.

Figure D-1 shows the superconducting magnet connected to a voltage regulator, a DC-to-DC
converter, and a commercially available inverter that is directly tied to a series-injection
transformer and then to the load. The voltage regulator contains a GTO switch and control
instrumentation that provides constant power input into the DC-to-DC converter by
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regulating the length of the pulse train from the magnet. To increase the utilization of the
magnetic device, a DC-to-DC converter is placed between the voltage regulator and the DC
link of the inverter. The DC-to-DC converter places a 2500 VDC discharge voltage across
the magnet but allows the output voltage to be regulated anywhere within a window of 500 to
950 VDC. The inverter is an IGBT-based module that provides the required AC power at the
injection side of the single-phase series transformers. Each inverter module is rated to

1.3 MVA total output. Based on the sag protection chosen, the load size (protected) is

1.3 MV A/sag%. For example, a 480-VAC, 75% system would serve a 1.7-MVA load at
approximately 2000 A per phase.

The normal path for power flow is from the inverter through the series injection transformer
to the paper machine. In the event of a disturbance, the magnetic storage supplies the power
needed to compensate for the reduced voltage. The restored voltage level maintains the
proper voltage and current levels at the load. The bypass switch and I/O breakers are used to
allow for disconnection of the PQ VR™ gystem. The use of step-up and step-down
transformers was necessary at the SAPPI Stanger Mill because the voltage rating for the first
PQ VR™ 15 400 V. The next PQ VR™ gystem, which is expected to operate at the 4160-V
level, is currently being designed (Knudtson; Gravely).

Active Power Concept

Active Power, Inc. specializes in flywheel energy storage systems. Flywheels are energy
storage devices that store energy as a rotating mass. Active Power designs, manufactures, and
markets the CleanSource™ family of flywheel energy storage systems. Some of Active
Power’s targeted applications for CleanSource™ systems include continuous power, power
quality improvement, and battery isolation and redundancy. The power quality application is
presented below because it is one of the seven target applications described in the main
report.

The CleanSource™ concept is to provide a source of power that protects sensitive equipment
from power outages, voltage sags, and brownouts. The CleanSource™ system is configured
as a two-terminal DC power storage system, similar to a chemical battery bank. As with a
chemical battery, the CleanSource™ device receives recharge and float power from the two-
terminal UPS DC bus and returns power to the same DC bus whenever the bus voltage drops
below a programmed threshold level. For a power quality application, the CleanSource™
system can be configured in a UPS double-conversion topology as shown in Figure D-2.

|
From ! .
Utility 2——————]— Critical
Grid 0

Figure D-2. Power quality glitch protection configuration.
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The heart of the CleanSource™ device is an integrated motor/generator/flywheel systém that
is capable of storing and delivering up to 400 kW of DC power to the DC bus of the UPS.
The motor, generator, and storage functions are all performed by the same stator and rotor
structure. These systems can be paralleled (like batteries) for higher-power requirements. The
CleanSource™ device can be represented by the diagram shown in Figure D-3.
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Figure D-3. CleanSource™ device.

The DC-to-DC converter is used to supply DC power from the DC bus to the controller. In
the charge state the controller allows power to be drawn from the UPS DC bus to the
flywheel motor to accelerate the rotor. When the flywheel reaches its fully charged speed, it
enters a mode comparable to a chernical battery’s “float state,” in which small amount of
power is drawn from the UPS’s DC bus. During discharge, the controller senses when the
DC bus voltage falls below a preset minimum, the motor function is disabled, and the
controller allows the generator output voltage to increase. Once the generator voltage
increases above a threshold level, the rectifier turns ON and the DC bus is held at a constant
voltage that is independent of the rotor speed. When the power at the utility is restored, the
UPS rectifier brings the DC bus voltage back to its normal value and the flywheel resumes
charging (CleanSource™ Technical Overview; Active Power web page).

International Computer Power Concept

International Computer Power designs and manufactures the Dynamic Energy Storage
System (DESS). The DESS is a kinetic storage system that uses a flywheel-coupled motor
generator topology. Figure D-4 shows a simplified block diagram of a DESS. DESSs are
available from 5 kW to 1 MW as single modules, but may be paralleled for system
redundancy or for multimegawatt capacities. Primary applications of the DESS include UPS
battery operation and battery backup systems. The UPS battery concept is discussed in
further detail below.
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Figure D-4. DESS used for UPS applications.

The DESS approach consists of a flywheel-coupled motor generator system that provides a
rectified DC output from the flywheel’s kinetic energy. The five major system components in
the DESS include a motor-speed controller or variable speed drive (VSD), a small induction
motor, a flywheel, a brushless synchronous generator, and a diode bridge rectifier. The VSD
is used to slowly ramp the flywheel up to speed and maintain the desired rpm. The small
induction motor (usually sized at 15-20% of the rated system output) is used to start the
flywheel and to maintain its normal operational speed. The synchronous generator is used to
convert the kinetic energy stored in the flywheel into electrical energy or AC power. The
diode bridge rectifier is used to convert the AC generator output to DC for use by the UPS
DC bus, which continues to draw usable energy independent of the flywheel’s rpm. The
rectifier allows the DC voltage output to be maintained over a greater range of the flywheel’s
pm envelope.

The standard DESS is directly connected to the UPS DC bus, but it may be configured for
parallel operation with an existing storage battery array, or used with an inverter in a series
configuration for standby operation. In the series configuration, the DESS and a dedicated
inverter remain off-line to provide power instantly when the utility fails.
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ABB Industrial Systems, Inc.

Tor-Eivind Moen, Product Manager, Power Electronics Systems

More research is needed for emerging storage technologies, such as SMES, to
reduce cost and increase longevity, reliability, and availability. Emerging storage
technologies still appear to be very expensive, and therefore, less attractive right
now.

The market for power quality applications in the 1- to 10-MW range, voltage
regulation in the 1-MVAR: range, customer demand peak reduction in the 1-MW
range, and area control/frequency regulation in the 10-MW range has been very
slow. Several companies are waiting for the market to take off in these areas. Once
the market, application, and product needs become clear, and with significant high-
volume production, then most certainly the cost of PCSs will come down.
Research in the power electronics could be made, but will have less impact on the
overall balance of plant.

Footprint varies with the type of application. Continuously rated transformers are
usually larger than discontinuously rated units (i.e., power quality applications).
Switchgears usually increase in size for higher voltage ratings (i.e., a 600-V
switchgear is smaller in footprint than 4.16-kV rated switchgear).

Abacus Controls, Inc.

George O'Sullivan, President

The greatest potential reduction in cost is in economy of scale, that is the
amortization of the engineering costs over a large number of units produced. For
example, a car company producing a million cars per year amortizes the
engineering cost over the million units, thus the engineering cost becomes a small
portion of the overall cost of the car.

Exide Eléctronics

John Breckenridge, Director of North American Service Operations

Focus on standardization of power electronics for various applications such as
voltage regulation, customer demand peak reduction, and area control/frequency
regulation. Standardization reduces engineering design time, thus reducing overall
cost. Once standardized, companies can get into mass production to further reduce
cost. Need to get into procluction mode with market availability. Government, with
the help of customers and industry, should help to standardize PCS integration.
Exide doesn’t see major cost reductions in energy storage technologies, but in
power electronics.
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John Messer, Director of Design & Development Engineering

There is a need to reduce cost, volume, weight, and noise in high-frequency
magnetics used in filters. There has been no significant progress made in this area.
There has been a fair amount of progress in AC capacitors, such as harmonic filters,
but less in DC capacitors for the DC link. Commonly used capacitors for the DC
link is electrolytic-type capacitors. There is a potential for reducing both the cost
and volume for DC link capacitors.

There is a need for R&D in semiconductor devices. Heat transfer for large systems
is usually a problem. Large-kV A-rated PCSs use a lot of fans for thermal
management. Fans are high-failure-rate items. Few manufacturers use liquid-cooled
system for thermal management because they have a high potential for leaks and are
unreliable. Semiconductors are limited in voltage and current ratings. Current
practice is to use paralleled devices to meet higher rating requirements. Exide uses
two paralleled blocks for use in their 750-kV A rated systems. Paralleling devices is
only useful to a limited extent because equal current sharing in devices becomes
hard to achieve if more than two devices are paralleled.

Exide doesn’t see a lot of market potential in power quality in the 1- to 10-MVA
range. To achieve 1- to 10-MVA rated requirements, the current practice is to
parallel modules. Extra units (n+1) are also required for redundancy.

DC and AC switchgears are high-cost and high-footprint items. There might be a
potential for reduction here. ‘

Liebert Corporation

Richard Walden, Manager of Integrated Power Systems

Increased efficiency and reduced cost are the most important elements at the higher-
power ranges (i.e., 1- to 10-MV A power quality applications). Higher power ranges
would most like to see lower switching frequencies. At high power ratings, faster
switching frequencies decrease efficiency due to increased switching losses.
Higher-power rated applications usually have lower cost when compared with
lower-power rated equipment (a 4-MV A module usually costs less [in $/kVA] than
a 1-MVA module). This is due to fixed costs between both ratings. As an example,
the design of the controller in the 4-MVA and 1-MVA modules would be the same
or have a fixed cost, consequently decreasing the overall cost of the module at
higher ratings.

Power electronics ratings are usually device limited. Current practice is to use
paralleled devices to meet the higher-power requirements. It would be preferable to
have a single higher-rated device rather than having multiple devices in parallel.
UPS manufacturers usually go with best and most immediate solutions for their
systems—that is, they use the SCR technology available today at lower frequencies
for high power rated installation. Components used in UPS applications are usually
available today and reliable.

The cost of transformers and switchgears has become high at higher power levels.
The cost jumps significantly between low-voltage rated equipment and medium-
voltage rated equipment. Liebert usually operates at low voltage ratings to reduce
switchgear and equipment costs. Low-voltage operation is achieved by a step-down
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transformer that reduces the medium-level voltage to a lower voltage level
(12.47kV to 480 V). ,

Liebert sees flywheel technology as near to commercialization. Certain applications
that require short-term outages/reclosure events and high cycling might be
promising for flywheels. SMES and supercapacitors are too costly at this time.

Orion Energy Corporation

Doug Danley, President

R&D funding should be spent on the system interfaces between power electronics
and the rest of power systems such as diesel generators, PV, and batteries.
Concentrate on system integration that would change the cost structure. Time
should not be spent on incremental changes to current technologies, for example,
better IGBTSs to reduce cost, but rather concentrate on system-level changes.
Adapt hardware and softvare better.
Focus on radical changes with high-risk and high-payoff projects, for example,
design a flywheel, fuel cell, PV hybrid system. This would open the market for
other storage technologies. Concentrate on advanced system controllers to integrate
power electronics and multiple storage technologies.
Approach R&D from the system perspective. Determine the capabilities of storage
and renewable devices now and in the future. Determine what the customer wants.
Once the system-level capabilities and needs are specified, then determine what the
power electronics can do for the specifications. This will identify gaps and
determine directions for DOE funding. Many times, companies look at R&D from
the other side of the coin. They would determine power electronics capabilities first
and then determine how they could integrate the energy storage technologies.
Companies are already doing this. Why should DOE follow the same path? Funding
should be concentrated towards system-level changes. Start from a clean slate and
go from there.
Three major cost structures can be associated with the cost estimate for a device.
They are as follows:

1. Cost of components

2. Integration and assembly cost

3. Cost associated with the value of the device to customer.
Item 1 has some cost reduction potential, but not much compared to the overall
system. In other words, IGBT costs are decreasing but would not have a significant
impact on overall cost of the system. Item 2 provides the greatest cost reduction
potential. If you better integrate your system and have enhanced manufacturing
techniques and mass production the price tends to go down. Enhancements in
manufacturing techniques reduce manufacturing cost. This provides consistency of
production thus increasing the quality of the device. Integration of the system, such
as replacing analog discrete functions with microprocessor-based chips that perform
the same functions, yields better quality devices. Item 3 depends on the capability
of the device. Price could fluctuate depending on the manufacturer. If a device has
better features the price tends to go up.
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Trace Technologies Corporation

Mike Behnke, Vice President

Need cheaper, lighter, and smaller magnetics for filter inductors. There is currently
no research being done in this area.

Need a higher level of integration (reduction in components) in control systems.
About half of Trace’s control board consists of analog circuitry. A smaller package
could be achieved by replacing analog circuits with digital circuits.

Need R&D in semiconductor development (i.€., higher voltage- and current-rated
IGBTs). The increased voltage and current ratings in IGBTs could open up markets
in the medium-level conversions, such as 4.16 kV, and could potentially eliminate
the need for snubbers and DC-to-DC subconversions before the DC link. There is a
tradeoff though—if the energy source is directly connected to the DC link of the
inverter, this will require higher-rated DC switches (above 600 V, for instance)
which usually increases cost. The elimination of some subcircuits will reduce cost,
but higher-rated components such as switches could bring the cost back up.

R&D needed in converter control software development. Software needs to be more
user-friendly to allow systems integrators to add more value, and to allow end users
the flexibility to modify the operation of the control system as future needs dictate.

Westinghouse Electric Corporation

Neil Woodley, Marketing Manager, Custom Power Products

Need improved cost performance—bigger devices, better cooling, and higher
efficiency. Utility equipment is tough and can withstand extreme anomalies, such as
high current surges. Power electronics, on the other hand, cannot tolerate extreme
anomalies. A more robust system is needed.

Device cooling is an issue. A dual-sided cooling system would be preferred over
single-sided cooling. Westinghouse currently uses forced air to cool their devices.
Liquid cooling systems could be used but reliability and market acceptance is a
problem.

Efficiency is an issue. Reduction in switching loss and thermal management are
desirable.
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AC: alternating current

AC/FR: area control/frequency regulation
ANSI: American National Standards Institute
ART: auxiliary resonant tank

BJT: bipolar junction transistor

CDPR: customer demand peak reduction

BOS: balance of system

DC: direct current

DESS: Dynamic Energy Storage System

DOE: United States Department of Energy
DSTATCOM: dynamic static compensator
DVR: dynamic voltage restorer

EMI: electromagnetic interference

EPRI: Electric Power Research Institute

ESS: energy storage system

ESSP: Energy Storage Systems Program
FACTS: flexible AC transmission system

FCC: Federal Communications Commission
GTO: gate turn-off thyristor

HVAC: heating, ventilation, and air conditioning
HVDC: high-voltage direct current:

IEC: International Electrotechnical Commussion
IEEE: Institute of Electrical and Electronics Engineers
IGBT: insulated-gate bipolar transistor

IGCT: integrated gate-commutated thyristor
LC: inductive-capacitive

LV: large village




Appendix F—Acronyms and Abbreviations

MCT: MOS-controlled thyristor

MOSFET: metal-oxide-semiconductor field effect transistor

MOV: metal-oxide varistor
MTO: MOS turn-off thyristor
NEC: National Electrical Code

NEMA: National Electrical Manufacturers Association

NESC: National Electric Safety Code
NFPA: National Fire Protection Association
ORNL: Oak Ridge National Laboratories
PCS: power conversion system

PDM: pulse density modulation

PEBB: Power Electronics Building Blocks
PIC: power integrated circuit

PMAG: permanent magnet axial gap

PQ: power quality

PV: photovoltaic(s)

PWM: pulse-width modulation

R&D: research and development

RDCL: resonant DC link

RLC: resistive-inductive-capacitive
RMS: root-mean-square

ROI: rate of inflation

RSI: resonant snubber inverter

SCR: silicon-controlled rectifier

SMES: superconducting magnetic energy storage
SNL: Sandia National Laboratories

SV: small village

THD: total harmonic distortion

UBF: unbalance factor
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UL: Underwriters Laboratory
UPS: uninterruptible power supply
VR: voltage regulation

VSD: variable speed drive

ZVS/ZCS: zero-voltage switching/zero-current switching
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