CO/\/F"fﬁ//O ;fz’)\‘“”"

FLYWHEEL ENERGY STORAGE
WORKSHOP

Qctober 31 — November 2, 1995 RECEIVED
Oak Ridge, TN NOV 0 6 1396

OSTI

ARPA Sponsored by: x DOE
Advanced Research Projects Agency Department of Energy
Advanced Systems Technology Office Office of Transportation Technologies
Hosted by:
ORNL

Oak Ridge National Laboratory M g oz o
' ASic



This report has been reproduced directly from the best availabe copy.

Available to DOE and DOE contractors from the Office of Scientific and Techni-
cal Information, P.O. Box 62, Oak Ridge, TN 37831; prices available from (423)
5§76-8401, FTS 626-8401.

Available to the public from the National Technical Information Service, U.S.
Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161.

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.




CONEF-9510242 ——

FLYWHEEL ENERGY STORAGE
WORKSHOP

Compiled by

David O’Kain
Joyce Carmack

Sponsored by:
ARPA | DOE
Advanced Research Projects Agency Department of Energy
Advanced Systems Technology Office Office of Transportation Technologies
Hosted by:
ORNL

Oak Ridge National Laboratory

Prepared by the MAQ ﬁ ﬂL R

Oak Ridge National Laboratory
Oak Ridge, TN 37831
managed by
Lockheed Martin Energy Systems, Inc.
for the
U.S. DEPARTMENT OF ENERGY
under Contract No. DE-AC05-840R21400

DISTRIBUTION GF THIS DOCUMENT 18 UNLIMITED -

RO



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

document.

3



Table of Contents

Introduction . ............... .. i
Final Program ......... ... .. .. ... .. ... . . . ..

Presentations (in the order given at the workshop)

Donald A. Bender/Dick Post; Lawrence Livermore National Laboratory
Flywheel Development at Lawrence Livermore National Laboratory

Mike Bowler; Trinity Flywheel Batteries, Inc.
Review of Power Electromechanical Battery Development . . ... ...

Joe Olbermann; Unique Mobility, Inc.
Flywheel Development at Unigue Mobility .....................

John McKeever; Oak Ridge National Laboratory
Flywheel Development Activitiesat ORNL .....................

Don Adams; Oak Ridge National Laboratory
Power Electronics at ORNL . ....... ... 0.,

Joe Tecza; Mechanical Technology, Inc.
Design and Operation of a Flywheel Energy Storage

Demonstration SYstems . .. ........c.oueeinei i,

Gary Colella; SatCon Technology Corporation

Flywheel Energy Storage Systems . ..............c.cccuvueeoninn.

Wei-Kan Chu; University of Houston
Hybrid Superconductng Magnetic Bearing and its

Frictional Energy Loss in Flywheel Applications ................

Kelly Dagenhart; Oak Ridge National Laboratory
Feasibility Study of the Application of Flywheel

Energy Storage at Gaseous Diffusion Plants ...................

Ken Uherka; Argonne National Laboratory
Experimental Test Facility for Flywheel Energy

Storage Utilizing Superconducting Magnetic Bearings ...........

iii




Joe Beno/John Price; University of Texas
Flywheel Energy Storage System Development at
The University of Texas Center for Electromechanics ....................c...oooie.

Lew Sibley; Tribology Systems, Inc.
Advanced Technology Ceramic Bearings in the
Flywheel Systems at World Flywheel Consorfium . ................c.coiiiiiiiineee..

Hao Huang; SL Montevideo Technology, Inc.
High Power Density and High Efficiency Electro-
Mechanical Conversion System for Flywheel Energy Storage Applications ..............

Gerhard Reiner; Magnet-Motor, GmbH
Current State in the Application of Magnetodynamic
(Flywheel-) Storage Systems in Urban Transport BUSEs ..............ovuuriannennenn

Davis Maass; DOW-United Technologies
Developments in Polar Woven/RIM Composite Flywheel Rotors ......................

Tom Luhman; Boeing
Advanced Technology for Flywheel Energy Storage . ... ..........covviiiiiiineeannns

Robert Weissbach; Arizona State University
Evaluation of Flywheel Battery Feasibility for Replacement
of Electrochemical Batteries at a Utility Substation . . .......................couue..

Christian Harris; TRW
Flywheels for Spacecraft Energy Storage and Attitude Control .......................

James Wehner; TRW
Spacecraft Flywheel System Requirements . ................ccouuuuiiiiineeieennnns

Doug Thorpe; Thortek
Thortek's Low Cost Flywheel Energy Storage Systems .. ...........ccooeiiiiiiiveinnns

Crawford Meeks; AVCON Magnetic Bearings
Highly Efficient Magnetic Bearings for Energy Storage Flywheels . . . ..................

Pat Clarke; Clarke Associates

Uninterruptible Power System (UPS) with Super Synchronous

Motor/Generator Flywheel Energy Storage ...............uuuuiuiininirnennnns
Chris Gabrys; Penn State University

Advanced Flywheel Design, Manufacturing and Testing at

Penn State UnivVersity ... ... ..ottt iiiiiineeeeernaaaaanns

LSt OF AtteAeeS .. .ot it ittt ettt e e e e,

iv




FLYWHEEL ENERGY STORAGE WORKSHOP
Oct. 31 - Nov. 2, 1995
Oak Ridge, Tennessee

BACKGROUND

Since the November 1993 Flywheel Workshop, there has been a major surge of interest in
Flywheel Energy Storage. Numerous flywheel programs have been funded by the Advanced -
Research Projects Agency (ARPA), by the Department of Energy (DOE) through the Hybrid
Vehicle Program, and by private investment. Several new prototype systems have been built and
are being tested. The operational performance characteristics of flywheel energy storage are
being recognized as attractive for a number of potential applications. Programs are underway to
develop flywheels for cars, buses, boats, trains, satellites, and for electric utility applications such
as power quality, uninterruptible power supplies, and load leveling. With the tremendous amount
of flywheel activity during the last two years, this workshop should again provide an excellent
opportunity for presentation of new information.

WORKSHOP PURPOSE

This workshop is jointly sponsored by ARPA and DOE to provide a review of the status of
current flywheel programs and to provide a forum for presentation of new flywheel technology.
Technology areas of interest include flywheel applications, flywheel systems, design, materials,
fabrication, assembly, safety & containment, ball bearings, magnetic bearings, motor/generators,
power electronics, mounting systems, test procedures, and systems integration. Information from
the workshop will help guide ARPA & DOE planning for future flywheel programs.

LOCATION
This workshop was help at the Pollard Auditorium in Oak Ridge, Tennessee.

CHATRMAN

Dave O'’Kain

Oak Ridge National Laboratory
P. O. Box 2009

Bldg. 9108, MS 8088

Oak Ridge, TN 37831-8088
Phone: (423) 576-0268
Fascimile: (423) 574-2102
okaindu@ornl.gov
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Flywheel Energy Storage Workshop
Oak Ridge, TN
Tuesday, October 31, 1995

7:30 am. Registration/continental breakfast in Pollard Lobby

8:30 a.m. Dave O’Kain Oak Ridge National Welcome
Laboratory

8:35am. Ron Hultgren Department of Energy Welcome
- Oak Ridge Operations

8:40 am, Ro Sullivan Department of Energy Opening Remarks
- Headquarters

8:50 a.m. John Gully Advanced Research Opening Remarks
Projects Agency

9:00 a.m, Don Bender Lawrence Livermore Electromechanical Battery Research and

Dick Post National Laboratory Development at LLNL

9:30 am, Mike Bowler Trinity Flywheel Review of Power Electromechanical Battery
Batteries, Inc. Development

10:00 a.m. Break

10:30 am. Joe Olbermann Unique Mobility, Inc. Flywheel Development at Unique Mobility

11:00 a.m. John McKeever | Oak Ridge National Fiywheel Development Activities at ORNL
Laboratory

11:30 am. Don Adams Oazk Ridge National Technology Advances in Power Electronics at ORNL
Laboratory

12:00 Neon | Lunch at Garden Plaza

1:30 p.m. Joe Tecza Mechanical Technology, | Design and Operation of a Flywheel Energy Storage
Inc. Demonstration System

2:00 p.m. Gary Colella SatCon Technology SatCon’s Flywheel Energy Storage Systems --
Corporation Commercial UPS to Race Cars

2:30 p.m. Wei-Kan Chu University of Houston Hybrid Superconducting Magnetic Bearing and its

Frictional Energy Loss in Flywheel Applications

3:00 p.m. Break

3:30 p.m. Kelly Dagenhart | Oak Ridge National Feasibility Study of the Application of Flywheel
Laboratory Energy Storage at Gaseous Diffusion Plants

4:00 p.m. Ken Uherka Argonne National Experimental Test Facility for Flywheel Energy
Laboratory Storage Utilizing Superconducting Magnetic Bearings

5:30 p.m. Reception at Garden Plaza

- 7:00 p.m.
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Flywheel Energy Storage Workshop
Oak Ridge, TN
Wednesday, November 1, 1995

7:30 am. Registration /continental breakfast in Pollard Lobby
8:00 a.m. Joe Beno University of Texas | Flywheel Energy Storage System Development at The
John Price . University of Texas Center for Electromechanics
8:30 a.m. Lew Sibley Tribology Systems | Advanced Technology Ceramic Bearings in the Flywheel
Systems at World Flywheel Consortium .
9:00 a.m. Hao Huang SL Montevideo High Power Density and High Efficiency Electro-
Technology, Inc. Mechanical Conversion System for Flywheel Storage
Applications
9:30 am. Gerhard Reiner Magnet-Motor, Current State in the Application of Magnetodynamic
GmbH (Flywheel-) Storage Systems in Urban Transport Buses
10:00 a.m. Break
10:30 am. David Maass Dow-UT Developments in Polar Woven Composite Flywheels
11:00 am. Tom Luhman Boeing Advanced Technology for Flywheel Energy Storage
11:30 am. Robert Weissbach | Arizona State Evaluation of Fiywheel Battery Feasibility for Replacement
University of Electrochemical Batteries at a Utility Substation
12:00 Noon | Lunch at Garden Plaza
1:30 p.m. Christian Harris TRW Flywheels for Spacecraft Energy Storage and Attitude
Control
2:00 pm. James Wehner TRW Spacecraft System Requirements for Flywheel Energy and
’ Momentum Storage
2:30 p.m. Doug Thorpe Thortek Thortek’s Low Cost Flywheel Energy Storage Systems
3:00 p.m. Break ‘
3:30 p.m. Crawford Mecks AVCON Magnetic | Highly Efficient Magnetic Bearings for Energy Storage
Bearings Flywheels
4:00 p.m. Pat Clarke Clarke Associates Uninterruptible Power System [UPS] with Super
Synchronous Motor/Generator Flywheel Energy Storage
4:30 p.m. Chris Gabrys Penn State Advanced Flywheel Design, Fabrication and Testing at
University Penn State University .




Flywheel Energy Storage Workshop
Oak Ridge, TN
Thursday, November 2, 1995

7.00 a.m. Continental Breakfast at Garden Plaza
-7:45 am.
7:50 a.m. Load Buses in front of Garden Plaza
8:00 a.m, Buses depart from Garden Plaza for facility tours
Tour A - Flywheel Spin Test Facility (K-25), then
Centers for Manufacturing Technology (Y-12)
Tour B - Centers for Manufacturing Technology (Y-12),
then Flywheel Spin Test Facility (K-25)
Approx. Buses return to Garden Plaza
12:30 p.m..

TN adiny



FLYWHEEL ENERGY STORAGE WORKSHOP
Oak Ridge, Tennessee
Thursday, November 2, 1995

TOUR

7:30  Group assembles at the Garden Plaza Hotel

8:00  Buses depart for Tours

GROUP ONE

(Guide: Dave Howell)

Y-12 Site
8:15 Oak Ridge Centers for Manufacturing Techm;logy
Overview - DisplayRoom .............. R RERRS Wayne Manges
8:40 Concurrent Engineering OVerview .................oouuuenennnn... Ken Chipley
9:00 - 11:00:
9201-3  Motor Diagnostics . . ... ....outiii e e Harry Meyer
9204-1  Composites Durability ............................... Jim Corum & Rick Battiste
9204-1  CompositeLab ........ ... Bob Norris
9725 CompositeLab ................... ... e John Shaffer

11:05 Bus departs for K-25

K-25 Site
11:15 Flywheel Demonstration Facility ................................ John McKeever
12:10 Bus returns to Garden Plaza




FLYWHEEL ENERGY STORAGE WORKSHOP

Oak Ridge, Tennessee
Thursday, November 2, 1995

TOUR

GROUP TWO
(Guide: Dave O'Kain)

K-25 Site

8:20  Flywheel Demonstration Facility ....................

9:15  Bus departs for Y-12
Y-12 Site

9:30  Oak Ridge Centers for Manufacturing Technology

Overview - DisplayRoom ........................

9:50 Concurrent Engineering Overview .. ................

10:15-12:10:

9201-3 MotorDiagnostics . ..........covvviiinneennnnn.
9204-1 Composites Durability ...........................
9204-1 CompositesLab ............. ...,

9725 CompositeLab ......... ... ... ...

12:10  Bus returns to Garden Plaza

............... John McKeever

............... Wayne Manges

................. Ken Chipley
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+ Radial bearings
— “Pancake” design
— Good load capacity
— Radially damped
— Very low loss

¢ Axial bearing
— Needed for stability
— Simple, low loss

¢ Ball bearing backup

Mechanical Technology Incorporated
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Energy transfer test

L 4

¢ Operation

— Between speed points

— At set torque

F16

¢ Simulates load -

ion

t

ing opera

level
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-/?/5:;./
G
f’/ i
f/ = /,/

Mechanical Technology Incorporated
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INTRODUCTION AND BACKGROUND

High efficiency flywheel energy storage (FES) is desired
by electric utilities, who are forced to cycle base-load
power plants by as much as 30 % over a 12-h period.

Successful FES technology would also reduce the need
for construction of new transmission lines.-

The use of high-temperature superconductors (HTSs) in
passive magnetic bearings has led to the realization that
FES systems with idle losses < 0.1 %/h and diurnal
storage efficiencies > 90 % can be achieved.

Future high-efficiency FES systems for utility applications
must incorporate HTS bearings and ultra high-speed
flywheels, with inertial rims fabricated from high-strength
composite materials, combined with new-technology
motor/generators.

Loss mechanisms for experimental HTS magnetic
bearings have been investigated in a vacuum chamber
test apparatus at Argonne National Laboratory, and
coefficients of friction several orders of magnitude less
than those for conventional bearings are routinely
measured. '
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Energy Storage Applications

* Power Quality Control
* Uninterruptable Power Supplies
* Electric Vehicles &/or Charging Stations
* Renewable Applications

- Solar

- Wind
* Long Haul Transportation

- Trucks

- Railroads
e Diurnal Energy Strorage

- Industry

- Electric Utilities

LArgonne National Laboratory
13




' 12" Dia. BellJar -
Vacuum Chamber

Conflat Flange Assembly Lid

with metal gasket seal
Gas Source To Vacuum Pump
for Bearing
Spin Up

Permanent Magnet -
Rotor/Flywheel

Movable
Positioning
Device

=

Schematic representation of bell-jar
vacuum chamber used for HTS bearing

spin-down experiments.
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COEFFICIENT OF FRICTION

u = coefficient of friction = Fo/ FL

FL =M g, where M = weight of levitated rotor

Fp = drag force calculated from

I o = drag torque = -FpRp |

where Rp= mean radius at which Fp acts
I = rotor moment of inertia = M F{y2
Ry = radius of gyration for the rotor
o = angular acceleration = 2 (df/dt) )
f = frequency of rotation |

Combining the above yields

u =-[2n R? (df/dt)] / (g Ro)

All terms can be measured or calculated except for Rp

df/dt — measured from rotor spin-down experiments
in a vacuum chamber test facility

For definiteness, Rp can be taken as the outer radius
of the bearing part of the rotor.

J7




COEFFICIENT OF FRICTION

where Fpy is the drag force and Fy is the lift force.

Technology typical
conventional bearings 103
magnetic bearings 107

(includes electromagnet parasitics)

superconducting bearing:
(without cryocooler parasitics)

(previous - other) 11010™
(published)

(previous - ANL/UTRC) ~3x10°0
(~1-10 gm)

(present - ANL/CRC) ~3x1077

(~ 300-400 gm)

(present - ANL/CRC) in progress

(~ 2-10 kg)

J8




IDLE LOSSES FOR FLYWHEEL ENERGY STORAGE
Objective is to-determine pu required to achieve a low
flywheel energy storage (FES) idle loss of 0.1 % per hour

For simplicity, assume that all of the flywheel rotor mass is
located in a rim at radius R, then Rp = R, =R

E = stored energy = 15 M V2
where V = 21 f R = rotor rim speed
Combining P = power loss = -dE/dt = Fp V with the above:

-(dE/dt) / E = relative energy loss per unit time
=FpV/(1aMV?)=2Fp/(MV)

Since p = coef. of friction = Fp/ FL=Fp/ (M g),
the previous can be combined to give:

w=- (dE/d) /E]V/ (2g)
V = 1000 m/s for high FES energy densities

Since (dE/dt) / E < 0.1 % / hour is desired idle loss,
then p < 1.4 x 107 is the calculated value required.

However, refrigeration requirements for maintaining HTS
stator elements at cryogenic temperatures must be
accounted for. Approximately 14 units of mechanical energy
are needed to remove 1 unit of heat at 77 K. Thus the value
for u calculated above must be reduced by a factor of 14.

=» 1 <1.0x10®required for idle losses < 0.1 % / h
J9
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Flywheel Spinup Motor Multiple Thermocouple Feedthru
Mounting Position . /

/
\ me— High-Vacuum Flanges

lonization
Gauge Tube\\

|-4"-I 4///)/ with Metal Gasket Seals

at all penetrations

Y

Positioning Mechanism
(typical of 3 locations)

12" Dia. SS Tee

v

Nested Flanges —

.Viewports (typical)
g 4 windows arranged
‘ circumferentially at

3 different levels
HTS-FES
Test Chamber :

Liquid Nitrogen Feedthru
a— (2 locations)

1

4 f
B Turbomolecular
Swing Gate Vacuum Pump
Vacuum Valve

Design Layout of FES Test Apparatus
4-26-93
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FTA Safety Considerations

FES Test Apparatus installed in Reinforced
Concrete Safety Pit (8' x 10' by 10' deep).

Three steel-reinforced concrete blocks, each 3' x
12' x 1.5' high and weighs 13,000 Ibs, cover the top
of the pit during critical tests. :

Special 2.5" tall collar framework of ballistic
fiberboard surrounds the FTA pit perimeter to
capture fragments that might escape if one edge of
a concrete block is raised.

A 20' x 21' ballistic nylon blanket is spread over the
three 13,000 Ib concrete blocks and the ballistic
collar to-capture fragements that might penetrate
through cracks.

J18
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CONCLUSIONS

A bell-jar vacuum-chamber experimental apparatus was
constructed and successfully used to investigate HTS
magnetic bearing spin-down characteristics.

A record low-speed coefficient of friction of p = 3 X 1077
was measured in a bearing consisting of an 89-mm
diameter ring permanent magnet (PM) stably levitated
over an array of HTS cylinders.

Low values of i < 1.0 x 10-6 for HTS bearings may be the
enabling technology for high-efficiency FES applications
that require flywheel idle losses < 0.1 % / h.

Hysteresis loss in the HTS stator elements are believed to
be responsible for the small bearing losses at low speeds.

At higher speeds, HTS bearing spin-down experiments
indicate that the important loss mechanism is the
consequence of eddy currents induced in the rotating PM
due to the discrete nature of the HTS array.

A larger FES test apparatus (FTA) has been designed and
constructed on the basis of the encouraging results from
the bell-jar apparatus for small HTS bearings. The FTA
vacuum chamber is a cylindrical stainless steel vessel with
ID = 914 mm and height = 864 mm, and is being used to
conduct FES/HTS bearing scale-up experiments.
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Center for Electromechamcs

"The Umvers:ty of Texas at Austm

POWER QUALITY NEEDS ASSESSMENT

Cost Assessment
* Type of Industry

e |Lost Revenue Characterize
° Scrap Cost Effects Olf
* Idle Time Cost Interruption

Power Quality Modeling
e Source
- dual feeds
- transmission
- efe.
* Load
- Impedance
- etc.
* Faults
- lightning Site
- trees fallen Dependent
- elc.
e Solutions
- Slatic transfer
batteries
capacitors
flywheels
- SMES
- elc.

Economics
* Competing Technologies ) What
e Internal Rate of Return the Market
e Return on Investment Will Bear

Development Plan
e Critical Components ,
e Intermediate Demo that !S Needed
* Full-Scale Demo tg g V‘;l
« Commercialization the Problem
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ROTOR INSTALLED IN LOWER VACUUM ENCLOSURE ASSEMBLY
WITH CLANMP HALVES

CLAM-SHELL FITTED OVER FINNED ROTOR COOLING SLEEVE
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VACUUM ENCLOSURE
SUSPENDED ON EXTENSION SPRINGS

VACUUM ENCLOSURE TOP
WITH THERMOCOUPLE GAGE
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EPECIAL 7007 CDB-2z &

Sz ¥ U.S. Patent 5,066,145 §
8 - fFSolid-lubricated bearing}
) with RINGLUBE
®

B ; e

TRIBOLOGY
SYstems I

. b —— e = ~y . e ..«;ga
- T . L ot . L et NI el Y A - . h i

PROTOTYPE SOLID-LUBE SELF-CONTAINED HYBRID-CERAMIC 35-MM
BORE BALL BEARING DELIVERED IN SEPTEMBER 1993 TO UTRC
WITHIN SIX WEEKS OF THEIR P.O. AWARDED COMPETITIVELY TO
TSI FOR TEST IN A VACUUM UNDER HIGH ACCELERATIONS TO
35,000 RPM AT HIGH IMPACT LOADS UP TO 1600 LBS
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Spfer s 3 g

LOG A ZODE

WTG H A 5.0 Y RMS
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fafas 54 1o

L A ME 3 DR WIGH A 5.9 Y RMS

Y

SE—d) " by g
1@ LIM HZ 2010
Wi 1@ HZ ViR 2.3FE-3 W EXPO M 29

Jﬁfi/%j/ ;l!,$?5ﬁ9 f{»~_ C*““J%) Ag“vh;

LOG A MB ZBDE WTG H A 5.0 % RMS

mn

ik

[neR
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-
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N

19 LIM X HZ
' 2

2010
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FEA of 3-D Rotor Section
With Magnets, Rotating at 30,000 RPM
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Uniaxial Equivalent Stress

.. FEA of Axisymmetric Rotor
Wlth Magnets, Rotating at 30,000 RPM
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Michael S. DeBruzzi
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TANGENTIAL STRESS

‘PHOTOVOLTAIC/FLYWHEEL LIGHTSTATION SYSTEM DESIGN AND
PROTOTYPE ROTOR TESTS

R.C.:Flanagan

RADIAL (TRANSVERSE) STRESS B i
igoF " ——-- TANGENTIAL (LONGITUDINAL) STRESS 1s4.0
] 60" 1 300
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w
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20 | (0.300") ]\| S2-GLASS RING E/XAS-CARBON RING -4-4.0
(2.400") ' (3.000")
1 1 ] 1 1

6.0 7.0 8.0 9.0 10.0 11.0 12.0%  :.
RADIUS (IN) B

Fig. 3: Stress profile of the lightstation
rotor at design speed of 23,000 rpm.
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FLYWHEEL ENERGY STORAGE WORKSHOP

October 31 - November 3, 1995
Oak Ridge, Tennessee

Current State in the Application of
Magnetodynamic (Flywheel-) Storage Systems
in Urban Transport Buses

Gerhard Reiner

MAGNET-MOTOR GMBH
Petersbrunner Strasse 2, D-82319 Starnberg, Germany
Phone: +49-8151-262-0 Fax: +49-8151-12478

3 Function principle and main features of a
Magnetodynamic Storage (MDS)

O Commercial operation of MDS in
¢ diesel electric storage buses
¢ trolley buses

0 New MDS-types

3 Conclusion and prospects

95-1001.X15, 27.10.95
’ N1
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MACHET MOTOR::

- Magnetodynamic Storage ( MDS )
High-Power / High-Energy Flywheel Storage

vacuum,

; wound fiber glass body
enclosure /
motor/ganerator unit,
motor/generator unit, rotating part with permanent magnets
stationary part with stator windings

* very high power density

* extremly high cycle numbers

* high efficiency values at full and partial load

* automatic charge and discharge operation

* integrated design without mechanical feed-throughs and
without gear

TR TN T %,

e T e e i g B e e TR g
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MAGME

]

MOTORL!

Niederflur - Gelenktrolleybusse
Neoplan N 6020

MM - Antriebssystem:

Elektrischer Einzelradantrieb
und Zwischenspeicher

Munchner Magnet — Motor Busse

MM — Antriebssystem:

Dieselelektrischer Antrieb mit
Zwischenspeicher

Neoplan Metroliner N 8012 DE

MM - Antriebssystem:

Elektrischer Einzelradantrieb
und Dieselmotor - Generator

Neoplan Metroliner N 8012 BE

MM - Antriebssystem:

Elektrischer Einzelradantrieb
und Benzinmotor — Generator

Ay e e

5

gt

A
LY

[



Magnet - Motor GmbH  Petersbrunnerstr. 2

Omnibussen

Neoplan Stadtbusse N 4014 DE

MM - Antriebssystem:

Elektrischer Einzelradantrieb
und Dieselmotor — Generator

Flughafen — Vorfeldbusse

MM - Antriebssystem:

MM - Antriebssystem:

LTS evages
B s =g

D-82319 Starnberg
Né6

Elektrischer Einzelradantrieb
und Dieselmotor — Generator

MEV - Metroliner Prototyp

Elektrischer Einzelradantrieb mit
Benzinmotor — Generator
und zusatzlicher Varta NiH — Batterie

Elektro — Citybusse

MM - Antriebssystem:

Tel: 08151/262 - O

Elektrischer Einzelradantrieb
Energieversorgung: Diverse

Batteriesysteme

_ Telefax: 08151/12478
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Magnetodynamic Storages

MDSK,MDSLland MDSL2 SAERS

e L g g

MAGNET MCTOR::

design data MDS-K MDS-LIE\(EDS-
energy E = 7.2
max. power P = 0.3
max. voltage U = 650
max. current I = 0.5
speed n = 12,000
diameter D = 620
axiallength H = 650
volume V = 0.19
weight m = 04
spec. energy: e = 18
spec. power: p = 1.0 -

95-09-0I.XLS, 26.90.1535 N]. 9
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Proof-Of-Concept
FLYWHEEL ELECTRIC BATTERY PROTOTYPE

=]

1,000 Wh, 25 Hp Induction Motor/alternator &
65 Ft-1b Co-axial Gap Magnetic Torgue Coupler

Supported by Single-Plane Rotatable Stand
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Clarke Associates
244 Sagamore Drive
Murray Hill, NJ 07974
908-508-1400

Uninterruptable Power System (UPS)
with
Super Synchronous Motor/Generator Flywheel Energy Storage

Introduction

This memorandum describes a new UPS concept with a Super Synchronous Motor/Generator Flywheel
Energy Storage System, which is expected to be competitive with conventional battery UPS Systems. An
arrangement of electromechanical components (motors/generators) are used to charge and discharge the
flywheel (see Figure 1). Power electronics as required by the conventional UPS are eliminated. This
concept when compared with conventional battery backed up UPS systems has the following advantages:

e Does not require a battery, eliminating the maintenance and problems associated with batteries.
Renewed interest in flywheels as an alternative storage medium for electrochemical batteries has
been stimulated by recent advancements in flywheel materials. For example current composite
graphite flywheels exhibit an energy density (W-hr/kg) 10 times greater than steel flywheels [Ref. 1].
In addition, average energy density of a composite graphite flywheel is at least 3 times the energy
density of a lead-acid battery [Ref. 2]. A recent technical assessment prepared by Abacus
Technology Corp., a technical consulting firm in Chevy Chase, MD, for the US Department of
Energy (DOE) Office of Transportation Technologies, Electric and Hybrid Propulsion division
stated, "Flywheels have the theoretical potential to equal or better every one of the US Advanced
Battery Consortium’s battery goals, with the possible exception of purchase price at least until
production volumes increase” [Ref. 3].

e  Simple more rugged design.

s Can easily be integrated with an internal combustlon engine (ICE) for long term back up. Speed
regulation of the ICE not required.

e Isolated AC or DC outputs easily implemented at minimal cost. Simultaneous AC and DC
voltage outputs are also possible. Regulation to at least plus minus 5% can be achieved without the
need for supplemental regulating techniques. The resulting regulation is a natural consequence of
using a frequency regulated synchronous machine (SSM/G) to derive the output(s). Three phase to
three phase, three phase to single phase, single phase to three phase, as well as single phase to single
input/output voltage combinations can be accommodated.

e Low maintenance. While this system contains arrangements of brushes and slip rings, this should
cause no major maintenance problem. The brushes and slip rings are only active during the charge
and discharge cycles of the system. Brushes suitable for operation in this system have brush life in
excess of 5,000 hours. Thus the system could surive at least one 8 hour power outage every week for
five years before brush replacement is required.

e High efficiency.

e High Power Factor

e Low harmonic currents.

. = e
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Super Synchronous Machine SSM/G

The stator of a conventional synchronous machine contains phase windings with a fixed number of poles
and is stationary. The rotor consists of one or more DC magnetic pole pairs equal to the number of stator
pole pairs. The rotor poles can be either permanent magnets or separately excited. When operated as a
motor the rotor turns at a fixed speed known as synchronous speed, n; The synchronous speed is a
function of the line and the number of poles.

ng=(120f)/p
Where p is the number of poles and fis the line frequency. .
When operated as a generator torque is applied to the rotor by a prime mover to generate a voltage with
frequency f;, where,

f1=(npp)l120
n] is the drive shaft speed of the prime mover.
When the prime mover is a flywheel the frequency will vary dlrectly as the speed of the flywheel. Clearly
an unacceptable situation. However, we can overcome this limitation by introducing an additional degree
of freedom into the synchronous machine’s design by allowing the stator to rotate as well as the rotor. By
maintaining the differential speed between the rotor and stator fixed at the synchronous speed, the
generated frequency will be fixed and equal to the line frequency. A synchronous machine with this
configuration is known as a super synchronous machine.

A super synchronous machine SSM/G is shown in Figure 1. [Ref. 5]. The super synchronous machine was
developed a number of years ago by General Electric Inc., to allow heavy torque loads to be started by
means of a synchronous motor. The super synchronous machine only differs from a conventional
synchronous machine in that it has provisions for both the stator and rotor to rotate. Power is supplied to
the system by means of brushes and slip rings. When the drive shaft is at rest the stator rotates at
synchronous speed ny, in a direction opposite to the normal direction of rotation. To start the load a pony
brake is used to apply torque to the stator structure to slow it down, a reaction torque is developed in the
rotor causing it to rotate. The braking action in the stator is increased until the rotor reaches synchronous
speed. The stator is now at rest and can be locked in a fixed condition. In this concept a differential
homopolar motor generator pair HM1 and HM2 are used to maintain the differential speed of the stator
and rotor equal to the synchronous speed ng

hg=nj+ny
Consequently, the frequency of the of the voltage at the terminals of SSM/G is always equal to the line or
source frequency (e.g. 60 Hz). Thus, the stator windings of SSM/G can be connected to the AC line input

to accept power into the system during system charging and standby, and maintain line frequency power
during discharge.

Homopolar Motor/Generator

Also shown in Figure 1 are homopolar machines HM1 and HM2. The homopolar DC machine is
characterized by:

. High Efficiency — 90% or greater. No hysteresis or eddy current losses.
. Commutator — None, slip rings and brushes required.

. Torque — High Peak Torque Capabilities.

. No armature reaction effects.

. Construction — Simple.

. Weight — Low.

. Cost — Low.

The homopolar or acyclic machine is a device in which the active conductors everywhere encounter
magnetic flux of the same polarity. As a result, it does not experience the usual eddy current or hysteresis
losses of all rotating machines. Basically it is an acyclic machine and requires no commutator. Figure 2

Clarke Associates/ADL.

V3




illustrates the homopolar principle with a device infinite in extent in all directions, 2 uniform air gap,

«--time-invariant magnetic field, and a conductor in the form of a copper sheet moving along the gap. An

electric field will be established in the copper sheet as a consequence of the relative motion of the copper
sheet in the magnetic field. Energy can be extracted from this system by making contact with the copper
sheet at appropriate places and connecting an electrical load. Clearly the structure described is
unrealizable, because of its infinite dimensions. A practical approximation, at least in one direction, can
be attained by closing the air gap back on itself in a homopolar structure with cylindrical symmetry. Such
a structure is the axial-type homopolar machine shown in Figure 3. The armature winding is a hollow
copper cylinder mounted on the armature structure. The brushes make contact with the cylinder at each
end. The magnetic flux is induced by the magneto motive force produced by direct current in the field
coils. The magnetic flux crosses the air gap radially with almost constant density in the narrow air gap,
traverses the pole pieces, and closes around the stationary iron structure. It is, of course, necessary to
limit the axial length of the machine. Therefore, the structure departs from the ideal endless extent in one
direction. However, the effects arising from the finite length in the axial direction are not significant
because the length of the air gap is extremely small in comparison to the axial length of the machine,.
Because of its single conductor, the homopolar generator is a low voltage device. The open circuit
voltage V across the brushes is,

V= 1/5(Blvg) x 10°8 '
I— length of the active conductor in the air gap (inches)_
B —magnetic flux density in the air gap (lines per lsquare inch).
Vg— tangential velocity of the copper cylinder (feet per minute).

Practical considerations limit v, to approximately 36,000 ft./minute by centrifugal stress in the rotating
conductor, and B is limited to 110,000 lines/ft% by saturation of the iron. Construction considerations
limit the Iength of the copper cylinder to about three feet. Therefore, the maximum magnitude of V is
about 285 volts. This has limited the commercial use of homopolar machines to applications requiring
low voltages and high currents i.e. resistance welding, electrolytic processes, fault detection in railroad
tracks, and in marine service to excite large shipboard “degaussing” cables. However, this machine is
ideally suited for this application being small, high speed and efficient. The low voltage is of little
concern since it involves two machines that act interchangeably as a motor generator pair. The voltage
generated at maximum speed is expected to be about 20 volts.

Armature reaction in electrical machines is caused by current flow in the machines active conductors.
The most serious effect of armature reaction is to increase the flux densities in the machine’s iron
structure which provides the magnetic flux path. In extreme cases, due to overloads, saturation of the iron
can occur. This effect will reduce the machines efficiency by increasing losses and alter the terminal
characteristics of the machine. In commutated DC machinery, commutation problems, due to armature
reaction can only be avoided by limiting the armature current and restricting the overload rating of the
system. The homopolar machine is at an advantage because saturation can be easily avoided by screening
the outer iron structure with a compensating shield carrying a current equal in magnitude and opposite in
direction to the armature current. This is shown in Figure 3. Two concentric copper cylinders are used
one fixed to the iron structure, the other free to rotate. The armature current then flows in opposite
directions in the moving conductor and in the stationary shell, the azimuthal magnetic field produced by
the armature currentscan only exist in the space between the concentric cylinders. Armature reaction is
eliminated and the overload capabilities of the machine are limited only by thermal considerations. In
many machines the copper cylinders are not used and the current is allowed to flow in the iron surface of
the field structure.

Brushes for homopolar machines are critical because of the machine’s low voltage, high current
characteristics. It is essential to keep the losses associated with the brush current collector apparatus low
in order to achieve high system efficiency. Brush losses are of two types: mechanical, due to the brush
friction riding on the slip ring surface, and electrical, which is a function of brush voltage drop. The
strategy generally employed for homopolar machines is to operate the brushes at the highest current

.~
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densities practical to minimize brush area in contact with the slip ring so as to reduce the frictional brush
losses. Renewed interest in homopolar machines, for ship propulsion and inertial energy machines for
fusion power, has stimulated research and development of extremely high current density brush current
collection systems. Investigators in this field have reported on brush systems operating at 1,800 Afin? at
speeds up to 65,000 ft/min.

Conventional monolithic solid brushes for electrical power transfer in sliding contacts are made of
graphite, carbon graphite, or metal graphite composites. Recent discussions with several slip ring and
brush manufacturers indicate that operation of graphite brushes at speeds of 25,000 ft/sec and cument
densities of 140 Afin? are realistic and practical for homopolar machines. The voltage drop per brush pair
is expected to be about 0.5 volts or less.

However, as pointed out below, in this application when the system is fully charged the brush speed is
either zero or its current is zero. The brushes with zero current can be lifted from the slip rings. Thus,
extremely low brush wear can be achieved, allowing the system to experience many charge and discharge
cycles before any significant brush wear occurs. Consequently, brush maintenance should not be a major
consideration,

System Operation

The HM1 drive shaft is connected to the SSM/G rotor and flywheel shaft. The drive shaft of HM2 is
connected to the SSM/G stator structure. See Figure 1. When the system is first initialized contactor CT
is closed, the flywheel shaft is assumed to be at rest, n; is zero and nj is equal to synchronous speed 7.
HM2 functions as a generator and supplies power to HM1 which acts as a motor. Field current If; of
HM]1 is adjusted to its maximum value and If; of HM2 is maintained at a value to control the armature
current I; at the required value. During normal operation the control circnit adjusts both field currents
consistent with the desired operating condition. HM1 applies a torque T to the flywheel shaft causing it
to rotate. HM2 applies a torque T to the stator of SSM/G. The total flywheel torque Tryy can be
calculated as follows,

Tpyw=T;+Ty
The input power Pin is,

Pin = (ngT)I7.04
and the output power Po is,

Po = (njTpw)7.04
‘When a torque is applied to the flywheel, it can be shown that,

Ty =(njingTpy
and

Ty =[1-(njiniTpw
It can also be shown that,

nyjtny =ng
Thus, once the flywheel is accelerated to its maximum speed ny, ny is now at zero. The brushes of both
SSM/G and HM2 are at zero speed on their slip rings, reducing mechanical brush wear to virtually zero.
The HM2 shaft can now be locked in position, I'; and I ; are reduced to zero. The brushes of HM1 can be
lifted from their slip rings eliminating mechanical wear on these brushes also. SSM/G now functions as a
conventional synchronous machine maintaing the flywheel in a charged state. When the AC power fails
contactor CT is opened and the above process is reversed to maintain AC power to the critical loads. The
inertia of the system makes the transfer to flywheel energy operation virtually seamless, The flywheel

will continue to supply energy to the system umtil its speed reaches half speed or the AC power returns.
Thus, 75% of the flywheel stored energy is available to the system.

Clarke Associates/ADL.
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Table 1 shows some properties of a 20V homopolar mgchine operating over a range of maximum speeds.
The flux density B was assumed to be 110,000 lines/in“ where the surface voltage per inch V/lg along the
armature cylinder is

Ve =1Bv,x10°

An optimal design is assumed where the flux density is uniform in all parts of the machine, therefore,
lg=rg v, =2rg and [, =21g

and the volume Vol can be calculated

Vol =dn (%) £

Table I
(V=20 volts)

Ve Vilg Ig Vol Weight Py
ft/min Volt/in in £t Ibs kWatts
10,000 22 9.09 546 2720 24,
15,000 33 6.06 1.62 805 16
20,000 44 454 68 338 12
25,000 55 3.64 .35 175 9.6

Also assumed in Table I was a brush current density of 140 A/inz, a slip ring width of 0.5 in, density of
steel 498 1bs/f> and a 50% brush ring coverage factor. Under these asumptions Py is the power handling
capability of the homopolar machine. It can be expected that these machines will operate at an efficiency
greater than 95%

Extended Time Operation Using An ICE

When extended back up power operation is required an ICE can be added to the system, as shown in
Figure 4. During an input power failure and after a designed operational period the control system closes
clutch C to start the ICE. Since the system’s frequency is controlled by maintaining n, constant, the
system can accommodate a wide range of ICE speeds. Therefor, the speed of the ICE can be adjusted for
its optimurmn performance. Again when power returns C is opened and the flywheel recharged.

Graphite Fiber Flywheel

‘When long term flywheel energy storage is required composite graphite fiber flywheels represents the
modemn choice. However, the above mode of operation limits the maximum speed of the flywheel to
synchronous speed, which for a 60 Hz source is 3600 RPM for a two pole SSM/G. This would severely
limit the energy storage capability of a graphite fiber flywheel. This can be overcome by introducing a
permanent magnet motor generator pair at the output shaft of HM1 as shown in Figure 5. The flywheel
can now be driven at a speed ng where,

n3 = (palpping

P2 is the number of poles on the flywheel motor, and p; is the number of poles on the generator. For a
ratio of pa/p; equal to seven the maximum flywheel speed is now 25,200 RPM, essential for effective
flywheel energy storage. For example a flywheel 30 in. diameter by 27 in. long, weighing 620 Ibs.
rotating at 25,000 RPM provides 40 KW-hr for the system described above. A 2 in. long flywheel with the
same diameter operated at 25,000 RPM weighing 50 1bs. stores 2kW-hr.

Clarke Associates/ADL
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Isolated Outputs

The system output voltage can be isolated from the input AC source by providing an separate output
winding on SSM/G as shown in Figure 6. Placing the SSM/G input and output windings in separate stator
slots provides excellent isolation between the input and output voltages. Surges, sags, and transients
appearing on the input will be greatly attenuated at the output terminals. In addmon harmonic currents
will also be heavily attenuated between the input and output, and visa versa

Conclusion

A new concept has been described that is expected to be a strong competitor in the UPS market place due
to its, simplicity, competitive cost (for a cost analysis see Addendum A ), high efficiency, long life, deep
discharge tolerance, fast discharge/recharge possibilities, environmentally benign.
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Addendum A

A cost comparison of a conventional UPS (15kW with 40kW-hr energy storage) with a flywheel UPS is
shown in Table A [Ref. 2 & 4]. This cost comparison was derived from information presented at a
“Flywheel Energy Storage Technology Workshop™ program November 1993 sponsored by the Oak Ridge
National Laboratory and the National Renewable Energy Laboratory.

Table A
‘ UPS Cost
(15kW — 40kW-hr)
Battery Energy Storage

Power Electronics — $125/kW
Battery (Pb-acid) — ‘ $170/kW-hr

Flywheel Energy Storage
Electromechanical Components & Controls (Figure 1) — $100/kW
Flywheel Assembly — $74 to $225/kW-hr
Manufacturing cost and assumptions for the flywheel assembly

are shown in Table B[4].

Table B
Flywheel Cost and Assumptions

Baseline Ultra Low Cost
Projected Cost of Manufacture — 35/, $5/1b.
Graphite Fiber (IM-7 Graphite Fiber) — 3$8/1b. $2/b.
Resin Cost — $1/1b. $1/1b.
Fiber Volume — 75% 75%
Energy Utilization Factor — 0.75 0.75
Flywheel Rotor — $200kW-hr  $40/kW-hr
Miscellaneous Structure — $10/kW-hr  $7/kW-hr
Magnetic Bearings & Electronics — $65/kW-hr  $20/kW-hr
Assembly — $10/kW-hr  $7/KW-hr

Passive magnetic bearings now in development will have a significant beneficial effect on the above
magnetic bearing and electronics cost. A full ball complement bearing package with oozing-flow
lubrication is a low cost alternative to both passive and active magnetic bearings and should be
considered for many applications. With increased flywheel rotor production, graphite fiber cost can be
expected to be reduced. When the maintenance cost and life of the battery (3-6 years) versus the flywheel
(>20 years) are taken into consideration, the flywheel UPS represents a very attractive alternative to the
conventional UPS.

Clarke Associates/ADL
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Composite Flywheel Design
Approach

e Superposed Anisotropic Elasticity Solutions

 Loading Conditions
— Centrifugal Loading
— Internal & External Pressures
— Thermal Stresses
— Residual Moments (from Manufacturing)

e Satisfy Compatibility of Rings at Interfaces
(All Flywheel Rings stay Connected)

e Satisfy Equilibrium at Ring Interfaces
(Adjacent Rings Exert Equal and Opposite Forces
on Each Other)

w2




. In Sztu Curlng on Heated Mandrels

e High Quality Parts
— 70% Fiber Volume Fraction
— 2% Porosity
— No Wavy Fibers
— No Resin Rich Layers

e Ultra High Speed Manufacturing
(Radial Deposition Rates > 8 inches/hour)
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PSU Rotor X -

« Complete Flywheel Battery
« Tests Motor/Generator & Magnetic Bearing Concepts

Cyiindrical Rotor Bearing Magnet

StatorBearing Magnet

Evacuated Spherical Chamber, Light Beam Feedback

Fiber Glass Dis

teel Cores

Elastomeric
Layers

Teflon Plate Jewel! Bearing in Teflon Cup
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Rotor Y backlit to show its urethane layers.

e 3 Press Fits

e 3 Urethane Interlayers

e QOuter Rings use T1000 Carbon Fiber
* Predicted Failure Speed =1714 m/sec
e Tested to 1101 m/sec )
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:

Rotor Z prior to machining of its OD.

e Filament Wound Directly on to Hub

 Fabricated in only 75 Minutes

o Uses S2 Glass

* 65% Fiber Volume Fraction with
only 2.7% Porosity

e Predicted Failure Speed = 1065 m/sec

e Should Verify Non-Catastrophic Failure
Mode
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