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Mechanical Capacitor is the short descriptor for a special form of electro-mech-

. anical energy storage system comprising a magnetically supported energy wheel (fly-
wheel) coupled to the electrical supply and the load by 2 motor-generator and a power
conditioning subsystem,

This report contains the results and details of a design study and analyses, per-

formed by RCA for the NASA~Goddard Space Flight Center, of a Mechanical Capacitor

System satisfying a set of performance requirements,

Major Objective:

Secondary Objective:

And the scope of work was:

Scope of Program - First Phase

Exploit evolving technologies from space programs,

~Design definition and analysis of a complefe energy storage system meeting
the Statement of Work requirements, including a system of maximum etfic-
iency and minimum cost,

~Study and select other system applications with attractive cost-benefits,

The objectives of the study were:

Define a long~life, efficient, energy-storage system for public utility peaking
power generation at terminal locations,

The study is significant because it addresses questions relating to the performance

of a coniplete energy-storage system rather than the wheel element alone,
tional domain of energy wheels is thus more clearly defined.

Also, the study includes an analytical treatment of a magnetically supported ro~
tating wheel as a gyroscopic mass requiring control in six degrees. The analysis can

The opera-

be extended to other systems and is a contribution to the art of magnetic bearing design,
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CONCLUSIONS

Magnetically supported energy storage wheels of the type studied may approach
an energy density of 110 to 128 W-hr/kg, depending on performance requirements,
(Advanced battery systems may approach the same energy density, ) S

For the point design contained in this report, energy storage density is strongly
influenced by power density requirements. A maximum power density of 100 to 200 W/Ib or
220 to 440 W/kg is realizable at an energy density of approxinately 66 W-hr/kg,

(Advanced batteries have comparable power density goals.)

T T T P

Y

Higher power density is attainable (110 to 120 W-hr/kg) if the metal elements
on the wheel can serve also as structure, However, ensrgy density is reduced as the
weight of metal on the rim is increased. (Fortunately, the wheel configurations
analyzed meet the power density needs for many applications.)

Energy-wheel losses can be made diminishingly low (0, 16% for a 24-~hr powered
cycle and 0, 04% for 24 hr when coasting) but power conditioning losses are critically
dependent ong

-  Power level

-  Nature and quality of electrical supply and electrical load, etc. o
i The system throughput efficiency can vary over wide limits,
For maximum system efficiency, both load and supply should be de fo reduce energy o
power~conversion losses. Storage system cosis are sensitive to physical scale, pro-
duction rate, and electrical performance requirements. System costs can vary greatly

(from $1,75/W-hr to $0,28/W-hr for the systems studied),

With suffieient production, the energy wheel may be competitive with advanced
batteries and internal-combustion engine power trains in small cars and other vehicles.

Other applications may be economically feasible, depending on the cost-benefits

assigned to the energy-wheel attributes of environmental immunity, minimum safety L e

hazard, absence of noise, and expected minimal maintenance and rie}:_;’aﬁi}';/.‘._,__.,.ﬁ-w - .

L
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RECOMMENDATIONS

The problems cited in Section VI are, for the most part, best approached through
experiments, However, because of the dynamic environment that gives rise to a number
of problems, the experimental solutions must be sought, using test apparatus that re-
sembles the energy-wheel configuration., The question is: how far short of a full sys-
tem can the test apparatus be and still yield meaningful design data relating to the
problems ?

Accordingly, it is thought that a test apparatus that permits the initial preliminary
determination of:

-  Material rheological performance,

-~  Combined structural and magnetic stresses,

-  Suspension-system idling lusses,

-  Motor-generator output and losses,

-  Wheel dilation,

- Growth (or no growth) in wheel unbalance,
without introducing a full servo suspension system, is a relatively low-risk approach.
Accordingly, it is recommended that a scale model of the Mechanical Capacitor be
built incorporating the wheel imner rim (complete with the suspension electromagnets),
rim electromagnet keepers, and motor-generator stator and rotor. The rim would be

directly driven with an external brushless de motor and the fixed and moving parts of
the system radially constrained to avoid the use of a magnetic suspension servo system,

————
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LIST OF ABBREVIATIONS AND SYMBOLS

Symbol

Description

Units

oo

Q

rotor transverse insrtia
permanent magnet spring constant

magnetic induction
Routhe coefficient
Routhe Coefficient
Routhe coefficient
energy

electromagnet

force

frequency

transfer funcfion
acceleration of gravity

momentum

gap flut density
moment of inertia
Servo gain

vertical spring constant

vertical spring constant
per unit of circumference

meter

rotor mass
newton

permanent magnet

Laplace transform complex frequency

meter-kilogram-
second

newton meter/
radian

gauss
3

10 TZ

1/ nZ

10 “6x2a/Awn2

~joules

newton
Hz
9, 804 meters/second

kilogram-meter-
second

kiloganss

e

newton/meter

newton/meter?

90,7 N second?/m
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Symbol Description Units
R bearing radius meter
radius meter
- T torque newion-meter
thickness cm
. TC timeconstant | ===
v lineal velocity meter/second
VZP virtual zero power ———
W weight kilogram
y lateral displacement meter
vertical displacement meter
) damping factor ......_.;
a cone angle 25 degrees
v fiber density kilogram/meter3
6 tilt angular displacement radian
p resistivity ohm cm
Omax maximum fiber stress kilogram/meter™
1 lead time constant second
Ty lag time constant second
w rotational velocity radians/second
¢ tilt angular displacement radian
X lateral displacement meter
Wy rotor nutational frequency radian/second
W, earth's rate 7.27 x 105
radians/second

Ty
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Section I
INTRODUCTION Jf

There is growing interest in the use of energy wheels (flywheels) as storage de- j o
vices., This interest stems from the expectation that light, high-strength fibers can ]
be.used in specially designed wheels to store more energy per pound than flywheels SR
made of high-strength steels or other stores, such as batteries, It is possible that light- ;
weight mechanical energy stores may show significant cost savings because of the re-

i duced weight of materials used, long life, and the economic advantage of weight savings
- in systems to which they may be applied, S

NASA and RCA have addressed these possibilities in earlier studies and experi- R
mental programs, Their conclusions appear in technical notes and papers (see Refer- R
ences 1to 3). In summary, magnetically supported, thin-rim, circumferentiaily wound BT
energy wheels are conceived to be the most efficient type of rotating mechanmiral device oE
for energy storage,

However, this conclusion has been obtained mainly from the examination and .
analyses of ths rotaking element only and does not include the total system performance
of the energy store,

The study reported here was established by NASA to examine the magnetic~energy 1
wheel concept in more detail and determine the technical and economic feasibility of »
one system for a selected use. L

The system studied comprises a magnetically supported wheel for energy storage,
integral with a motor-generator (m-g) for electrical-mechanical and mechanical-
electrical energy conversion, and a separate subsystem to process the electrical power
from the supply Lo the energy wheel and from the energy wheel to the load.

This introduction comprises a statement of the performance requirements for the
system specified by NASA, the study logic, and a deseription of the point design de~-
velope d during the study,

A, SYSTEM PERFORMANCE REQUIREMENTS

The statement of work for this study has been reduced for reference purposes and
is summarized in Figures 1-1 and Table 1-1,

1-1




As shown in Figure 1-1 the system operates on a 24-hour cycle., Maximum storage
is 10 kW-hr, and the maximum electrical load is 15 kW. The wheel speed varies from
full to 50% of full speed (75% depth of discharge). The charge period is 8 hours, at
constant wheel acceleration. The coast period is 6 hours and intermittent loads are .
supplied with up to 10% maximum power during the next 9 hours. The wheel speed is P
reduced to 60% of full speed, In the last hour, full power is taken from the wheel until
the wheel speed is reduced to 50% of full speed, ‘

The energy-power profile is not based on enei:gy use data for a particular applica-
tion, but it is a reasonable one for system analysis. The effects of major changes in
the requirements are brought out in several succeeding sections of the report. Some

ENERGY,
KWHR

18—

16— 8—
POWER
KW tal—
12—
6}—
hir] und
Bl— 4
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15,00 kW -

4" FOR 0,952 HA

| 3.6 kW.HR . j 1

af— [T~ 25%whHA Kzs kW-HR
2 /0.625kw —
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F——FuLL POweER i

Figure 1-1, Mechanical Capacitor power and energy profiles;

24-hour cycle,

of the general requirements are:

@

[

e

!
"~

T

Mean time to failure >>50, 000 hrs,

No overspeed possibility

Safe coast down with loss of line power
Self contained, only 110/220 V, 3¢, 60 Hz in and out
15 kW to maximum load - 1/2 to maximum speed

25% over speed in qualification test with no permanent deflection

24 MRS,-
ONE OPERATING CYCLE

e g e 4

I

%< 50% over-speed in qualification test with no burst : , :
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TABLE 1-1, MECHANICAL CAPACITOR DESIGN REQUIREMENTS

Subsystem Design for following: System Design Goals
' o —
J'.S].ipph:..l L—s»| Power Conditioner & 110/220 v, 60 Hz Maximize:
. - Y _B 3 ¢ line power in — Energy density
load power out, — Power density
— Energy thruput
Wheel w~ 1,25 max speed efficiency (>60%)

(without deformations)
- 1,50 max speed
] {without burst)
- natural frequencies
l ! outside speed range
| - Balance dynamically
to 300 uin,
- Balance statically to
0.03 ft. Ib, with
axis vert,

Motor/Generator -—-}b-— <80 W internal loss
during spin up
. ~ <45 W -motor loss
I during steady state
| ~ <75 W-genemtor losses
- <50 W~-commutation rec-
‘ | tification logs - charging
[
I

<50 W loss discharging
15 kW &0 load
« 300% overload - 1 s

Magnetic Suspension |~ Support 2 x wheel weight

(Bearing) - Handle worst-case seismic
loading and earth rate with
50% margin of safety

- Radial stiffness-1600 lb/in.

- Radial damping - 60% of min,
value,

- Stable during speed changes

* and expansion

r - —_

Support —p ~ Natural frequencies outside
of suspension
- Smor.th Base

R . . Comee e - - g 8 2

i o




The design requirements are listed in Table 1-1, Additional requirements were added
during the shidy and are set forth in the appropriate sections,

B. DESIGN LOGIC

The hottom line' in this study is maximum energy storage capacily per dollar of
system cost, and as a function of storage time, These objectives lead to several
design guidelines:

o  Stress low-cost designs

¢ Stress low "friction' suspension and motor-generator designs,

Low friction is required if mechanical capacitors are to compete with long-shelf life
batteries and other energy stores,

Further, the complexity of an energy wheel system gives rise {o a number of other
guidelines. The system is located at the end of a utility distribution grid; it interfaces
with the utility system and the load(s) (see Figures 1-2 and 1-3). Hence, if many
storage systems are used, the dynamic performance of all three systems must be
evaluated for interactive effects. However, as discussed in Appendix B, a simplifying
assumption has been made that there is no interaction.

In the energy wheel system, the major design features derive primarily from the
system performance requirements (the independent variables shown in Figure 1-4),
But each subsystem also is sensitive to the other subsystem desigh parameter values,
to varying degrees, as shown by the width of the arrows.

Design logic requires that all the subsystems be modeled fo include the values of the
independent variables for all the interactive subsystems except the one being designed,
and include also the design variables for the subsystem in question. Further, cost,
dynamic, and weight models can be developed. A full systems model would include the
parameters shown in Figure 1-4, plus others-- perhaps more than 200,

The brevity of this study does not permit this treatment., Instead, some modeling
of subsystems has been completed and tradeoffs among suhsystems arrived at by relying
on experience, on some sensitivity analyses, and by testing for upper and lower design
bounds. Tuerefore, the resulting point design is an optimal design bt not totally
optimum,

C. TPOINT DESIGN
The principal features of this point design are shown in skeftch SK2224234 (Sheets 1

and 2 of which appear at the end of this report), Some discussion of these features ap-
pear, starting on page 1-11,

1-4
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Figure 1-2, Mechanical capacitor comections,

Three wheel configurations A, B and C and two motor generator configurations
were proposed originally, These appear in Figures 1-5, 1-6, and 1~7, showing
wheel system cross sections. All these configurations comprise a composite rim
(or rims), magnetic suspension of the wheel, and motor-generator elements to accelerate
and decelerate the wheel (add or subtract energy).

The wheel is a gyroscopic body rotating close to but not in physical contact with the
supports, The function of the magnetic bearings is to maintain the space gap between
the wheel and the supports in the presence of gravity and disturbing forces.

As the wheel spins up to high speed, it can expand 1% or more on the diameter,
Therefore provision was made for an axial adjustment of the support surfaces to main-
tain the space gap for proper operation of the electromagnetic bearings. However,
this approach was abandoned during the study in favor of the use of a very stiff inner
rim so that expansion is limited to a small increase in gap growth., Further, the angled
bearing support was chosen to further minimize gap increase due to wheel growth,
Configurations B and C were eliminated; configuration B for the reason stated last
and configuration C because it was determined at the outset thaf the physical strength.

properties of the rim of the wheel must be significantly derated to allow for stress concen-

trations due to centrifugal forces imposed by the metal elements. The principal values
and materials chosen for the point design energy wheel are shown in sketches SK-2294234
and in Table 1-2.
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Figure 1-3. Major components of Mcchanical Capacitor,
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INDEPENDENT VARIABLES (given)

- Max stored energy

- Max power output

= Depth of discharge

- Cycle efficiency

- Energy and power profile

A -~ Overspeed, overload

- Environment and disturbances
~ Electrical input and output (and quality) [T
- Life and reliability

- t>| - Cost, weight, volume, etc.

> Not specified

MECHANICAL CAPACITOR SYSTEM
Bependent lst Order Design Variables

. 1 o
i IStruéEﬁral 3
H | Subgystem B
: ' AN :
i IEnclosure Power Conditioner . s
i Subsystem Subsystem I
“ ! f / .
. ' [_//L/ |
i . 5 3 .
i Motor/Generator Base ;
ST Subsystem Subsystem .
i w '
i L
N/ 4
£ Suspension R
¢ subsystem B
{Bearing)
Ist Orderx Design Variables: = L7
1 2 = b 3 K ; uii
Type T Type . Isolato. Types-Type * Type - Materials ; ‘
+Materials - Components « Power Spect, - Sensors » Poles * Volume HE
y « Dimensions + Rated volt, of disturs «VZP/other + DiA. « Depth of vacuum oo
i . Inertia current bances. « Leakage I
2 + Current - Supported’ wt, «Materials »Material L
. Speed ..Quadrature . Degree of » Clearance « Gap «Magnetic Induc- ' :
«Wedght Lag. isolation - Damping « Voltage tion PoEe
«Stiffness «Harmonies + Bandwidth ¢ Current * Dimension sta- C }
.Nat, Freq. . Forced/Nat. bility P
commutation « Control mode - Gapfield (Temp time loads ) Y
} } ;
« Unbalance - Type of sup= ;
» Long-time ply & loads ;

dimen. stabil..Parallel tie .
or isolated 5

Figure 1-4, Independent variables, dependent variables, and inter-
active relationships of Mechanical Capacitor
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TABLE 1~-2, MECHANICAL CAPACITOR POINT DESIGN FEATURES

. Wheel OD 4 Tt, )
ﬂ . o 2 Ft. %\
Max. Normal Speed 17,000 rpm
50% Normal Speed 8,500 rpm i
Rim Material Kevlar 49 and resin matrix g
| Rim Fiber Content 79% P
Inner Rim Material Graphite GY-70 and resin matrix
| Fiber Content 60% :
Soft Magnetic Matzsrial Carbonyl Iron or a glassy metal (Metglas)
q Perm, Magnetic Material SmCoy
" Attractive Suspension VZP (virtual Zero Power) : q__
Nominal Gap Clearance 0,030 I, \
Maximum Excursion +0. 020 In, ‘

Although configuration A was the only one selected for more design analysis, P
a number of subsystem options were analyzed, First, two wheel structures were ;e
designed and analyzed: S

R

1. A prestressed solid multiring wheel, which will be referred to as the NASA
configuration, :

e

o ae

2. A multiring wheel with light weight fillers between the rings, which will be
referred fo as the RCA configuration: {this is a proprietary configuration).

1., Motors ' - 1

Four motor-generator configurations and four variants were examined instead
of the two proposed configurations (a homopolar and a de torquer), The basic configura-
tions are shown in Figure 1-8, The upper sketches are cross sections of the inner rim
of the energy wheel. The lower sketches are views looking radially from the wheel axis
of rotation. Two motor-generator configurations have fixed fields, and the others vari- S
able fields. In the first two, the generator voltage varies 2:1 with wheel speed. In the : .
others, the field can be varied to maintain constant output voltage. A trade must be
made, taking info account the effect on the power conditioner subsystem design, motor-
generator losses, wheel dynamic stability, weight, and cost. The Inland Motors Division
of the Kollmorgan Corporation consulted with RCA and examined its motor analyses and
selection. Configuration 2A-1 was considered as the optimum selection. A qualitative

f
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rating appears in Table 1~3, This is a 3-phase, Delta connected motor-generator :
: oparating at a high commutation rate with a permanent magnet field structure ecarricd T
- on fhe wheel and the ironless armature suprorted by the fixed structure, Degtails of o
. the motor-generator analyses appear in Appendix C. o

2, Structure -

The two structures considered for the wheel, the NASA and the RCA configura-
tions, were stress-analyzed using the structures model shown in Appendix A. The

objective was to determine an optimum design (maximum energy density) through a : N
choice of material and dimensions that exploits the high intrinsic energy composites in j
such a way that the radial and tangential stresses in the wheel are everywhere close L

to the allowable stresses,

! -
A number of design parameters are involved in each tested design., Some f o
boundary conditions were: the choice of two structural fibers, one rim id-od ratio,
one wheel id-od ratio, and a pancake configuration.

N

Two idealized configurations, of the many analyzed, are shown in Figures 1-9
and 1-10 and the point designs are shown in sketch 2294234,

The NASA configuration comprises prestressed circumferentially wound rims . P
with no fillers, The RCA configuration comprises separate rims with honeycomb fillers, '
The honeycomb does not contact the rim directly but is bedded in an elastomer as shown
in the defail in Figure 1-11, The function of the elastomer is to accommodate changes
in the radial direction dimension between rims as the wheel speed changes, P

A number of :onfigurations were analyzed, some of which are listed in Table 1-4, j_
The analysis indicates that the NASA and RCA configurations theoretically are

superior in energy density capacity to all known energy wheel configurations. The de-
tailed structural analysis appears in Appendix A,

3. Suspension

The electromagnets, comprising part of the magnetic suspension subsystems,
are shown iu sketch SK-2294234, These are biased electromagnets with integral per- ]
manent magnets that provide a 'bias' field across the gaps that can be modulated by '
coil currents, Coil currents variation with the electromagnet force is fairly linear.
The suspensicn has the following features or capabilities:

e  Support {wice the rotor weight

- ¢ Conical bearing

1~13




TABLE 1-3, M-G CONTFIGURATIONS (COMPARISON)

1 2A-1 3 4
Lowest
Rofor Weight 1 2-3 3 4
Air Gap, in. Smallest
(Complete Circuit) 1 1 2 3
0,12 0.14 (min,) 0,234 0.314
Flux Density Highest
(For some length 1 2 4 3
mags. or equiv,
electromags)
IZR Losses Lowest
1 2 3 4

Armature Coils -
Long End Turns

Armature Coils- (IZR for field (IR for field
~ Long End Turns is added) ‘is added)
Magnetic Losses Lowest
“Running 3 ' 1 2 2
-Coasting 3 1 2 2
Crosstalk
(Between M/G
and Bearing
~Powered Yes (axial) No Yes (Radial) Yes (Radial)
~Coasting Yes (axial) No Yes Yes
Mifg, Cost _ Lowest
2 1 , 4 3

Notes:

Wheel growth with m~g dia, of 22 in,
E =70 x 10 be/m?
Maximum Strain = 0,017 in. on radius,

4
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RADIUS
24 IN.
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19.4IN.

17.51IN.
16.9 IN.

1475 IN.

12 IN.

NOTE:
TOTAL IRON = 15 Ib.

476 Wh/lb.
@ 17000 RPM

— 439 psi

424 psi
— 488 psi

341 psi

A

.

RADIAL
STRESS

— 4350 psi

ELASTOMER

KEVLAR

GRAPHITE
HONEYCOMB

GRAPHITE
RING

IRON

Figure 1-9. RCA graphite, graphite-honeycomb, Kevlar energy-wheel configuration,
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RADIUS —®> 25N, —
24N, 7
/ PRESTRESS
21,1 IN, < —2820 PSI
19.7 1N, \\ —4250 PSI
"/,
185 IN. Q —5380 PSI
\\
16.1IN. // —EB90 PSI
/
135 IN. Vv )

NOTE:

\ KEVLAR
N

/ N
/ KEVLAR
Z
IRON

TOTAL IRON = 188 LE.
57 Wh/L.B @ 18300 RPM
{(REDUCES TO 38 Wh/lb IF ULTRA HIGH
MODULUS INNER RIM |S CONSIDERED)

Pigure 1-10, NASA all-Kevlar energy-wheel configuration,
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. Figure 1-11, RCA honeycomb-elastomer rim configuration.

e All-active axes

e Biased magnetic field

e Symmetrical surface sensing

The block diagram of the system is shown in Figure 1-12. Five degrees of freedom : 3
of the wheel are controlled by the system and the sixth by the m-g. Six dieplacement P 5
gensors (five and one redundant) are needed to determine all motions, The sensors i i

measure displacements (gaps) normal to the bearing surface. The design axial and
‘.f"f radial loop parameters are shown in Table 1-5. The system is stable for the rigid 2
wheel, An elastic model of the wheel is needed to determine if stability can be obtained ¢
‘E for this case. The suspension system analysis appears in Appendix B.

4, Power Conditioning Subsystem

R

The subsystem requirements were refined during the study to include the
following assumptions and statements:

4
i

@ Supply and load 8¢, 110/220 V

@  Supply has infinife tolerance for converter reactive volt-ampere demand
and converter-injected harmonics
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TABLE 1-4, WHEEL STRESS ANALYSIS RESULTS

fron W, | Wheel Wt. D Thic_:kness gigi?tlh Construction RPM
{lh.} (Ib.) {in.,) @in.} (in. )
15,2 500 12 10 0. 008 I-G-R=-H-R-K~R-H-R-K 11, 000
15.2 200 12 4 0.019 I-G~R-H~-R~K-R-H-R-K 17,000
16,0 263 13.4 1 0. 040 [-G-K (prestress) 15,280
18.8 175 13.5 2.5 0,017 I-K (prestress) 18, 900
2,2 520 12.1 3.6 0.035 I-G-K (prestress) 14,000
{Est)
22 167 12.1 2.5 0,017 I-K (prestress) 19, 600
15 370 12 4/8.5 0.01 I-G~-H-K-H~K 12,000
15 209 12 4,1 0.02 I~-G-H-K-H-K 17,000
30 308 12 5.5 0.02 I-G-H-K-H-K 14, 300
15,2 208 12 4 0.022 [-G-R-H-K~R-H-K 17,000
22.5 330 12 5,7 0,021 I-G-R-H-K-R-H-K 13,800
45 227 12 4 0.12 I-K-R-H-K 17,000
0 203 12,5 4.3 0,02 [-G-R-H-K-R-H-K 11,000
20 270 12,5 5,1 0,031 [-G-R-H-K~R~H=K 15,000
38,9 362 12,5 6.5 0,037 I-G-R-H-K-R-H-K 13, 300
0 198 11,5 4,2 0,018 [-G-R-H-K-R-H-K 17,000
20 250 11.5 4,5 0.02 I-G-R~H-K-R-H-K 16,000
40 320 11,5 5.5 0.02 I-G-R~-H-K-R-H-K 14,500
0 197 13.5 4,1 0,025 I-G-R-H-K-R-H-K 17,000
39.6 100 13.5 7 0.023 I-G-R-H-K-R-H-K 12,900
Notes:
I; Iron All wheels: 48 in, OD Working Stress:
G: Graphite Energy store: 10 kWh Kevlar 49 = 225 ksi

R Elastomer
H: Honeycomb

K: Kevlar

1-18
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- Figure 1-12, Suspension system block diagram,

TABLE 1-5. AXIAL AND RADIAL LOOP PARAMETERS

Parameter

Axial

Radial

Gain
Crossover Freguency
Phase Margin

P, M. Bearing Spring
Constant

Motor Fld. Spring Constant
Axial Defl, for Twice
’ Weight
Total Spring Constant
s

06.3 dB
500 rad/s.
H4e

-59,500 Ib/in.

0

11,8 mil-in,

+59, 500 Ib/in.

78.9 dB
168 rad/s.

55°
_ 59,500
2

59,500
4

in2 alb/in,

:-3i112 & 1h/in,

+7970 1b/in,
0.6

Note:
o = 25°

;
H
A AR -
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e Parallel tie~line operation
¢ Motor harmonic impedance high

e  No filtering between converter and m-g.,
Motor configuration 2A-1 (Figure 1-12) was used for the analysis.

The Westinghouse R&D Center Systems Analysis Group consulted on the subsystem
design and cost estimate, The elemental schematic of the system is shown in Figures
1-13, 1~14, and 1-15,

The high frequencies involved and the high-efficiency requirement leads to
a double~conversion transistor voliage and current fed scheme as shown in Figure
1-18 with switch details shown in Figures 1-14 and 1-15., The cost of this system in
fhe 1980-1985 time frame is very high and becomes a principal consideration in the
application of energy wheels, A detailed discussionleading to choice of power converter
subsystem appears in Appendix D,

5. Vacuum Housing, Base, and Isolation

These topics have been treated lightly because they are low-risk items with
little impact on systems optimization and costs,

The vacuum housing shown in sketch SK~2294234 is overdesigned for a vacuum
pressure of 1070 torr. The housing and support structure is made of fiber glass mat
(to eliminate magnetic losses due to sfray fields from the suspension and m-g systems)
and gheathed on the outside with butyl rubber to provide a low-lealk barrier, The
housing has no openings, hence a small vacuum pump operating intermittently can
provide the vacuum pressure.

The housing is supported by shock mounts to provide isolation from seismic and
local noise (traffic, etc.). Low-frequency earthquake shock waves can be handled by
the magnetic suspension, One alternative view is that the housing can be bolted solidly
to the base structure because normal seismie noise is likely to have a small effect
on suspension power expenditure. Some supporting information is contained in
Appendix E,
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{SEE FIGURES ¥ A B ="
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Figure 1-13. Elemental schematic diagram of complete double conversion system.
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dc

X = SWITCH

a.

Elemental schematic diagram of voltage-fed converter,

MACHINE

I
i

BASE
DRIVE

b. Switch details,

Figure 1-14, Voltage-fed converter schematic diagrams,
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a, Elemental schematic diagram of current-fed converter,
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{
I

¢

¥ b, Switch details.

Figure 1-15, Current-fed converter schematic diagrams,
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Section 17T '

LOSSES AND SYSTEM EFFICIENCY

Energy losses are encountered in the suspension and motor-generator (m-g) T
subsystems. The determinants of losses are shown in Table 2-1, and the localized R i
hardware-based sources of losses in Table 2-2, s

When the wheel is in neutral equilibrium, the Virtual Zero Power (VZP) suspen- Lo
sion system does not require electrical power if the magnetic bearings have symmetry. f :
The magnetic field in the gaps does not vary as the wheel rotates; hence, the metal in '

- the electromagnet circuits will not be exposed to time-varying coercive fields, How-
e ever, Group I causes in Table 2-1 will in fact result in dB/dt variations and hence

eddy-current and hysteresis losses. Group II imposed inertial forces require that _
the suspension system expend power also in countering these mechanical noises. L
Group III are first-order determinants of losses, coutrollable through fundamental '
design decisions. And Group IV determinants are, in the main, independent variables f
that tend to determine the absolute value of the losses. '

Accurate determination cof losses is rendered difficult because of the complex P .i
nature of the operating environment. For example, the magnetic induction in the rim
metal is modulatedin a complex manner, All suspension system magnetic changes
occur mainly in the first B~H quadrant at high fre :ncies, The hysteresis and eddy-
current losses are determined by:

o Range of variation in the magnetic induction about the normal bias values

L

e The effective permeability ;
e Power spectrum of frequencies contained in the variations in magnetic
induction '

|

e Magnitude and distribution of instantaneous flux density across the thickness , |
of the laminations

e Magnetic property changes due to physical stresses in the rim metal

® Other causes,

Input values for the determinants marked with asterisks in Table 2-1 are not
obtainable during the design phase for the computation of losses, Conservative
assumptions can be made, based on.manufacturer's measured bulk properties,
manufacturing experience, etc,, and losses computed from these assumptions,
This procedure has the merit of permitting estimates to be made, but will not lead
to an accurate determination of absolute losses a priori.
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TABLE 2-1. MECHANICAL CAPACITOR; DETERMINANTS OF SYSTEM LOSSES

First Second
Order Order

Group I - Physical Causes

*Wheel Dimensional Variations

*Wheel Unbalance

*Electromagnet Assembly Magnetic
Variations

*Magnet Variations

*Soft Tron Variations

*Sensor Noise X

P

e

Group II - Inertial Sources

Earth Rotation
*Seismic Noise
*Motor-Gen, - Suspension System
Cross Talk Forces
*T ocal Noise

KA

bgs

Group III - Miscellaneous

Basic Choice of M-G and PCU Con-
figurations
Stray & Residual

ol

Group IV - Performance Related

Speed
M-G Diameter
Suspension (Bearing) Diameter
Whesl Weight
System Operating Cycle
(Erergy and Power Profiles)

KoMK

be

In addition to the losses enumerated, stray fields from the magnetic suspension
system and motor-generator can interact with the vacuum housing and supports if
these are made of ferrous metals, aluminum, efc.

Tollowing are estimates based on the foregoing loss sources.
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TABLE 2-2, MECHANICAL CAPACITOR; POWER LOSS SOURCES

e raer okt v W

1. Suspension Subsystem

a. Eleetromagnets i
R e
Eddy Current
Hysteresis

b, Keepers and Other Metals

Eddy Current o
Hysteresis A
¢, Electrical & Electric Circuits and Components ’
?R 4
d, Quiescent Power
?R ‘
2. M-G

a. Rotor Magnets & Circuit Elements

Hysterisis
Eddy Current ; !
b. Stator e
IZR Lo

Hysterisis

Eddy Current

3., Harnesses

PR

4, Power Conditioner Unit

IzR and Magnetic Losses
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A, SUSPENSION SUBSYSTEM LOSSES

1, Dimensional Variations Effects

The effect of whe.cl dimension variations is to cause variations in the gap
field, The slope of the gap field flux, from the test electromagnet data in Table B-1,
' 4- = L]
Appendix B is -—2-96—614—95— = 5,6 kilograms/in, If wheel out of round and out of

flat is +0.002 in., the B variation is 5400 x 0,002 = +10,8 at a once around frequency,.

2. Effect of Unbalance i

; If the maximum unbalance is 0.0003 in, (irom the SOW) the B field vari-
i ation is: 5400 x ., 003 = £16, 2 gauss,

The effect of these small variations in the gap field should be negligible,
compared to other losses determined in the following pages,

3. Electromagnet Variations

i

These include magnet variations and soft iron variations, Variations in ’ ) {
the magnetic properties of the electromagnets (EMs), magnetic, and soft iron circuit -

: elements can cause dB/dt changes under steady-state operation. With high quality
! materials, the variation in the biased gap field may be held to +5%, The nafure of i S
the variations szen by the rim soft magnetic material, however, is not known a >

priori, If a sinusoidal variation is assumed with a wavelength of 4,3 x the keeper :
width, or approximately 5,6 in,, the field will vary with a frequency as follows: ,3:

g
j
3
4
wheel frequency x keeper diameter x 7 /2,6 1
for wheel frequency of 17,000 rpm and keeper diameter of 26 in. approximately, i

17000 26T T
f= 50 X 5.6 = 4:.1 kHz ) i

The metal on the wheel (the moving portion of the eleciromagnet circuit) sees an cod
external de field due to the biased EMs and an ac field due to the variations men- i
tioned, The hysteresis loop that results appears like Figure 2-1, The loop is ~
in the first quadrant of the B-H characteristic curve, 2

’ P The true dynamic environment is considerably more complex because

the assumed sinusoidal ac circuit fieid component is, in fact, made of many fre-~
guencies and strengths and can result in many interior hysteresis loops as shown in
Figure 2-2(d) (first quadrant), taken from Reference 4,

&
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Figure 2-2,

e,

Examples of hysteresis loops with the field strength of two

components of different frequency and different amplitudes.
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It is assumed the small interior loop is 5% of the complete loop, also that
the keeper is made of laminated Metglas 2605 whose bulk loss characteristics are
shown in Table 2-3, The loss in the suspension keeper is then:

w (Bl) 1.6 f1 1.4 tl/Pl
Loss (Watts) = — - x0.1

2.2 B, % b,/P,,

The keeper weight is 0,290 x 1.32 x 26 v x 2 x 0,20 = 12,5 lbs, The lamina~
tion thickness is 0.002 in,

H

Loss (W)

12,5 (250*)1'6 4,1 1.4 1x0.1
5.2 1000 1.0 x .

]

0, 44 watt,

The loss in the soft iron EM cores will be much less due to the low duty factor and
the lower frequencies of induction due to coil current modulation.

The above loss dominates all magnetic losses from causes in Paragraphs A.1
through A.3 in the no load wheel condition, The uncertainty in the estimate must be
emphasized,

4, Other Effects

The suspension servo loop must deal with earth rotation, seismic noise,
sensor noise, and unbalance motor forces, However, the last named loss determinant
does not apply to m-g configuration 2A-1, which does not produce cross-talk forces
affecting the suspension system,

The effects of the remaining loss determinants are small, The first is
determinable; the others could be specified for the design and evaluated in a simulation
of the suspension system to determine power requirements, However, this analysis
is beyond the scope of the study.

For preliminary design, it is assumed that in steady-state operation, a 5%
gap fie 14 modulation at a once-around rate is required to counter the inertial forces
and sensor noise, The loss calculated, as before, is then approximately 0.44 walt,
The electromagnetic power losses must also be accounted for.

*5% modulation,
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TABLE 2-3, SOFT MAGNETIC METALS FOR ENERGY WHEEL BEARINGS

Material Watts/KG Hysteresis and Eddy Current
(2 Mils Thick) Loss at Frequency and Induction Noted
60 Hz 103 Hz 104 Hz
13,000 Gauss 1000 Gauss 1000 Gauss
50% Silicon Iron 1.5 0.26 7.0
50% Nickel Iron 0.77 ¢.22 5.5
2605 Metglag* 0.53 0.10 2.9

*The resistivity is 125 yohm cm,

In general, at the higher frequencies, METGLAS 2605 losses vary from
those shown as:

1.6 i.4 3
B, £ 1/ o,
BO f0 o/ Py

where B is the magnetic induction, f is the frequenry, and t and pthe thick-
ness and resistivity, respectively.

The EM assemblies have 473 turns of No. 26 AWG copper wire. The length
of the coils is 477 x 19/12 x 32 = 24168 ft; for No. 26, R = 41,6 ohms/1000 ft.

R = 41,86 x 24.2 = 1006 ohms
total
Assume 5% of full eurrent or 0,15 ampere;

Average IzR = (0.15 % 0.'?0'?’)2 x 1006 = 11, 31 walts,

Hence, in the idling condition, the wheel suspension system loss is: 0,88 + 11,31 =
12,2 walts,

5. Motor-Generator Losses

The motor-generator is 2 3-phase, delta-connected, electronically com-
mutated configuration with an ironless armature, In the coast phase, the motor-
generator losses should be approximately zero, because the fixed field (which is part
of the wheel) is not acting on any fixed-stator soft magnetic material,




There is a question, however, of possible eddy~-current losses in the arma~
ture windings, These losses are ignored in conventional motor design, but ought to
be considered in an energy wheel system sensitive to 'friction' while in the coast con-
dition. An upper bound estimate of losses made in Technical Note 2-1 'Upper Bound
. Eddy Current Losses't is 74 watts. A reasonable assumption is 10% of this value
or 7.4 watts, approximately.

Lo The remaining motor-generator losses have been determined in Appendix C.
# A summary appears in Table 2-4,

These losses are hased on a 28-pole, 11,000-rpm motor-generator, The
design wheel speed was later changed to 17,000 rpm and the number of motor-
generator poles reduced proportionately to maintain commutbation switching speeds.
Accordingly, eddy-current and hysteresis losses will remain, Eo a first approxima-
tion, the same as do the armature and field currents, However, the number of field

. coils is reduced, Therefore, the 2R losses are reduced by the pole ratio or 18/28,
Tahle 2-5 lists the revised losses, The armature eddy-current loss is accounted
for also,

8, Power Conditioning Losses

Efficiency calculations for both variable-voltage and constiint-voltage
motor-generators are displayed in Figures 2-3 and 2-4. It can be seen that efficiencies
hold up quite well down to a 40 to 50% load, but fall off quite rapidly below that level.

This behavior can be explained quite simply., There are, in essence, three
categories of loss in power conversion equipment, as follows:

¥ (1) 12R Loss - A loss component proportional to the square of the rms
current in Eransformer and reactor windings, in busses and connections,
and to an approximation, in a portion of the conducting drop of
semiconductor devices.

(2) A loss component directly proportional to current, mainly in the switch-
ing losses of semiconductor devices and losses due to voltage transient
protection therefor, These losses are also,.in general, a function of
voltage level and switching rate (operating frequency). Also, a portion
of semiconductor conducting loss is, to an approximation, directly
proportional {o current level,

(3) "Constant losses'", mainly from two factors ~ the excitation losses of

v magnetic components (transformers and reactors) and the losses of

i R~-C "snubbers' used to control dv/dt and transient voltage phenomens
as applied to semiconductor devices, These latter are also, in general,
dependent on voltage level and switching rate,

*Pound ab the end of this Seciion.
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TABLE 2-4. MOTOR GENERATOR LOSSES (WATTS)
(11,000 RPM RATED SPEED, 28 POLES)

Charge Coast Low Power High Power
From 50% to | Zero Input Intermittent Op. 15 kW (rated
100% rated & Output at 10% rated power) During
speed in 8 Power for power to 60% last hour down
hours 6 hours Rated Speed to 50% Speed
in 9 hrs,
2, M/G1
- Stator
12R 0,15 - .30 - .83 77.8 - 120,80
Eddy Current i2,5~33.0 33.0 83.0 - 18,20 16,20 - 12,55
Hysterisis
- Rotor
EddyCurrent
Hysterisis
Total Losses: 12,7 - 33.2 33.0 33.3 - 17,0 94,0 - 133.4
2, M/G2A-2
- Stator
IZR .25 _ 5=1,4 135.2 - 154, 7
Eddy Current - - — —
Hysterisis
- Rotor
Eddy Current —_ - — -
Hysterisis
Total Losses:; 0.3 - 0,5-1,4 135.2 - 194,17
2. M/G3
~ Stator
i’zR 0.5 - 2,1 233.8
Eddy Current — - bt -
Hysterisis
- Rotor
Eddy Current 12.8 -22,9 22.9 22.9 -6.2 6.2 - 12,30
Hysterisis 200,0 - 64.3 64,3 ~ 200 .
Total Losaes: 12,8 - 23,4 22,9 225,0 - 72.6 304,3 - 446, 1
2. M/G4
~ Stator
%R 1.0 - 4.4 451.0
Eddy Current — - -
Hysterisis
- Rotor
Eddy Current 12,3 -22.9 22,8 22.9-6.2 6.2 -12,30
Hysterisis 200 ~ 64,3 64.3 - 200.0
Total Losses: 13,3 -23.9 22.9 227,3 - 74,9 521,22 - 663,83

Note: Eddy current armature wire losses not included,
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TABLE 2-5. MOTOR-GENERATOR LOSSES (WATTS)
{17,000 RPM RATED SPEED, 18 POLES)
Charge Coast Low Power High Power
From 50% to Zero Input Intermittent Op. 15 kW (rated
100% rated & Output at 10% rated power) During
speed in 8 Power for power to 60% last hour down
hours 6 hours Rated Speed to 50% Speed
in 9 hours
2, M/G1
- Stator
2R 0,10 0.19 - 0,53 50 - 77,7
Eddy Current 13.5 - 33,0 33.0 33 - 16,2 i6.2 - 12,5
Hysteresis
- Rotor
Eddy Current
Hysteresis
Total Losses: 12,6 -« 33,1 33.0 33,2 - 16.7 66,2 - 90,2
2, M/G2A-1
- Stator
PR 0.16 0.32 - .90 86.9 - 125.2
Eddy Current
Hysteresis
Eddy Current 3.8~7.5 7.5 7.5-4.5 4,56-3,8
(Armature)
Total Losses 4.0-7.7 7.5 7.8-5,4 91,4 - 129,10
2. M/G3
- Stator
2R 0.32 1.35 150.3
Eddy Current
Hysteresis
Rotor
Eddy Current
Hysteresis 12,3 -22.9 22.9 22,9 -6,2 6.2-12.3
~ Field Coil 200.0 - 64,3 64.3 - 200.0
Total T,08se3 12,6 - 23,2 22,9 223,83 - 71,9 220,8 - 362.6
2, M/G4
- Stator
2R 0,67 2.8 289, 9
Eddy Current
Hysteresgis
- Rotor
Eddy Current 12,3 -22,9 22,9 22,9 -6.2 6.2 ~12,30
Hysteresis
- Tield Coil 200 - 64.3 64.8 - 2iy.0
Total Losses: 13.0 - 23,8 22,9 225,7 - 73,2 350.4 - (2,2

*This armature eddy current loss estimate is ineluded only in the motor generator finally

chosen (2A-1}.
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The ''constant" loss contributions are, obviously, responsible for the drastic
reductions in efficiency at light loads. Since there is very little that can be done to re-
duce thess losses in equipment designed for a given power level, there is little prospect
of improving the light-load efficiency to any significant degree,

Observing the curves for a variable voltage (fixed field) machine, the reduc-
tion in I2R and I-proportional losses at full voltage, full speed (and hence half current)
more than offsets the increases in voltage-dependent, switching-rate-dependent losses
that occur as compared to the half voltage, half speed, and full rated current condi-
tion, Comparing to the curves for a constant voltage (controlled field) machine, the
increase in frequency-dependent losses there causes a reduction in efficiency as machine
speed increases, the current being essentially constant at any given load level.

The efficiencies for a constant-voltage machine lie between those for vari-
able voltage operation - while not so good as for the high voltage (curve I) condition,
they are better than is obtained at low voltage (curve II).

The curves indicate that good efficiency over a very wide load range could be
obtained by using two converters, one rated at about 75% and the other at about 25%
of system requirements, and operating with an appropviate strategy., This approach is,
in general, going to add considerably to the cost of the equipment; however, energy
costs may be high enough to justify its adoption.

Of the system components, the major loss contributors are the input trans-
former, which is also responsible for much of the '"constant” loss contribution, and
the high-frequency self-commutated (transistorized) machine converter, While the
biggest single factor in that element's losses is transistor conduction loss, transistor
switching loss, transient overvoltage protection loss, and dV/dt control loss combined
make up an equally important contribution, The 60-Hz converter and dc reactor losses
are, by comparison, relatively minor confributors.

Some improvements in efficiency could be made, then, by reducing the fre-
quency of the machine's generated voltages and/or improved switching transistor
characteristies (in all respects - saturation voltage, rise and fall times, and switching
voltage capabilities). However, the input transformer contributes 1/3 to 1/2 of
all loss, and thus dramatic improvements in efficiency are unlikely unless a transformerless
scheme is adopted, The hazards of such an approach make it seem unlikely that it woulc
be acceptable,

Some key electrical design parameters of the conversion equipment are as
follows:

® Machine Frequency - 1283 to 2567 Hz
@ Machine Voltage (Variable) ~ 131 to 263 V rms (line-to-line)

2~-13




Machine Voltage (Fixed) - 131 V rms (line-to-line)
DC Link Voltage (Variable) - 170 to 340 V

DC Voltage (Fixed) - 170V

Average de Link Current (Variable) - 52 to 104 A
Average dec Link Current (Fixed)- 104 A

Transistor Peak Current Assuming 0,75 pF Machine Loading On
Converter - 145 A Max,

Transistor Conduction Angle - 138, 6 Degrees
Transistor Switching Current, Peak - 96 A Max,

Diode Conduction Angle - 41,4 Degrees

Transistor Average Current - 40.4 A Max,

Diode Average current - 5.8 A Max,

DC Link Capacitor (Variable Voltage Version) - 6000 uF
DC Link Ca, acitor (Fixed Voltage Version) - 33, 000 uF

DC Link Reactor (Variable Voltage Version) - 2,28 mH@ 104 A
to 39 mMH@ 6 A

DC Link Reactor (Fixed Vo'tage Version) - 0.4 mH@ 104 A
to 3.6 mH @ 12 A (Swinging chokes are necessary)

Transistor and Diode Voltage Ratings:
Variable Voltage Version - 600 V
Fixed Voltage Version -~ 400 V

60-Hz Converter Line Voltage:

Variable Voltage Version - 344 V
Fixed Voltage Version - 175 V

Thyristor Average Current - 35 A Max,

Thyristor Peak Current - 105 A Max,

Thyristor Conduction Angle - 120 Degrees

Thyristor Voltage Ratings:

Variable Voltage Version - 1200 V
Fixed Voltage Version - 800 V

Input Transformer kVA Ratings (nearest standard)
Variable Voltage Version - 50 kVA
Fixed Voltage Version - 25 kVA

2-14

T




7. System Efficiency

System efficiency is defined for a 24-hour cycle, The ratio of energy ex-
tracted to that supplied, for the 24-hour cycle, should be greater than 60%. The primary
losses in the energy wheel system are caused by the magnetic suspension, the motor
generator, and the power converter,

Tahle 2-6 contains a summary of the losses for motor-generator 2A-1 and
the suspension, These values are used in this determination of system efficiency.

TABLE 2~6, POWER LOSS SUMMARY; M-G 2A-1 AND SUSPENSION

Charge Coast Low Power High Power
From 50% to | Zero Input Intermittent Op. 15 kW (rated)
100% rated & Output at 10% rated power) During
Speed in B Power for power to 60% last hour down
hours 6 hours Rated Speed to 50% Speed
- in 9 hours
1, Suspension
- Electromagnetis
12R 11,31 11,31 11.31 11,31
Eddy Current - - —_ -
Hysterisis
- Keepers
Eddy Current 0.44 - 0,88 0,88 0.88 - 0,54 0.54 - 0,44
Hysterisis
- Sensor &
Electronics 6.0 6.0~ 6.0 6.0
Subtotal 18,0 18.0 18.0 18,0 .
2, M/G
- Stator
12R 0.16 — 0.32 - 0,90 86.9 - 125,2
Eddy Current
(Armature) 3.8 -17.5 7.5 7.5 -.4,5 4.5 - 3.8
Hysterisis — - — -
- Rotor
Eddy Current _ _ n _
Hysterisis
Suhtotal 4,0 - 7.7 7.5 7.5-5.4 9" L -129.10
Total 22.0 ~ 25,7 25.5 25,5 - 23.4 109,4 - 147,1
2-15
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% a. Spin-Up - 8 Hours E
The average power is approximatsly 2—935—21—1-—?—5- or 0.9375 kW o

Average power loss is approximately (4.0 + [0,70x 3.7])) +18=24,6 W

:

Power converter efficiency = 55%

Input energy = (?EZ'_E%LSZ;'_@ ) x8 = 14, 08 W-hr D
: 14,008 -7.5 b~
Efficiency =1 - TZ 008 0.54 or 544, -
j This is clearly unacceptable, The low efficiency of the power converter L
F at low loads is the cause, The alternative is to charge the wheel at full load. J
Average loss= (91,4 + [0.7x37.6])+ 18 =136 W
i Power Converter etficiency = 0, 90 -4
Power to wheel = 15 + 0,136 = 15,136 kW
Charge time = e == 0,50 hr -
B “15.186 =
3 P
Utility power inpuf = 15T1§0_6 = 16,817 kW - &
Utility energy input = 8,4087 kKW~hrs
Efficiency = 1 - §.408 - 7.500 _ 0.89 or 89%,
8.40 HR
Clearly this method of charging is preferred, ) P
b. Remaining Phases i
The remaining phases are freated in like manner, The results are shown 4 :
in Table 2-7, :
From Table 2-7 and this spin up analysis, the combined losses are 3,218 1 T
kW-hr, per 24 hr cycle. The system round trip efficiency is
iy
1-3.218 _ i
L m =0,62 or 62%. ;
it is important to note that the low efficiency is due almost entirely to the power con- ; ;
verter, The wheel round trip efficiency alone is approximately 97%.
: 2-16




TABLE 2-7, OPERATIONAL PHASE EFFICIENCY

Coast Intermittent Load Full road

Actual time (hr) 8 2,50 0.066
I.osses - In, wheel (kW-hr) 0,153 0.050 0.009
Wheel Energy(kW-hr)

Start of period 10,000 9,847 3.600

End of period 9,847 3.600 2.500
Loss~-Power Conversion

(kW-hr)

(70% Efficienay) 1,987

(90% Efficiency) 0,11
Efficiency 98.47% 68.20% 89.10%
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C. TECHNICAL NOTE 2-1.

Upper Bound Edge Current Losses




i

Upper Bound Eddy Current Losses

Introduction:
Eddy current losses in the motor windings may be appreciable due to the ¢
relatively high surface speed of this design,

Therefore, a study was made to calculate upper bounds for this loss and to

zee how it varies parametrically.

These upper bounds result in large power dissipation even when small diameter

uL!lyaj
wires are‘éigﬁéésd to produce the required current carrying cross secticmal

area.

A more rigorous analysis based om a three dimensional field appreoach utilizing

Maxwell's equations is needed as well as test data.

The motor windings experience dlux reversals as the rotor pulses move past
them. Each conductor in the coil experiences a flux gradient across its cross=-
section, causing eddy currents.

Two cases have been studled; the field changes step wife and ramp wise.

In Fig. 1, the magnetic field moves from left to right across the conductor
of length 1 with side dimensions of Xy A square cross sectional wire was
chosen for convenience in analysis. The induced voltage between the erds of the

GGQZ;MJ
shaded pesdapden of the wire is

j& = éija A L)
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This portion of the wire has a resistance

Ee ':,"5’/};

'y'y"}('
The reraining portion of the wire has a resistance

, - L
Y2 )

L

VRS — T
-Rl [ /}C—(;'F_.“—jd)

; From the equivalent circuit of Fig. 1, the power is

pod L BT R)
* /

The resistance approaches zero as ‘X 30 and VY > X

f: Utilizing Eq. (5) and the rélation

/'%'—'/L"t— /)Q:—'U}T:O

)

P = ’5/;" AT (A= ) E
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Eq. (7) can be integrated to find the energy disgsipation for a complete uni-

directional traversal.

< £ X
,—?2_ ";/ ‘”3 ) ' L7
& = Pcﬁc = ﬁ’_;.L_L ’V";ftctt — 1 T (ft (8)
o ¢ a

2, 5

E = B - AL watt-sec. per conductor (9)
;oo
/

For a given current carrying capacity the motor winding will have a cross-

sectional area, A.

L
then 1= /NVV% (10)

where N is the number of parallel conductors. Substituting into Eq. (9) from

Table 1 {(MKS units)

= watt-sec per conductor (11)

e %
_ .B,@A:—'A/Z’
AL

B e A
= &P N

watt-sec for N parallel conductors

E = ,3082 watt sec. ONE #10 wire (12)
E = .01517 watt-sec. 4.7 32 T G0 WIRES

The energy per event given by Egs. (12) and (13) must be converted to an average

power.

2-21

1
N
-
i
2




y -4 - ; ii,
E £ = energy per event E i{-
44—= events per coll per pé&le ) 5
) (each coil has 2 sides; each pele, 2 edges) »
’ 2 = 18 poles per resolution | .‘
: 5 = 283.3 revolutions per sec. i ?§‘
A = 54 coils ﬁ{
Then Pow = 2Ew PS /L (14)
L ' Pav; = 339,600 watts 1 -  #10 wire :?;
i Pav, = 16,711 watts 413 -~ #36 wires . ifj
; These eddy current losses are excessive and, therefore,another more J
; realistic upper bound model must be constructed. The obvious change is to . §
i; introduce a more realistic spatial flux function; i.e., replace the step with a : 1
i Fig. 2 shows the geometry for a ramp function. It is assumed that the ;EJ
i gradient is small enough that the end effects (conductor just leaving or enter- g
v ing the field) can be neglected. A gradient is developed as shown in Fig, 2. :
The dc component of the field, common to all elements of the conductor, can be %
neglected. ,
é All elemental conductors are assumed terminated in a perfect conductoq’rat .1
; each end. Therefore, a terminal voltage, E, will exist due to all the elemental
conductors. i3

The induced voltage in an element at <C is: (see Table 1 for symbols)
. B0 A (4)
£ LQ’ - 6 /L -

B _ ,‘ijm. (/\Ll-yl’ O = X = /y'l (15) }

ges
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then

and I/'m“,(’ﬁf, -—/)L) =
] J{,"E k

p L
ﬂL,,%g

The total current must be zero:

' N/
I“—fd"":c
~6

o &Z' ARV S

= ‘]:.;-L-\._,.e L= X.‘

p dkaﬁ

Sty
Voo

(16)

(17

(18)

(19)

The voltage across each elemental conducter is (substituting from Eq. 19 and 17)

beye b L Bt

AL > G%fi

FJ,-,‘.‘_/{.‘ A"‘_— ‘ '1‘
ey - Bk ()
Ky

The power dissipated in each element is

. -
op - (28
e
Yy (‘C}f
E LJEL'L“"L'%- ~,¥'L ;
Lp = 2o O ’(' oy, K ) oy
. Vg b +
2=23

(29)

(21)

(22)

(23)

e ke e e et A rAd n. o




-6 -

Integrating from Ao T A, = Ky

g (O B
P o= Bom £ =, Ny .7 e cemecLerebsi (24) -

For a gilven total conductor cross sectional area, A,

, - ,
A =N A 25y Ly

Substituting from Eq.(25)into Eq. (24) ' , ;

‘ = T -
B,-’W\. /Q U A — S
F>-: e LT S Cenc e G (26) i ;fé

)2ty Ve N !
o /\//J_QLL((/LCLL_/ L'ﬂmm*’w—"l |

L

- T "
Pan L A" A . ] , (27)
= - " Ll s A /ﬁﬂAAJZHZ o
(2 s N - ? o
d_/ Conmle o an X
5
©
Eq. (27) gives the eddy current power where the gradient is: 'fi
B Lol s
G

Substituting values from Table 1 into Eq. (27) for 413 parallel #36 copper wires;

P = 2,639 watts (28) e

This is the power dissipated while one side of the coil is traversing the fieild

gradient,

As before, four of these events will occur per pale-coil combination. How~
g

2T

where r is the motor radius.

P AL TP
D s S Atk

ever, each event has a duty cycle of
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Therefore, the total average power is:

Co G127

o e e gt

- - = \( %l — A
r%LL ? 4 5 x 5S4 Z?H‘@1217(VFﬂ

[:.J;:.-\.b P =2 e2q ﬁf'w.m, %’,(ZEQ._\

L

dissipated for a longer time (Eq. 29).

losses will be less for several reasons:

2=25

gradual gradient (0.5 inch) was used in the calculation.

3. Increased impedance due to inductive effects.

based on Maxwell's field equations is warranted.

(29)

The average power varies inversely with the gradiemt distance

since, although .2 appears in the denominator of Eq., (27), the power is
#

The eddy current:power loss (74.22 watt) is excessive even though a rather

Actual eddy current

- 1. Increased resistance due to finite end resistance.

2. Increased resistance due to non~uniform current distribution.

The upper bound losses are excessive such that a more rigorous amalysis

f-.',;
-
©
o
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Motor Parameters for Eddy Current Loss Calculations

Symbol Description Units Value
] B Flux density Tesla o 0.45
1 Conductor length in field Meter -«0254
Rotor speed RPM 17,000
n Rotor FADIYS METER 0.2792~
v Rotor lineal speed Meter/sec. 497.4
[ A Cross sect. Meter? 5.261 % 10—5
area {10 wire
fj Resistivity, copper Chm-meter 1.67 x 10_8
N No. of equivalent
parallel #36 wires — 413
"¥ringing distance" Meter 2.0127
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Section III

ENERQY STORAGE WHEELS AND COMPETITIVE STORES
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Section III

ENERGY STORAGE WHEELS AND COMPETITIVE STORES !
2

A, ENERGY WHEELS

S

Secondary energy storage is required in virtually all power systems because the A R
energy supply and demand are rarely matched in fime and power. The secondary store O
may be thought of as a buffer store. Figure 3-1 illustrates the use of an encrgy-wheel ; ;} ,

system for acceptance of energy from time varying prime energy sources and delivery
to assumed loads,

j
The energy store requirements are established by system characteristics, including . 4
the energy to be stored, the rates at which (power) energy is to be stored or extracted, : j
and the forms of ' he energy supplied to and delivered by the store, Energy wheels are ' ]
one of an array of means for energy storage, Table 3-1 lists others, Of these, only

batteries are used extensively as stores. Super-conducting magnets, hydraulic pumped i
storage, compressed gas storage, and fuel cells are under study for electrical utilities .
for power peaking, The choice in a particular power system depends on selection i
criteria that may differ between systems. Two excellent studies (R=ferences 5 and 6) ,
report on the competitive aspects of some of these stores. In this study, the emphasis 1 3
is placed on energy wheel systems design and cost optimization, The competitive %
position of wheel energy stores is treated in a pceripheral fashion, However, it may be ' i
instructive to note the '"domain' of the object of this study relative to other primary and DR
secondary stores, In Figure 3-2, taken from Refercnce 7, the capability of advanced " |
energy wheels has been inserted, It appears that the energy wheel is operationally '
competitive, particularly for high power density applications, The best' ent rgy wheels,
made of light, strong materials (such as the so-called engineering fibers like graphite, _ '
fiberglass, and the aramids) are potentially capable of storing more energy per pound : i

than wheels made of traditional materials, In Table 3-2, a comparison is made of two '
, wheels, identical except for the density of the materials, If the maximum allowable ,
¢ strength is the same for both, the lighter wheel is capable of storing more energy per o
unit mass by a factor equal to the mass ratio m/%"l- or n, '

For materials with anisotropic physical strength properties, the comparison with TN
isotropic ~tructural materials is more difficult to draw, but in the main, it has been
shown that the relationship still holds, G

;i;ﬁ:f
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Figure 3-1.

Energy wheel store,

CIvVIL

HOME
25-75 KW HR.
HOSPITAL
1500—-3000 KW HR.
INDUSTRIAL PARK
1000—-3000 KW HR.
SHOPPING MALL
30008000 KW HR.
GENERATION STATIONS
100 MW HR.
COMPUTER CENTERS

MILITARY
TACTICAL — PORTABLE
25--100 KW HR.

UNDERSEA TOOL AND LIGHTS
10-50 KW HR.

AIRCRAFT
1-5 KW HR.

SPACE
0.5-1.0 KW HR.

VEHICULAR

COMPACT CAR (100 MI)
30 KW HR.

INDUSTRIAL HANDLING
10 KW HR.

BUSES, VANS, ETC.
50--100 KW HR.




TABLE 3-1, FORMS OF SECONDARY ENERGY STORAGE

Available Energy

Btu/Ib Btu/ft3
Material Material
Thermsul Energy
Heat of Fusion Only
Lithinm Hydride (1256°F) 1,250 63,900
Lithium Fluoride (1558°F) 450 73,000
Lithium Hydroxide (884°F) 378 33,700
Heat of Vaporization Only
Steam Accumulator (3000 psia at 685°F) 1,115 67,500
Sensible Heat Only (2420-620°F)
Boron 996 206,800
Lithium (liquid) 991 28, 750
Magnesium QOxide 539 120,300
Silicon Carbide 524 105,000
Silicon Dicxide 511 74,000
Sensible Heat and Change of State
Lithium Hydride (1300-800°F) 2,061 105,300
Lithium Fluoride (1900-800°F') 1,056 171,000
Lithium Hydroxide (1600-800°F) 1,057 94,100
Eutectic, 4/1 LiOH/LiF (1600-800°F) 1,033 98,250
B Electrical Energy
Batteries (for 15 h discharge)
Lead-acid 46,4 6,960
Cadmium-Nickel 46,4 6,960
Silver-Cadmium 110 16,500
Silver-Zinc 110 16,500
Tape-TFed Battery 683 51,2002
Inductance
Superconducting Solenoid? 419 1,636
Mechanical Energy®
Compressed Solid (steel) 0,06 29
Compressed Liquidd (ether at 29,400 psia) 0.39 117
Compressed Gasd (air at 6,000 psia) 28,94 3,200
Flywheel 204,78 17,690

24 gsumed storage density: 75 Ib/ft3

b195. 000 gauss coil storing 1,08 x 1022 joules at 1,3 x 10% A/em?, volume

of core included,

CMetal stressed at 100, 000 psi in tension or 50,000 psi in shear,

dincludes weight of container.
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Fig, 3-2. Energy and power capabilities of various devices,

TABLE 3-2, COMPARISON OF TWO DIMENSIONALLY IDENTICAL WHEELS
WITH DIFFERENT MATERIALS WITH THE SAME TENSILE

WORKING STRESS
Heavy Material Light Material
Mass, m m =
n
2
Inertia, j - mkz mk
o n
Speed, © w Vi w
2 2 2
Stress, ft cmkzca cmk w
by defin%tion)
R 2 mkz mkzm
Momentum, je mik = \/?m:or.\/E
Momentum/Mass K2 k2o vVn
2 2 2 2
- Energy, 1/2 jwz 1/2 mk ¢ 1/2 m]i: nw or 1/2mk e
2 2 2
Energy/Mass 1/21:203 1/2nk" w




1. Geometric and Material Tradeoffs for Rim

It is recessary to consider the relationships among geometry, material, and
speed that maximize the storage energy for a given system weight, The energy storage
in a rotating body per unit weight can be expressed as:

Omax
EW = Ky T"‘) » (in,) (3-1)

and energy per unit volume as

Gmax 9
Ey =Ky ~ , (Ib/in.?) 3-2)
where
Oax = Wworking tensile strength, 1b/in, %

Y weight density, 1b/in,3

Ky K, = dimensionless geometric factors

The factor (omax/7) is also referred to as the specific strength of the ma-
terial, (To obtain Wh/Ib and Wh/in.3, multiply Eqns, 3-1 and 3-2 by 3,14 x 1075
Wh/in, -1b.)

Within the framework of Eqns, 3-1 and 3-2, the comparison of energy wheels
is simplified by considering a materials factor and a shape factor, each of which can
be discussed separately. For preliminary matters, this approach is very useful, but
certain aspects of detail design blur the distinction somewhat, as will be shown later,

Historieally, a handful of basic shapes practical for flywheel use have emerged.

Figure 3-3 (from Reference 8) displays the character of Ky versus Ky for some of
these practical shapes. At first glance, it would seem that the isotropic disc is the
obvious choice over a filament wound shape, bul the available material properties tell
a different story, Table 3-3 gives representative values for a number of subsfances,
Of the isotropic far.”"y, the solid, high-strength steel disc has the advaniage, con-
sidering volume as well as weight, Of the filament, or laminated family, the Kevlar
composite has the clear advantage for both cost and volume tradeoff,

If one compares energy storage for a high-strength steel wheel with that for
the Kevlar wheel (at approximately 50% of the shape factor), it is discovered that,
pound for pound, the Kevlar wheel will outperform the steel wheel by a factor of

4
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TABLE 3-3, ENERGY WHEEL MATERIALS
Density Poisson's | Ultimate Yield Working Spec1f1§ Material | Normalized
" . . . ) Strength
Material {.ct H 5 Ratio T ensﬂe. Tensﬂe' Stress. a/p Cost Cc/:st
(Ih/in, *) () (Fiy) ksi | (Fp) ksi | (o) ksi (x:106) 5/} (/1)
1SN1~400 0.289 0.26 409 400 260 0.900 2.2b 5,30
{Maraging Steel)
1SN1-300 0,289 06.30 3o 300 200 0.062 2.25 6.89
(Maraging Steel)
4340 Steel 0,288 0.32 260 217 130 0,459 0.60 2,78
1040 Steel 0,288 0.30 87 58 36 0, 127 0,30 5,00
1020 Steel 0.283 0,30 68 43 25 0.088 0,30 7.23
Cast Iron 0.280 0.30 55 37 20 0.071 0.30 8.94
2021-T81 0. 103 .33 62 52 26 0.252 (.53 4,45
(Aluminum)
2024-T851 0.100 0,33 66 58 35 0,350 0.50 3.08
(Aluminum)
6A1-4V 0,160 0.32 150 140 82 0,512 4,00 16,55
(Titanium)
E-Glass 0,075 0.29 200 - 67 0,890 0,42 1.00
S5-Glass 0.072 0.29 260 - 87 1,219 0.75 1,31
KEVLAR 49(1) 0,050 0.30 350 - 225 4,500 3,00(2) 1,42
Sitka Spruce 0.015 19 - 10 0.67 0.20 0.63
Graphite Fiber(1) 0,061 - 120 1,97 15,00 16.10
Graphite Whisker®) | 0,060 1500 - 1080 18,00 |200,00 23,50
Boron Filament/ 0.096 - 254 2.61 |200.00 162, 00
Aluminum
Music Wire 0,283 600 431 1.52
(1) in epoxy composite (60% fiber by volume)
(2) projected - 1975-77
(3) in epoxy composite {70% fiber by volume)
e i o R
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Figure 3-3. Relationship of weight efficiency factor, Ky, and volumetric P
efficiency factor, Ky, for high performance flywheel designs. :

about 2:1, Volumetrically, of course, it is the steel wheel that has approximately a
2:1 advantage. On a materials cost basis, the Kevlar wheel will be less expensive
i in dollars per unit energy stored.

et

Table 3-3 (from Reference 8) shows a few projected values of energy density
for certain storage configurations assumed to be stressed in their optimum configura-
tion,

Of course, the preceding discussion only establishes a trend, based on inherent
material and shape factors, Nothing has been said about manufacturing considerations, cE
geometric compromises, system weight, safety, life cycle costs, and the like, Each of ’
these additional factors tends to change the relative merit of a candidate system; trade-
offs have been continually made during the design process.

Inherent in the definition of both shape and material factors is the assumption o
of theoretical uniformity. If the shape is manufactured with errors, or if the material
properties vary, then the energy storage capacity will also change. It comes as no
surprise that the performance of the wheel usually suffers, whatever the variation,

For utility system use, where life cycle cost is the overriding consideration,
the specific energy on a weight basis is the controlling factor, rather than volumetric




efficiency. As the weight increases, the cost of material rises for the rim. At the
same time, the size of the suspension increases as well as the energy to run the
servos, All of this adds to system losses and, hence, life-cycle cost. The effect is
so critical that the commonly accepted outlook for energy wheels for utility use is
pessimistic, However, as in all matters, new developments can bring about 2
re-examination of the competitive position of this type of store.

2, Magnetically Supported Energy Wheel

If, as shown, the thin~rim, circumferentially wound wheel is the best form
of store, practical considerations must be taken into account in the design of this

type.

If a shaft is used, the spokes, web or other means fo support the thin rim
can only add weight, stress concentrations, and other effects that reduce the energy
density.

1f the rim is magnetically supported, the support can be at the rim, but
design problems still remain, However, the use of magnetic bearings does appear
to lead to the most efficient configuration for maximum energy density.

Nevertheless, it is not the object here to make final judgments, It is generally
agreed that both types may find increasing use, :

B. COMPETITIVE STORES

A detailed comparison with competitive stores has not been made for the applica-
tion being considered because it is not feasible to do so in the limited time available.

Reference 5 contains a table on page 1-19 (Table 3-4) listing comparative data for
nine stores sized for peak power application in electric utility systems, The findings
of that study are that battery systems are the choice for the period 1985-2000,

However, all energy stores are uneconomical if used on the customers premises
to satisfy the energy and power profile of this study. The total energy throughput
per 24 hours is 5,19 kW-hr approximately, If it is assumed that the cost of off-peak
charging electricity is $0.02 per kWh vs $0. 05 per kW-hr for normal demand, the
electricity cost saved for 24 hours is $0.03 x 5,19, or $0,154, Assuming a 21-year
life for the energy store, the cost of electricity is $1180, which must he compared to
the "cradle to grave' costs of the energy store.

3-8
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TABLE 3-4, EXPECTED TECHNICAL AND COST CHARACTERISTICS OF SELECTED ENERGY
STORAGE SYSTEMS

Near Term Intermediate Term Long Term
Hydro Thermal . Supercon-
Characteristics Pumped € omgirressed ;:f-td :i:;d gd:'tar;?eg Flywheet Hssédrogen ducting
Storage Steam 0il € atierie orage Magnetic
Commercial Before Before Before 1985-2000 | 1985-2000 | 1985-2000 | Post 2000
Availability Present Present 1985 1985 1985
Eeconomic Plant Size 200-2000 | 200-2000 50-200 50-200 20-50 20-50 10-50 20-50 Greater than
{MWh or MW) MW MW MW MW MwWh MWh MWh MW 10, 000 MWh
Power Related 90-160 1006-210 150-250 150-250 | 70-80 G0~T70 65-75 500-860 50~G0
Costs () ($/kWh)
Storage Related 2-12 4-30 30-70 10-15 65-110 20-60 100-300 6-15 30-140(C)
Costs (a) ($/kWh)
Expected Life 50 20-25 256-30 25-30 5-10 10-20 20-25 10-25 20-30
(Years)
Efficiency (d)
%) T0-75 (e) 65-T75 B5-75 60-75 70-80 70-85 40-50 70-85
Construction Lead
Time (Years) 8-12 312 5-1200  5-120 | 23 23 2-3 23 8-12

(a) Constant 1975 dollars; does not include cost of money during construction,

{b) Could be considerably higher.

(c) These numbers are very preliminary,

(d) Electric energy out to electric energy in, in percent,

{e) Heat rate of 4200-3500 Btu/kWh and compressed air pumping requirements from
0.58 to 0, 80 kWh (out).

(fy Long lead time includes construction of main power plant,

Caveat - Data applies only {o designs as considered in the study,
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Seection IV

COSTS

The objective of the study is to determine the lowest cost Mechanical Capacitor
system that meets the performance requirements.

The cost of an energy system is the sum of the costs of the subsystems and the
integration and fest costs, Some of the costs are independent of scale, but sensor
system costs (sensors, signal processing, efc.) and some other costs are not, Table
4-1 is an initial estimate of the effects of scale on component costs, All costs are
subject also to the experience curve of production.

The baseline production for cost estimates was assumed to be 1,000 systems per
year,

Costs were determined in two ways: bottom up and top down, The bottom up
estimates are based on costs estimated by RCA, and by suppliers, for theyear 1985,
and takes into account the suppliers estimates of their earning experience' and
projected markets for their products, The year 1885 is the estimated date for the
first use of an operational Mechanical Capacitor, All dollars are on a 1977 base,

The costs of materials are listed in Table 4-2 for 1977 and 1985, Using these costs,
and motor-generator and PCU estimates from Inland Motors and Westinghouse Electric,
the system costs are shown in Tabhle 4-3.

The costs for the system, under the assumption of limited production (1000 per
year or 83 per month approximately) is high, These costs do not include authorization
of R&D, tooling, and other costs, taken into account in the top down estimate.

The top down estimates were generated through the use of PRICE - a cost model-
ing technique described in the Technical Note in Appendix H,

The comparable center cost (the estimated range is 6% of center costs) for the
Mechanical Capacitor system, drawn on the same hasis as the bottom up estimate,
is $22, 134 (compared to the bottom up estimate of $18,950), The total cost, including
authorization of development, production engineering, tooling, and test equipment is
$30,217,

The total cost for 10, 000 per year is $16, 098 per system, which shows clearly
the effect of the learning experience,
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TABLE 4-1, COSTS VS, SCALE (PEAK ENERGY AND PEAK POWER)

< Material : Fabrication
Wheel me X Pe Kw fX {Pe) 0.9
Suspension .
. 0.9
Electrical (power) Ksepm X Pe Ksepr (Pe) [ i
Electronics (info) Kselm X1 Ksel ¢ X1 f ;
M/G Keg X Pp Ke. X (Pp)> °
m £ .
- PCU Kpc:um X Pp Kpcuf X Pp p
: 0.9
Vacuum Housing Kvm X Pe Rv £ X (Pe) -—1
Base Kb_ X Pe Kb, X (Pe)0-? :ooA
m f Lo
Vacuum Pump Kup X Pe ——— [ ‘é
0.9 0.9 |
Power Controls Kcm X (Pe) Ke fX {Pe) o
= 3
K = Production cost of point design ‘ ;
: B
.
Pe = Peak Energy ratio
:
"Pp = Peak Power ratio

A PRICE computer printout for one subsystem and for the compleie system are
shown as Figure 4-1,

It can be seen from Table 4-3 that in the case of the system studied, the power
conditioning costs dominate systems costs., The high speed of the motor-generator
and the requirement that the system accept and deliver 3-phase electrical power, .
determines the PCU configuration and hence the costs, . X




TABLE 4-2, SOME PROJECTED COSTS OF PURCHASED MATERIALS

1977 1985 Source

) Kevlar 49 $8, 5/1b $4, 5/1b* DuPont

: Honeycomb (Aireraft grade) 6. 8/1b 6. 8/1b Hexcel
Graphite Fiber 35/1b 7.5/1b Celanese
: Resin 1/1b 1/1b RCA
Elastomer 1,4/1b 1.4/1b RCA

2 Electromagnet Cores 2/1b 2/1b RCA

: Semarium Cobalt 30/1b 50/1b Strnat/Univ.
Permanent Magnets of Dayton
Wire No. 26 81/1000 ft, 31/1000 . | Adelphi
Wire No, 16 96/1000 it, 96/1000 ft, Adelphi
Eddy Current Sensors 435/unit 200-350/ Kaman
.. unit
Drivers & Electronics 482/2 sets | 482/2 sets | RCA (IR&D
g of servos of servos Project
: ' estimate)
Dynel (Engr. Plastic) 1. 40/1b 1.40/1b RCA
Fiberglas Mat and 0, 50/1b 0. 50/1b RCA
: Polyester Resin,
; Low Carbon Steel 0, 20/1b 0. 20/1b Materials
Selector
Vacuum Pump $415/unit $243/unit Sergeant
| Welch
{ *Based on presently forecasted markets
4-3
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TABLE 4-3. SYSTEM COST FOR 1,000 PER YEAR PRODUCTION
$ $ $ B
wt. , Tbs. Mat, Fab, Assem, Test
Rim
Resin 39 39
Graphite 12 434
Kevlar 121 544
Honeycomb 4 27 » 200
Elastomer 1 2
PMs 9 258
Keepers (Soft Iron) 14 28 J
200 1332
Suspension
EMs 59 118 }
PMs 3 75 124 8 S
Sensors ] 1650 623 a o
Electronics = 241 2 2
(purchased) 68 2084 hid &
Motor-Generator 17 942 .'El _é;
(purchased) (less PMs) ~ ~
o <
& &F
Harness ® ®@
' 6] s
Wire, etc, 10 100 100 g g
8 a
Vacuum Housing £ g
- N
Enclosure 200 100 200 -~
Pump 20 243 m——
{purchased)
Base 100 100 200
Housing 100 100 200
PCU 20 11400
735 18401 1647 600 300
Costs = $18,950
Cost/wt - hr = $1, 90
4-4
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Section V

APPLICATIONS

A, GENERAL

Although the application originally chosen falls short of a good 'fit' for energy
wheels, there ars others that will meet the requirements, Some effort was undertaken
in the last month of the study to determine more attractive applications, This is a
report of the findings,

The atiractive features of magnetically supported energy wheels are:

Capability for high power density

Immunity to envivonment (wheel operates in closed vacuum system)
High system energy density

Absence of noise and effluents

Long life

Potential for low maintenance

Table 5-1 lists some possible applications and a feature check indicating wheel charac-
teristics of value, It is seen that moving base applications capitalize on the energy
wheel's strong points, The 'Economic! column indicates, without analytical verification,
whether the application is believed to be an economic one. However, one application
has been examined in more depth — the small energy-wheel electric car whose require-
ments are listed in the last line of Table 5-2, This application has energy and power
requirements close to the point design of the study. Further, the power conditioning
requirements are less restrictive. :

It is assumed that the charger is not part of the vehicle, and ™at the energy wheel
generator delivers power to a dc load (motors at the wheels).

The energy-wheel electric car competes with the battery-electric car, which it
resembles in all respects except for the type of energy store.

If automobile industry production is pestulated at, say, 1,000,000 small cars per

year, the cost of the energy wheel system is as shown in Table 5-3 for production costs
of 1,000 and 1,000,000 per year. In arriving at these costs, the weight of the off-wheel

5-1
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3 TABLE 5-1, MECHANICAL CAPACITOR APPLICATIONS

W No Noise,
Lt. Environ, FEffluent, Long Min, High Power
‘ Eccnomie Application Wt, Immunity Hezards Life Maint, Density
Y [ n
¥ Fixed hase
X ] o Emergency Power Sopply (P.S.)| - - - - - - }
L Supermarkels, Hospitels, etc,
X | » Load Peaking jor utilities - - - X X - L
& X # Mine equipment - X X X X B
X e Remota unsttended windmills, - X - X X X d
solar thermal
: X s DNMilitary remote Base Secon- X X X X X X
dary P,S,
; Moving base Spacecraft
X © Energy storage X X X X X 1
o | X o Laser power X X X X X X ,
! Airerafy b
X ¢ Landing gesr X X X X X X
X o Laser Power X X X - X X e
X ® Emergency power X X X - X X/-
X o RPV prime power X X X - X X R
Land ;
2 Materials handling
X induatrial - - X X X X
X military X X X X X X
X o Car, truck, bus, etc, X X X X X X
X & Subways X X X X X X
? o Traileved P,8. X X X X X X
X & Light army tank X X X X X X
* o Transportable ’
Welders (peak power) X x X X X X
: X o Earth movers X X X X X X
) X e Draglines - X X X X X
St.a
X @ Underseu velucles x X X X X X
X e Power packs X X X X X X
X & Buoys {solar elec,) - X X X X X
X e Catapulis - - - - X X
X o Lasers b4 X X - X
? e Ferry hoat - - - X X X
? o Harhor craft - - - X X X
? s Merchant ship - - - X X X
Emergency power
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TABLE 5-2, ENERGY STORAGE SYSTEM REQUIREMENTS

; Power, kw Cycle Life, g;ii?;
Source/Load Max, Avg, in, .
vg., | Min./Hrs. | Years K W-Hrs.
Residential 34, 110/220V 15 0.31 -/24 6 7.5
to Jé, 110/220V
Fork Lift 3¢, 110/220V 10 2.8 -/3 20 7.5
to de to
20
Laser Pump de to de 4,000 to 1/~ ? 80
10, 000
UPS 3¢, 110/200V 1-7 ? * 20~ |small to
to 3¢, 110/ 40 (3,5
220v
Small Car 3¢, 110/220V+** | 2i.4 3.5 ~/24 21 |16.2
fo de
*Time for charged condition is variable. Discharge time can vary from 10 seconds
to 1/2 hr, typicailly.
**Power supply converter is not part of car,

subsystems has been reduced in recognition of the fact that this is a vehicle application,
In arriving at the costs for 1,000,000 a year production rates, the procedure contained
in References 9 and 10 has been used. An experience curve slope of 90% has been
assumed (somewhat more conservative than the 85% slope assumed in the PRICE
analysis),

B. COMPARISON OF SMALL CAR COSTS OF OWNERSHIP

The required performance for an electric car has been taken from Reference 7,
Table 5-4 has been taken from the reference and the axle power requirements used,
Acceleration has been set at 0 to 50 km/hr in 9 seconds rather than 10. Table 5-4 also
lists candidate batteries for electric cars and the authors projected performance esti-
mates, These data are for information only,

From Reference 11, the proposed battery goals for electric vehicles are as shown
in Table 5-5, The comparable values for the Mechanical Capacitor have been added.

The estimated future costs of advanced batteries are listed also from Reference 5
for information,




TABLE 5-3, MECHANICAL CAPACITOR, SMALL CAR APPLICATION (1000 kg)

(System Cost for 1,000 & 1,000,000/yr. Production¥)

$ $ $ $
Wt., lbs, Mat. Fab. Assem, Test
Rim
Resin 83 83
Graphite 27 948
Kevlar 259 1161
Honeycomb 9 59 430
T.lastomer 4 6
PMs 18 555
Keeper 30 60 S e
430 2870 = <
2 2
Suspension = =
EMs 127 254 254 o o
PMs 5 150 10 = &
Sensors 1650 o w
Electronics 10 241 623 brd =
® G
M/G 37 2025 o z
2 :
Harness B B
Wire, ete, 10 100 100 = =
189 4420 g g
L] ol
Vacuum I "=inc =
Enclosure 70 70 140
Pump 5 50
Mechanical Supports and
Suspension 60 60 180
- 135 180
PCU 20 1875
Subtotals 774 9345 1737 600 300

For 1000 per year production
> costs = $12,756.

Learning factor for 1,000,000 Production = 0,345, so system average cost = $4600

90% Learning Curve

*Not including wheel drive moior/generators,
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TABLE 5-4., BOWER AND BATTERY REQUIREMENTS FOR S
ELECTRIC VEHICLE S
gliergy and power requirements P
- for urban electric vehicles i
angrgy consumplicn®
Axie 410 to 0.12 kW-h/T-km
From Battery 0.14 io 017 KW-h/T-km
From Plug 0.18 to 8.23 *W-h/T-km
peak power 12quired (0 to 50 km/h. < 10s)
At Axle 18 to 20 kW/T (Test v
From Batiery 35 kW/T (Test wi)
-
average power required
at axle from barttery
urban driving (avg. 32 km/h} 30 3.54W/T AtloSkW/T
50 km/h cruise 310 d5kW/T 4to5kW/T ;
® Theso anargy cons.mption flgures cofrespond 16 urban driving profiles,
such as the Federal Aeqister driving profile, and represent an averago
spagd of sbou: 32 &msh.
sgpecific enargy and spegilic nower
requirements for electric vehicla batteries
under urban driving conditions
battery walght, sprcific enprgy awnrage specific paak apecifio ; :
- percant of veaicle W-n/k cawor Dower LY
test welghl {tor 20 xm range) Yikg Wit
20 55-68 20-25 125 =
25 44.54 18-20 100 .
. a6 37-45 13-17 &5 A
. -
3
;
A
candidate batierles for clectric vehicle propulsion
status projection “
celt theor. zycle® cycie®
system voitage W-h/kg W-h/kg* W/kg" life W-h/kg® Wikg" tif= yeai*
Pb/H.80./PRO, 21 It 20-40 50-100 3004 40-50 150.250 5004 1877 5
Zn/KOH/NIOOH 1.7 3a2s 50-65 100-200 1004- 70-00 200-300 5604 1978
Fe/VOH/HIOCH 14 267 36-55 50100 5004 45-50 100-200 1000 4- 1978 5
Fe/KOH/AIr 1.2 729 80 30 200 120 50 300 1978 S
Zn/ZnChL/Cl; 2.1 825 65 S0 <100 114 100 500 1979 i =
Na/Na.0-X AlLDsS 24 753 80 150 10004~ 170-150 150-200 10604+ 14835
Li/LICI-KCi/FeS&. 2.3 1300 155 50 10004-* 200-220 150-200 10004 1585
a. Specific cnergy at 10 W/kg S
h. Peak specific power or maximum recommended specific power, &
€. Cycle life tor desp discharge {M60%), )

d. Estimaled date for initial availabiniy at praiected performance. ) o
* These cycle lives are representative values for lzberatory cells ang have not necessarily been demanstrated with light-
weight ceils.

REPRODUCIBILITY OF THE
DRIGINAL PAGE IS POOR
5-5 o




18

TABLE 5-5, PROPOSED GOALS FOR ELECTRIC VEHICLE
Battery Storage Me;izfggi l:lc;t;ical
Cell Performance Mark I Eventual Mark [
Cycle Life 200-400 700-1000 == 100, 000
Specific Energy, W-hr/kg 110 160 110
Specific Power, W/kg 110 (75)* 200 200%*
Discharge Period, hr 4 4 As short as 1/2
Charge Period, hr 8 8 As short as 1/2
Cell Cog}__
Cost for Imitial Order, -
$ /kW~hr 2000 = 900
{1000 units)

Projected Cost, at a
Production Rate of 2000
MW-hr/yr, $/kW-hr - 35-40 = 280
Storage~Road Efficiency 63% 85%
Schedule
Order 10/77 ?
Begin Tests 8/18 ?
Instali 9/18 ?
Test Prototype - 1/81 ?

*For batteries rather than cells

**Design variable

For the energy-wheel electric car, the energy-wheel requirements are as follows:

e Assume wheel-to-road efficiency = 0.85 (0,95 x 0,95 x 0,95) (Gen,) (Chopper)

(Motor)

o Assume 80% wheel discharge

e Energy required for 100 km = 11 kW-hr

® Energy stored = 11/(0, 85 x 0, 80) = 16, 18 kW-hr

5-6
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¢ TPower at road - 21,4 kW
e @ Power generated in wheel =21,4/0.85 = 25.15 kW d |
C. COSTS FOR BATTERY ELECTRIC CAR
Assume: Batfery system weighs 1,1 x battery weight
Battery energy density - 34, 1 W-hr/Ib
System energy density - 84.1/1.1 = 31 W-hr/1b , “
Conversion efficiency (one way) =0,70 x 0,95 x 0,95
=0.63 /
i Battery cost is - $40/kW hr - lower limit (Refer Table 5-6) |
' $75/kW /hr - upper limit (From R&D sources) -
Cost of converter - $75/kW 4.
Depth of discharge - 80% .
Maintenance - 4%/yr of first cost
Battery life - 3 years
Battery salvage value - 5% .‘
Fixed portion of system - salvage value = 50% "
Electricity cost - $0.06/kW-hr
10% cost of money (11% avg. for 3 or 4 years on straight line i
amortization) G
4 yr financing of non-battery portion of system b_g
Cost of drive motor - $1200 |
Cost of System for 21 yrs:
s Total Cost = First cost + interest on non-battery portion for 4 yrs, + interest

on hattery portion for seven 3-yr, periods + six sets of batteries +
electricity costs - salvage value of seven setus of batteries and fixed
portion of system
= $27026 for $40/kW-hr batteries i
= $33611 for $75/kW-hr batteries ;

51




TABLE 5-6. RESULTS OF REVIEW OF MANUFACTURER
ESTIMATES OF SELECTED BATTEKIES

Suggestedl .
Type Operafting Approximate
Temperatures (°C) Module Cost
($/kKWh)
Lead-Acid 20 - 50 352-65 .
Sodium=-Sul fur 300 - 350 15-25 ! %
Lithium-Metal Sulfide 400 - 450 30-35 2
Sodium~-Chloride 180 - 210 15-25 "
Zinc-Chlorine 0 - 80 12-30 .
Redox 20 - 50 30-35° .

Notes: :

1, TFurther studies are required before the differences in the advainced
systems can be used to distinguish between them. Assumes success i
in R&D for advanced batteries,

2. Lower value estimate for an advanced baitery module.

3. These estimates may be low and include a portion of power related
costs, Highly suspect,

D, COSTS FOR ENERGY-WHEEL ELECTRIC CAR

Assume: Eaergy wheel system = 1, 8 x wheel weight
Wheel energy density = 50 W-hr/lb
System energy density = 50/1,8 = 27,8 W-hr/lb

Conversion efficiency = 0.95 x 0,95 x 0,95
(wheel to road) = 85%
System cost = $4600/16, 18 = $284/kW-hr

. \m/ , P

System life = 21 yrs,
20% salvage at end of life

Maintenance = 1%/yr of first cost




System cost = First cost + interest for 4 yrs + maintenance for 21 yrs +
electricity - salvage

= $16,308

COSTS FOR INTERNAL COMBUSTION ENGINE (ICE) CAR -~ 21 YRS,

Assume: Car cost = $4500
Propulsion system - 4500/3 = $1500
Life =7 yrs.

No salvage value

Maintenance = 10%/yr of initial cost
Finance period - 4 yrs

Fuel economy - 30 mpg, daily mileage -~ 100 km
- 61mi

System cost = first cost + interest for 4 yrs + maintenance + fuel
Cost at $0,60/gal gas = $17,991

at $1,00/gal gas = $24, 225

at 1.40/gal gas = $30,458
The summary of costs are shown in Table 5~7.

TABLE 5~7., COST SUMMARY

a. GM Car (1000 kg)

Trip distance 100 km

Energy/trip 11 KW-hr

Maximum power 21.4 kW

Acceleration 0 to 50 km/hr in 9 sec.

bh. Life Costs for GM Car Propulsion System
{21 yr, term)

Ice Baiteries Mechanical Capacitor
$17,991 ($0.60/g fuel) $27,026 ($49/kw-hr) $16,308
$24,225 ($1.00/g fuel) $33,611 ($75/kw-hr)
$30, 458 ($1,40/g fuel)

5-9/5-10
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Section VI

PROBLEMS

The preliminary design and analysis of the Mechanical Capacitor requires a number
of assumptions, which should be replaced by firm engineering data before an operating
prototype is attempted. There are a number of subsidiary problems that require
solution by modeling, festing, or literature search, Feollowing is a short review of the
more important problem areas:

A, RHEOLOGICAL BEHAVIOR OF COMPOSITES

The long time behavior of Kevlar, graphite fiber and epoxy or elastomer composites
is not understood, The energy wheel will be under cyeling, ever-present stresses
throughout its life, If it is balanced at the outset, the high self-imposed loads from the
metal elements on the rim and from the fibers and resin matrix, can result in plastic
flow of the matrix around the fibers, relaxation of the fibers, and mefal embedment in
the composite,

The effects may Le of little consequence, but if deformations are significant and/or not
uniform, wheel unbalance can increase with time, requiring constant monitoring and
rebalancing,

B, MAGNETIC-STRESS INTERACTIONS

It is known that soft magnetic metals and hard magnetic metals exhibit changes
in magnetic properties when stressed. The metal elements on the wheel can be stresced
in shear, compression, and tension, Their behavior must be kmown {o determine if
the stresses impair their magnetic performance,

C. AGING

The long term effects on all the wheel materials must be assessed to determine,
for example, whether the polymer structure of the Keviar fibers and the matrix resin
will remain stable over 20 years, or whether the magnets will develop microeracks
that propagate with cycling stress, and destroy them or impair their strength,

6-1
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D. MAGNET QUAIITY

Rare earth magnets are subject to manufacturing anomolies, including micro-
cracks, non-uniform magnetic structure, variation in magnetic strength, and varying
stability with time, The effect of manufacturing variations must be related to their
lopg-term performance in the energy wheel,

E, POWER LOSSES

Reliable estimates of power losses are not feasible without operational experience
with a large enough sample of energy wheels - in the manner of mofor-generator ex-
perience. The need for data is particularly important in coasting operations after the
wheel is 'charged'. Losses will determine the shelf life of the wheel. The competitive
position of energy wheels vis-a-vis batieries requires that shelf-life performance data

be available,

Therefore all loss producing elements of the system must be evaluated by care-
fully designed tests and measurements.

Some power losses can be calculated or estimated fairly closely, For others,
upper bounds can be calculated that show negligible loss. One loss source that has
turned out to be elusive is eddy current lnss in the motor windings due to time-
changing, transverse-flux gradients., A simplistic upper bound calculation showed
these losses to be excessive. A literature search uncovered a paper (Reference 12)
that freats this general problem for sinusoidally time varying flux and recommends
twisted ribbon conductors fo minimize the loss,

Differences in geometry and flux-time variation (it is not sinusoidal for the motor
windings) preclude direct application of the referenced article to the problem at hand.

Analytically, the pr m is to solve Maxwell's equations (with a valid assumption
of zero displacement current) for the given geometry and magnetic field time variation
for various conductor arrangements, including standard copper wire, twisted ribbons,
and litz wire,

Practically, fests should be conducted utilizing these sample configurations with
a realistic, time-varying field, Loss measuiement poses problems since the eddy
currents are local short circuits,

Voltage or temperature measurements can be used to arrive nt the needed data,
Obviously, the measurement experiments must be carefully planned to insure valid

results,

v




F. FAIL SAFE OPERATION

The mechanical capacitor can be designed to rely completely on magnetic sus-
pension through the use of redundant critical components and systems. Some of these
are the sensors, electronic elemerts, and controllers., Thus, if the power supply
fails, the wheel can power itself down to a stop without a catastrophic faijure due fo
mechanical grounding of the bearing surfaces, This problem has not been addressed
in the study but requires a solution,

Also, in the event the wheel should fail structurally, the vacuum housing, or the
enclosure in which the wheel is housed must be capable of containing the debris leaving
the wheel at projectile speeds,

G. DYNAMIC PERFORMANCE

The wheel structure is an elastic hody exhihiting a number of mode shapes and
frequencies when externally excited by vibratory forces, The dynamic performance
of the wheel, vhich is a flexible gyroscopic body, must be examined for the effect of
its elastic hehaviour on the stability and power consumption of the magnetic suspen-
sion system., General methematical models of the elastic wheel subsystem and the
suspension subsystem can be developed and programmed for use in the compute:
simulation of a complete system.

H. POWER CONVERSION

The high costs and low efficiency at partial power, of the power-conversion system
chosen for the mechanical capacitor seriously affects overall system performance, and
has a first-order effect on cost. The problem is of such import in this system (and in
other energv storage systems) that it warrants an independent program of rescarch and
development dirceted at the development of solid-state switches wiih higher specd and
power handling capabilities and lower costs,

I. FABRICATION

The wheel configurations analyzed in this study pose fabrication problems. Com-
posite material density and uniformity must be of a high order to attain the dynamic
balance required, Tight dimensional tolerances must be satisfied, And, in the pre-
stressed wheel, ways must be found to achieve tlie inilial stresses specified by the
design. Finally, the cost of fabrication of thesu sophisticated siruciures must be re~
duced through innovations in tooling and fixturiag,
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Appendix A

WHEEL STRUCTURE

A, WHEEL STRESS AND DYNAMIC3

Two considerations limit the range of choice of rim proportions: stress concen-
trations, and natural rim vibrational medes and frequencies. For every rim con-
figuration consisting of the Kevlar composite ring plus accompanying magnetic struc-
ture, there exists a radial and tangential stress distribution in the fiber composite
that is unique to that configuration. The bond strength of the epoxy matrix generally
limits the radial stresses to 3000 to 5000 psi, and the tensile strength (fatigue limit)
of the Kevlar limits the peak tangential stress to about 225,000 psi, The greater the
ratio of peak to minimum stresses across the rim, the less effective the design, be-
cause the lower stressed fibers are carrying less than their share of the energy, The
ideal rim contains the least amount of magnetic material possible, and is uniformly
stressed,

The vibrational frequencies of the rim must lie outside the range of operating
rotational frequencies in order to avoid resonance and attendant power losses, The
modes that tend to lie in this range are the bending modes. Generally, the method
of raising the modal frequencies is to provide a stiff beam cross section for the rim,
and minimize the loading imposed by high density (deadweight) elements. The two
structural concepts analyzed drive the design in this direction,

B, SYSTEM DYNAMICS

The dynamic behavior of the total rim plus suspension system can he investigated
by analytic simulation, but must be left as a future investigation due to its extensive
scope. The rim behaves as a gyroscope, acted upon by forces supplied by the mag-
netic bearing elements, In addition, the motor-generator may apply moments to the
rim, Of interest is the behavior and stability of the rim under normal steady-state
operation with small perturbations from the suspension; under transient conditions
due to spin-up and spin-down; under shock and vibration input via the foundation; and
under the effects of nominal unbalance and geometric imperfections in both the rim
and supports. This requires considerable computer investment,

Two types of wheel structure have been analyzed with the same analytical pro-

cedure, The Technical Note in Appendix G prepared by Dr, James A, Kirk, a con-
sultant to RCA, contains the rationale and analytical mode for the NASA (prestressed
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ring) configuration, The RCA configuration avoids the need for prestressed rings and
the possible difficulty in fabricating a wheel of that configuration, But the RCA con-
figuration also is an unproved design., In the RCA configuration, * two or more rings
are separated by a lightweight filler with adequate strength in the radial direction to
withstand self loading and the loads imposed by differential expansion of the joined rims,
In the following discussion, both configurations are examined and compared,

C. RIM DESIGN

Choosing a configuration for an energy wheel and its subsystems—the suspension
system and the drive sysiem-—involves a number of design compromises, The energy
wheel rim is a multifunctional device in a technical sense, The rim is not only a
structura’ element for storing kinetic energy, but it is part of the magnetic bearing
system ard the motor-generator system, If is axiomatic in engineering that a multi-
functional device is usually not as efficient and cost effective as a group of separate
devices, each optimized for its own function, Provision for magnetic suspension and
drive degrades the energy-density efficiency of the rim. The design objective is to
minimize the effect of the compromise,

The energy wheel configuration ouflined in NASA ~Goddard TN D-8185 (Reference
1) sought to maximize energy storage efficiency and low losses with a basic thin rim
design., However, there are structural effects which limit the rim energy density in
this configuration., Also, rim self loading causes a significant growth in diameter.
A Kevlar composite rim, for example, operating at full speed and near ultimate
tensile strength, can expand 1.6 to 2% of its diameter, A wheel 50 inches in diameter
might expand 1, 00 inch, or 0.50 inch on the radius, The effect of this on the magnetic
suspension and motor elements can be substantial, If the (stationary) magnetic sup-
port structure is continuous, as indicated in NASA Document TN D-8185, it must
somehow expand also (both the fixed and the moving elements) to maintain gap width
and gap flux density, The alternative is to greatly increase the electromagnetic struc-
tures and coil currents to maintain fixed magnetic field strength in the gaps, But in
addition, the expansion of the rim requires that the rim metal 2lemenis exhibit the
same strain (elongation, etec.) as the rim composite structure, or that the metal
elements be segmented and mounted elastically to accommodate the difference in strain
between the rim composite material and the metal elements, In the first case, the
highly strained metal must retain its magnetic properties, In the second case, the
metal must be laminated (with the laminations lying in radial planes that contain the
wheel axis) and bonded with an elastic adhesive, or the metal must be mounted on an
elastic base and made in segmented strips with the long dimension in the circum-
ferential direction,

*A proprietary design
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Both solutions introduce losses, as discussed later, In like manner the motor- , |
generator, which is a continuous circumferential sfructure, must operate with large A
field-coil gaps due to rim growth and must be made more massive to maintain gap flux
density with wheel growth,

Therefore thin-rim, magnetically supported energy wheels pose formidable struc-
tural, support and drive problems whose solutions may lead to an energy wheel design P
of undue complexity, high cost, and low storage efficiency. L

The alternative rim-only wheel configurations examined in this stady yield cost-
effective solutions to the energy storage problem,

D, TRADEOFTIS LEADING TO NESTED RING CONFIGURATION

~ The theoretical performance of a rim material cannot be realized in practice
because of the derating factors applicable to fabrication, geometry, and added com-
ponents,

The rim-mounted magnetic materials necessary for support (laminations, mag-
nets, plus attachment hardware) contribute virtually nothing to the tensile strength
of the wheel, but do add mass, Moreover, the mass is added at relatively discrete
locations, with the congequent introducticn of localized stress concentrations, The |
addition of a small amount of ""dead' weight has a striking impact on performance, j
Further, the geometry, or distribution, of the added mass is very significant, ;_5 é

;
i

Therefore, it is a crucial design exercise to minimize the adverse effects of the neces-
sary addition of mass, A generic wheel type described in NASA Document TN D-8185, i

"Mechanical Capacitor,' consists of a magnetically supported rim, driven by a ”‘ ,3
homopolar de motor. A reproduction of Figure 4 of the TN (with additions)is shownin g8
Fig, A-1, TFor the properties shown, this would be considered in the class of ''thin"
rims,

Figure A-1 can be idealized for preliminary analysis as shown in Figure A-2, A
brief calculation shows that if the total mass were uniformly distributed within the
fiber matrix, and contributed fully to the hoop stress load with the same elastic
properties as the fiber, a new specific strength would result, equal to

“max N “max _ "max {1+8/AR T|a"max A1)
= a 127 -
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Figure A-2, Effect of stress amplification due to addition of mass,

based on the law of mixtures. (omax/ Y is the basic measure of energy density). For
magnetically supported rims of the type shown in Figure A-1, the range of § /AR will
be typically

0,05<§/AR< 0,10
and the value of 7,/ 7; about 6,0. Therefore, the ratio of energy storable for the

loaded vs. the unloaded wheel, characterized by (&/wmax)2, is for the same shape
factor

B & \2 Y
max 1

This result does not appear to be unduly compromising, However, the magnetic
elements cannot actually be added according to the above model.

Consider the effect of the added mass of Figure A-2 on stress in the fibers, if the
mass does not carry any share of the hoop stress load at all, For this case, the

inertial mass force is equivalent to a uniform radial pressure equal to:

P = Pzwz (R1 -§/2)8, (p= mass density) (A-3)
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which leads to an additional hoop stress at the inner fibers of the rim of* . %
2 2 N

KR
P(Ro R, ) |

max

6 = . (A=) % |
i 7 2 2 . .
(= -=") By
But',
P 2 2\ 2 -
: 0g = \B+ RS+ (A -v)R N ., (A-5) v
13 T

for a rotating ring, so that the reduced rotational speed necessary not to exceed 4 ‘

*

in the fibers is characterized by the sum of Equations A-4 and A-5;

J']

=L ((3 +v) RO2 + (- 0)312)

o
max 4

s
2 2 (A-6) ,_}

Again, if ¥5/74 =6, v =0.36, 0,05 =<8/AR<0,10, and AR/Rj = 0.1, the reduced
speed is given by (Equations A-5 and A-6):

= _E
0,15 g{(w/wmax) ‘TE—}S:“O'W' (A=T)

Some of this loss is recovered because mass has been added (not the same way as 5_.3 ;
implied by Equation A-1, however), which yields additional kinetic energy equal to: A ;

2
AE=mp _w ('Rl - 5/2)8 § (per unit axial length),

2

But the fiber rim has

R, +R, 3 ]
E=me \—z7 ] & By 3
Roark, R.dJ,, Formulas for Stress & Strain, McGraw Hill, 1565, p. 308, 11




so that

- 3
i g_2 (31-6/2) 8
E+AE __P1

= +1 (A-8)

Ry *Ry) Ry =Ry Lo

In our example, then, the effective energy ratio at reduced speed is:

— - 9 .' U

E E +AE W n

£ = |/——|—— < 0, - L
0.26 {E ( = ><°"max) } 0,84 (A-9)

which should be compared with (A-7), If the added mass is indeed stressed to values
typical of yield for magnetic steel, it can be shown that Equation (A-8) changes little
if the mass ratio pz/ p1 stays at typical values, Therefore, magnetic elements act
as dead weight, for realistic allowable stress for typical magnet steels.

Also, the ratio of radial stress at the interface to fiber tensile strength is (Eqns.

much less than the hoop strength (typically less than 10%) it is seen that the limiting
factor for attaching elements to the rim may well be the lateral compressive strength

A-3 and A-4) |
R, - 8/2 ( 5 ) -
R R
RATIO= __* = 0 0 : |
o 2 2 gy A710) BN
max P R ®R. - 8/2) R “+R |
2o, \ETU ey TTR\RAD z 2 |
' 2 0 0 R R.-R |
0 1

which, for the above example gives -
0,022 < RATIO < 0, 036 (A-11) 5
i
Because the transverse compressive strength of the fiber-epoxy matrix is usually ' t‘
i
1

of the epoxy matrix, which limits the average ratio of element densify to rim density. o
Obviously, discrete elements impose additional problems due to stress risers, such o
as corners, For the example given, a stress noncentration factor of about 2 to 3 would 3
use up the margin of 10%. C

Regardless of the method proposed to distribute, shape, and affix the magnetic ;A
elements on the single thin rim, the use of elements that do not support some of the : H
hoop stress will significantly derate the energy capacity of a bare rim by as much as S ”3

70% for the relative rim proportions given in the examples,




Increasing the value of hoop stress for the material to be attached to the rim does
not alter the situation uniess the attached material carries its own inherent load without
applying radial stresses to the composite, In other words, the radial strain of the
magnetic material must match that of the inner fiber of the composite rim, Post* has
stated that the condition required is that the elastodensity ratio (E/v) vary approxi-
mately with the cube of the radius, For typical materials, however, the elastodensity
ratio of the composite is approximately 4 x 108 in~2, and for iron itis 1 x 108 in~2,
Therefore, iron will impose a significant load on the composite because of the implied
strain differential,

The addition of mass represented by the motor-generator magnets produces the
same effect as that of a dead-weight load, In addition, there is both a shear load and
differential normal pressure caused by applied magnetic forces, The effective pressure
between the magnetic poles, however, is expected to be of the order of 10 b/in.2 at
best, so that the stresses transmitied to the fiber matrix will be relatively small,

How can the effects of mass loading be reduced without sacrificing specific energy ?
Consider the abstract situation of Figure A-3, where a thin rim and an inner ring loaded
with dead-weight mass are rotating in synchronism. (There is no connection between
the two rims, for the moment.)

T Ro m Et 71 Tmax
t
o S | 5
R3

et — s —— O] - —

Figure A-3, Multiple-ring rotor,

*Datent 3, 859, 868; 1975,

——

S
. N .

it




The outer rim in this case is fiber composite, and develops its rated specific
energy atwmay (52y, 60 Wh/lb), Suppose the dead-weight mass is 30% of the fiber
composite, by weight, and the inner ring is just large enough to support the dead weight.
For simplicity, assume that the inner ring is the same composition as the outer rim, \
although graphite epoxy is preferred for its significantly smaller strain, Note also that
the axial length of the rims are not necessarily the same, What is the efficiency of this i
model, compared to the previous ?

As a specific case, take the axial lengths as indeed equal, and R, = 1/2 Rl; the } 1

radial pressure is then found as 3 P *‘
-
2 )
P~D3w maxR353
= The allowable strgss in the inner ring is, by Equation (A-6): '
.
p ® 2,7
2 1 2 2 2 3
~ —_ + (1~ —_—
9 max=% max | 4 ((3+”)R2 t ”)R3)+"33333 2 32
R, -R
2 3
from which Ry can be found, For previous material properties,
83=2(R0-R1)x0.05;’)’3/72-—:6;v=1/3;and -
P o
2 1 2 2 Ty
O max =Y max |z CHVIRy +@E-0)Ry #
Therefore,
2 2
2 5 Py (Rz " Rg >
B+y)R.“+(@-p)R,+ R,S
2 3 P 33 2 2 o
1 ’ R -R ]
2 3 :
1= 2 2
3 @-v)R, +(1-v)R,

If RO =1,1 R4, substitution of values gives

R 4 ]:'{2 2
—_— - 6,296 \— +5,584=90

Rg Rg




From which ' P

R-—Rs |

2
BZ/R3 = 1,033, and W = 0,167

But, 53/(32 -Rg) = 2/3,3; so one can see that the original dead weight is being carried
by a composite ring that weighs only 28% as nmuch as the dead weight, Alternately,
the inner ring is 16, 7% of the weight of the ocuter rim,

The total kinetic energy stored is=~1 +1/4 x .3 x 1,28 = 110% of that of the rim,
but the added weight is 1 +,3 x 1,28 = 138%, Therefore, the total derating for this :
example is 20%! We are thus restored to a value roughly equal to that for the example E /
of uniformly distributed self-supporting mass (Equation (A-2) ),

Of course, the matter of connecting the two rings remaing, The only requirement

for the connecting material is that it provide sufficient strength to overcome shear 4
loads hetween the rings, support its own inertial weight, and allow for differential o
radial strain, o
1

If a honeycomb or similar material is considered as a filler between the two rings,
the radial specific strength (o/7) is the determining design factor, For aluminum
honeycomb, the specific strength may be as high as 500/0, 0023 = 220,000, based on
radial bond strength of 500 psi. The density would be 4, 8% that of the composite; if i
the annulus were filled in the above example, the added weight of filler would be about C )
18% of the original rim, and 12% of the combined weight of the two rims, The derating ) 3
factor calculates out to be roughly (1 + 0.12 x 0,75%)/(1 + 0.12) = 0,95, for a combined o
total of 76%. Compared to the 34% of Equation (A-9), this represents a significant i
improvement, If the original Kevlar composite were rated at 60 Wh/ib, then the total i
rotor would be rated at 46 Wh/1b,

A second candidate filler is balsa, a well established structural material. The
specific strength of balsa is approximately the same as that of honeycomb, and it has
the added advantage of providing 2 continuous end-grain surface for bonding, The
derating factor would also be approximately the same,

The final consideration is the method of attaching the filler, Honeycomb is
routinely bonded with elastomer, yielding 500 psi average stress across the end faces,
if a column of filler is attached between two rings, so that the inner radius is in 500
psi tension and the outer radius is in 500 psi compression, then it is a straightforward
matter to determine the allowable radial difference between the rings, This turns out L
to be a function of the tangential velocity, and it can be =*own that ' E

2\
; *
: Ri ARinne.r R p/p{) (Router/R ) ,
_, R SR = function { — 7
0 outer | % ®max i
; A-10
b




where R* is the equivalent single Kevlur filament radius at w and 0 .5, as deter-
mined by gmax = 2@ 2R *2, and 0, is the radial strength of the honeycomb. For the
example under discussion,

i 2
\EY = function [ 20,7 ® . _/R¥)
outer
outer
The function is shown in Figure A-4, , |
Starting from the radius Ry (Figure A-38), the first ratio R,/R* is roughly \l 0.76, ,‘ ;

as implied by the derated rim, so that Rl/Rz =0, 88 from the chart; or, the inner
honeycomb radius is limited to 88% of the outer radins, But, we wish to fill to about
50% of the outer honeycomb radius. If a very thin intermediate load carrying ring
(1000 psi radial load) is supplied for the honeycomb, as was supplied for the magnets,
the honeycomb can be staged (the next honeycomb annulus would get down to 76% of .
the original; the third down to 65% and, finally, the fourth to 52%). Each of the load L3
carrying rings can be fabricated from Kevlar, and adjusted in size to minimize strain b
differential, The outer intermediate ring would be about 5% of the weight of the outer

rim, with the following rings less than that, The additional derating would be about -~
the same as for the filler itself, o

2.2 2
v Ry g wlemax? rYm-2
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Figure A-4, Allowable radius ratio for filler,
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All discussion of the foregoing example is intended solely to illustrate a procedure
for minimizing the loss in energy density for the thin-rim wheel that results from the-
necessary weight of the magnets, A final rim configuration requires many tradeoffs
among weight, cost, magnet performance and stress levels, One of the strongest
driving factors is system cost, which translates heavily into the maximization of the
specific energy of the rim,

E, INTEGRITY OF ASSEMBLY

The tradeoffs described in the preceding section do not address the problems of
stress concentration caused by discrete components, Additional derating must be
ailowed for irreducible stress levels, The design practice of using proper fillets,
matching material properties to expected strains to optimize stress distribution, and
provision of maximum surface for bonding are a few of the considerations for assuring
that the best performance will be attained,

¥, VERIFICATION OF STRESSES

The ring design is modeled by a finite element program that takes into account
the anisotropic properties of the composite material and the presence of iron in the
ring, Although the degree of anisotropy in the composite rim itself is small, com-
puter software handles anisotropic properties as a matter of course. The use of
laminations and honeycomb filler implies a high degree of anisotropy locally, which
has a significant effect on stress distribution,

Statiec modelling results in the determination of the stress field in the ring cross
section, which is effectively the solution for the eniire ring due to symmetry, All of
the stress components are available at all points of the section, from which principal
stresses and strains are calculated, Effect of centrifugal loading is included.

A sample of a typical stress plot for an energy wheel section is shown in Figure
A-5, This rim was analyzed at RCA for a wheel developed for another purpose, using
a finite elemeni program with anisotropic axisymmetric elements, The hoop stresses
exhibited show a concentration factor of 1.5 at the inside corner of the lamination,

G, VIBRATION MODES

The vibration modes (and frequencies) of the rim determine the speeds at which
resonance is likely to occur during operation., Ideally, the natural frequencies of the
rim occur outside of the 2:1 range of operational speeds, but if that is not possible,
sufficient damping must exist within the rim structure to limit the resonant ampli-
tudes, Even with sufficient damping, however, operation at resonance would repre-
sent additional energy loss due to internal frietion,

A-12
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For a given mass, the means of raising the lowest natu.cal frequency is by providing
the stiffest possible cross section. The nested-ring model provides an inherently stiff
section in bending (usually the lowest frequency mode), Also, the increase in tension
due to centrifugal loading causes an increase in natural frequency, much as the fre-
quency of a vibrating string increases with tension,

The frequency solution takes into account the same anisofropic material properties
as the stress solution,

H, THE POINT DESIGN

The point design is an optimum solution to the problem of maximizing energy
density, but only within certain design bounds that are to some extent arbitrary. They
are as follows:

The wheel oufside diameter was fixed at 48 inches as the baseline dimension,
Larger diameters would lead to increased flexibility in the plane of the wheel;
smaller diameters lead to higher speeds, posing increased problems for a motor-
generator already operating at very high speeds,




The inner diameter was fixed at 24 inches initially and found to be a good com-~
promise dimension, Smaller diameters may lead to & somewhat higher energy
density but introduce motor-generator problems that tend to disappear with larger
diameters,

As stated earlier, the metal elements on this wheel were assumed to be inert, or

non-load bearing, an assumption with important consequences which are discussed
later,

The composite material in the inner rim was limited to Ultra High Modulus (UHM)
graphite in an epoxy matrix, to minimize the expansion for the benefit of the suspension
and motor-generator subsystem,

A uniform cross-section was assumed for all rims, The effect of stress con-
centrations in the inner rim, due to local loads from the metal elements, was not
explicitly determined using finite-element stress analysis, The base material allow-
able stresses, however, were derated to account for stress concentration by factors
that reflect previous analytical experience. The metal was agsumed to be uniformly
distributed on the inner surface of the inner rim, as shown in Figure A-6, The
Mechanical Capacitor energy and power density characteristic, for a family of wheel
designs similar to the point design, is shown in Figure A-7 (dashed curve). The power
density limitation is seen to be severe compared to the characteristic curves for
stressed Kevlar and steel wheels and a Mechanical Capacitor wheel with one-half of
the rim metal participating in the wheel structure. The benefit through the use of the
metal for structure is significant, but requires hoth good magnetic and structural
performance from the rim metal,

The analysis and design of the Mechanical Capacitor was based on the assumption
that the rim metal is structurally inert (zero tensile moduius)., The magnetic-struc-
tural performance of candidate rim metals must be determined before the full potential
of the two wheel configurations can be realized,

The axial length of the wheel was assumed to be constant for each wheel, i.e.,
constant-thickness cross section,

The effect of variations in rim dimensions, weight of metal on the inner rim and
intermediate rim locations were investigated in the computer analysis. Typical com-
puter run summaries are shown in Figures A-8 and A-9,

Table A-1 lists the more satisfactory configurations that were analyzed. These
exhibit a significant range of specific energies and iron weights, and support the con-
clusions of Figure A-10, In all cases design energy capacity is 10 kW hr at design
speed, Energy density in Wh/lb is significantly affected by the weight of inert metal
placed on the imner rim., In Figure A-10 the relationship is shown for RCA wheels of
20, 24, and 26 inches id (od 48 inches), A similar relationship exists for the NASA
wheel,
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INNER
RADIUS

11.000
12,500
13,500
14,650
14,850
17,000
17,400
17,500
19,500
22,000

OUTER
RADIUS

12,500
13.500
14,650
14,850
17,000
17,400
17,500
19,500
22,000
24,000

INNER
RADIAL
STRESS

-, 443-10
-, 140+05
-. 474404
1.174+403
0.0568+02
-, 620+03
9,026+H02
3.360+02
-. 573+03
2.951+03

OUTER
RADIAL
STRESS

-, 164+05
-, 542+04
1,174+03
1,958+02
-.620+03
9, 026+02
3.260+02
-.573+03
2,951+03
-.189-10

Figure A-8, Computer printout, RCA wheel ~ typical run* (Sheet 1 of 3),

STRESS SUMMARY:

INNER

TANGENTIAL

STRESS

2,712+08
1,953+06
1,768+05
2.287-03
1,148-02
1.897+05
9,217-03
1.267-02
2,225+05
1, 044405

OUTER

TANGENTIAL

STRESS

-, 349404
1,766+05
1,604+05
1.148-02
0.485-05
1.846+05
1.267-02
1.112-02
1,944+05
1,751+05

INNER
RADIAL
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5.966-02
3. 567-02
3.456-02
3.350-02
1,705-01
1,614-01
1,604-01
2.218-01
2,169-01
2,129-01

OUTER
RADIAL
STRAIN

3.557-02
3.456-02
3.5560-02
1.705-01
1.614-01
1.604-01
2,218-01
2,169-01
2,129-01
2,102-01

*Analysis by Kirk at University of Maryland
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Figure A-8, Computer printout, RCA wheel - typical run* (Sheet 2 of 3), il

*Analysis by Kirk at University of Maryland A
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i 11,000 12,500
2 12,500 13.500
3 13,500 14,650
4  14.650 14,850
5 14,850 17,000
6 17,000 17.400
7 17,400 17,500
8 17.500 19,500
9 19,500 22,000
10 22,000 24,000

NORMATLIZING FACTOR:
SPECIFIC ENERGY:
TOTAL IRON:

TOTAL ENERGY:
TOTAL WEIGHT:

PROFPERTY SUMMARY:

T

3,000
3. 500
4,000
4,000
4.000
4,000
4,000
4,000
4,000
4,000

RHO

1,200-01
6. 000-02
6.000-+02
4,000-02
3.000-03
5.000-02
4,000-02
3. 000+03
5,000+02
5,000-02

2,36b+05 PSI

4,473+01 WHB/LB @ 17000 RPM

3.987+01 LB
9.981+00 KWH
2,232+02 LB

NU

3.000-01
2, 800-01
2.800-01
0.000-+00
0.000+00
2.800-01
0, 000+00
0.000+00
2,800-01
2,800-01

ERAD

5, 000+05
2, 000+07
2. 000407
1,000+03
9,000+04
1, 500+06
1,000+03
5,000+04
1,500+086
1.500+06

ETHETA

5.000+05
7. 000407
7.000+07
1.000-+00
1. 006+00
2.,000407
1, 000+00
1,000+00
2.000+07
2.000407

Figure A-8, Computer printout, RCA wheel - typical run* (Sheet 3 of 3),

*Analysis by Kirk at University of Maryland
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Figure A-9, Computer printout, NASA wheel - typical run,* (Sheet 1 of 3)
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Computer printout, NASA wheel - typical run, * (Sheet 3 of 3).

Figure A-8.
*Analysis by Kirk at University of Maryland
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TABLE A-1, WHEEL CONFIGURATIONS

] Radial
IroEbWt. Whe;; wt. D Thickness Growth Construction RPM

() (=5) (in.) (in. ) (in. )
15,2 500 12 10 0,008 I-G-R-H-R-K-R-H-R~K 11,000
15,2 200 12 4 0,019 I-G-R-H-R-K-R~-H-R-K 17,000
16.0 263 13.4 4 0,040 I-G-K (prestress) 15,280
18,8 175 13,5 2,5 0.017 I-K (prestress) 18,900

9.2 - 526 12,1 3.6 0.035 I-G-K (prestress) 14,000

{est)

22 167 12,1 2,8 0.017 I-K (prestress) 19,600
15 370 12 4/8.5 0.01 I-G-H-K-H-K 12,000
15 209 12 4.1 0,02 I-G-H-K~-H-K 17,000
30 308 12 5.5 0.02 I-G-H-K~-H-K 14,300
15,2 208 12 4 0,022 I-G-R-H~-K-R-H-K 17,000
22,5 330 i2 6.7 0.021 I-G-R-H-K-R-H~K 13,800
45 227 12 4 0.12 I-K-R-H-K 17,000

0 203 12,5 4,3 0.02 I-G-R-H-K-R~-H-K 17,000
20 270 12.5 5.1 0.031 I-G-R~-H-K~R-H-K 15,000
39,9 362 12.5 6.9 0,037 I-G~-R~-H-K~R~H~K 13,300

0 199 11,5 4,2 0,018 I-G~R-H~K~-R~H-~K 17,000
20 250 11,5 4,5 0.02 I-G-R-H-K-R-H~K 16,000
40 320 11.5 5,9 6.02 I-G-R~H-K~-R~H~K 14,500

0 197 13.5 4,1 0.025 I-G-R~-H-K-R-H~K 17,000
39.6 400 13.5 7 0,023 I-G-R-H-K-R-H-K 12,900

Notes: I: Iron Working Stress:
G: Graphite All wheels: 48 in, O,D, Kevlar = 225 ksi
R: Elasiomer 10 kWh Honeycomb = 500 psi (1100 ksi)

H: Honeycomb
K: Kevlar

Graphite = 120 ksi
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@ 175,000 PSI LIMIT
FOR GRAPHITE

& 225,000 PSt LIMIT
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Figure A-10, Specific energy vs. iron weight in rim,
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- Appendix B
SUSPENSION SUBSYSTEM
This section presents the design rationale, tradeoffs, servo design, and design ‘ |
details for the suspension subsystem, the self-contained system that supports the j __
: rotor from zero to full speed for any specified motor-generator power, P
L The subsystem design resulted from logical consideration of elementary factors Lo :; i
and various tradeofis. i '
A. DESIGN RATIONALE L
The design rationale has been to achieve the desired performance with low loss
and high reliability. To this »nd, system-level {radeoff studies were conducted,
starting the treatment of each topic from a very general viewpoint, Based upon these B i
< E tradeoff studies and SOW-gpecified axis bearing stiffness, the five servo loop designs S
b are presented. Loy
. Finally, design details of the suspension subsystem are given, .o S
B. TRADEOFFS fﬁ; 1
? .
1, Basic Bearing Choice Y
Before pursuing the magnetic bearing design, it is instructive to undertake n
; a general overview, "
The ring shaped rotor, conceptually simple and efficient in utilizing stressed 5
1 fiber, is the basic approach followed in this study. Compromises with this design ' ’
evolved and comprise a large portion of this report, :
H
The full spectrum of bearings listed below can be considered: o
e Roller P
e Ball N
¢ Hydrostatic (liquid, gas) -
- e Magnetic
s Electrostatie
i B-1
i o
- " . !'_




The listing is roughly in order of stiffness or local pressure., Two factors
weigh against the use of roller or ball bearings; the high centrifugal stress in the
shaftless rim-only design, and the need for very low ambient pressure to reduce
windage losses, The latter factor also rules out hydrostatic bearings., Thus, one
quickly arrives at the last two alternatives and these are easily separated by a con-

_ sideration of properties of materials. The maximum flux density allows a magneto-

static pressure that exceeds the electrostatic pressure obtainable with the highest
work function material by roughly two orders of magnitude, The electrostatic system
is attractive for requiring the least additional rim weight, but the need for very high
vacuum, excessively large bearing area, and pure metal surface comditions rule it
out,

2. Wheel Orientation

a, General

Safety considerations and site-development costs require mounting the
wheel with the spin axis along the local vertical, This is also preferred from the
suspension standpoint, since radial magnetic field symmetry is preserved, thereby
minimizing hysteresis and eddy-current losses,

The wheel, mounted on the spinning earth, is precessed in inertial space,
requiring a steady torque input to achieve the precession, This ean be eliminated by

utilizing an equatorial mount, with the spin axis parallel to the earth's axis if required,

'This effect has been analyzed in an idealized manner and is presented
in the following paragraphs, where it is shown that the precession bearing force at
the equator for a local vertical mount is manageably small,

b. Gyroscopic Effect

An energy wheel with the spin axis parallel to local zenith provides the
most efficient arrangement for bearing the wheel weight, However, with this con-
fipuration, the gyroscopic torque due to earth's rate must be considered,.

The energy storage is:

1
E =3f, (B-1)
where
J = ipertia,

w = wheel speed

mp— vt

.




H
f
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i
i
i
H
¢

or
2E

J=ra (B-2)

For a tangential siress~limited rim speed,

Tw=V (B-3)
Substituting into Equation (2)

o2
J= Er

V2

it is tacitly assumed that r presents both the radius of gyration and maximum
radivs; i. e., a thin shell.

(B-4)

Since

H=Jw (B-5)
(H = momentum) ' (B-6)

The gyroscopic torque is:

T=w,xH (B=17)
where

T';o = earth's rate.

At the equator, the torque is

T=wg (B-8)

And the counteracting bearing torque is
T =2rF

where F is bearing force,

Solving for F,

F___Ewo

\

(B-9)
The gyroscopic bearing force is independent of rim radius,

The maximum surface speed, V, is related to maximum stress and
density by:




[#3
v=y 2 ¢ (B-10)
Y
or
Ecwg
F= (B-11)
‘/ amax
= g
For

E=3,6x 107 joules (10 kW-hr)
w, =7.27x 10~5 rad/sec (1 r/24 hrs)

g
max

—— =1.143x 10% m (Kevlar)

g =09, 804 m/s?
F = 2, 47 newtons (0, 555 1bf)

Even if the stress were 1/4 and the bearing radius 1/2 the rim radius,
the force would be only 9. 88 newtons (2. 22 1bf).

The East-West torque that must be generated in opposition will cause an
1R loss and, by virtue of the non-uniform flux density, eddy-current and hysteresis
losses as well., These will be quite small, however. Alternatively, a Virtual Zero
Power (VZP) control mode may be utilized, allowing the rotor to cock slightly to gen~
erate the correction torque without losses.

To calculate this effect, asswne that the geometry is such that the force
given by Equation (B-9) is doubled., Then the torque is:

T=2@F)=2(2x0,6096 x 2,47) =6, 02 Nem

¥rom the orientation loop study of Paragraph C. 1, the spring constant
due to the permanent magnets is:

4, 84 x 10° N* m/rad
Therefore, in & VZP mode, the rotor will deflect:

6. 02

784 x 100 ~ 1%¢urad

At the bearing, the gap change will be a negligibly small 8, 8 um.,

Dl




only if a bias value is assigned,

bl i PR e e e e T l .

Thus, precession torque can be easily taken care of by a conyentional
dispiacement loop with small (but uncaleulated) losses or by a2 VZP loop with no
losses and slight tilt. Also, the effect decreases with the cosine of 1atitude.

3. Bearing Angle

The Mechanical Capacitor will be mounted as shown in Figure B-1, The spin-
ning portion of the bearing, a partial cone, was chosen to more easily accommodate the
increase in radial displacement with speed. This is readily done by axial movement
of the stationary portion of the bearing, This configuration rules out serrated passive
bearings, Another factor in this decision was losses from field discontinuties. A
conventional active radial, passive axial, arrangement would have required segmented
stationary bearings to accommodate the inner wheel radius change with speed, The
discontinuties caused by the segmentation wounld have produced appreciable eddy-
current and hysteresis losses.

Having thus chosen the basic geometry of Figure B-1, this analysis addresses
the choice of the bearing slant angle,

An attractive system is assumed with ferrite or steel laminations for the rim
mounted magnetic keeper. Figure B~2 is a cross-sectional view showing the forces
acting, The bias force, ¥, must be chosen large enough so that in the presence of
wheel weight and disturbances, the bearing force does not reach zero. Bearing forces
in an attractive system are unidirectional (tensile). Only the magnitude can be changed.

With gravity and a horizontal disturbance force acting, the forces are as
shown in Figure B-2(b).

Summing forces and moments:

W
IFx B - Fg+F,-F, =—0r (B-12)
/2 Py
+ - - = —
ZFy F1 F3 Fz F4 —Sima {(B~13)
+ = -
IM  F +F +Fy +F, =0 (B-14)

(The factor /2 in Equation (B-18) is discussed later. )

These three equations (B-12, B-18, B-14) can be solved for the four variables
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BEAFHNG

NOTE: TOP FIXED BEARING IS MOVED VERTICALLY TO
MAINTAIN CONSTANT GAP AS RADIUS VARIES
WITH SPEED AND AXIAL LENGTH WITH POISSON'S
RATIO
Figure B-1, Mechanical Capacitor mounting,

The criterion for choosing the angle a is to minimize the difference in the
largest and smallest forces. This also minimizes the bias force and minimizes the
bearing weight-power product,

It can be seen from Figure B-2 that F; will be the maximum force and F,
the minimum,

Adding Equations (B-12 and B-13):

1 W 7/2 Fy
= -— = + —
AF Fl F4 2 ( cosa sina ) (B-19)

In the presence of both horizontal and vertical external forces, AF approaches
o as a approaches 0 or /2,

Differentiating Tquation (B-15) to find the value of a that minimizes AF:

1/8
a = tap~1 (_W.“”/ 2 FH) (B-16)

e e b Bk At o o




F F

{a)} BIAS FORCE, F,WITH GRAVITATIONAL
AND OTHER FORCES ZERO.,

{n) VERTICAL {WEIGHT) AND HORIZONTAL FORCES PRESENT

Figure B-2. Cross-section of bearing,

B-7




L

Subatituting back into Equation (B-15), the minimum force difference is:

2/87 8/2
_ W /2 F
o - 532"

If, for example,
W =90, 8 Kg (200 1bs)
Fr; =3.6 Kg (81bs)
F/W =0, 04

and from Equation (B-16)
a=21, 7

and from Equation (B-17)

Fmin =45, 4 (1. 246) = 56, 6 Kg (124, 5 1b)

Thus, a horizontal force which is 4% of the weight causes a 25% increase in
the bearing force difference. '

Figure B-3 shows the reason for the factor /2 in Equation (B~18). As ean
be seen, a rather ideal bearing arrangement bhas been chosen, However, for continuous
bearing structures with versatile, multiple winding switching, and adequate gap
sensing, this configuration can be approached, The analysis is easily modified for
different bearing geometry,

The angle a has been chosen as 25 degrees, in lieu of definitive horizontal
seismic data, which is a function of geography.

Finally, it should be noted that this angle can be chosen independently of

desired axis spring constants (operating actively in a position loop - not VZP), which
can be separately confrolied by judicious gain assignments for the various control loops.

4, Active or Passive Suspension

The proposed system is active in all five degrees of freedom, requiring a
sensor and servo loop for each, although electromagnets are ghared,

An active system was chosen for several reasons, For one, it represents a
conservative approach with positive control in each loop; this is especially important
when motor generator currents are large, The passive bearing performance is &
matter of geometry and hence, for a given design, fizxed; it 1acks ﬂe:ublhty and may
be ineapable of handling rotor structural model effects,
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. I. ZERO SIDE FORCE 3
{s} BEARING FORCE DISTRIBUTION A
| 2 {b) TOP VIEW
v '
FORCE PROJECTION
IN X-Y PLANE
RESULTANT =0
£ 15 UNIT FORCE i
(TENSILE PRESSURE), EQUALLY '
DISTRIBUTED ABOUT CIRCUMFERENCE : o
AND NORMAL TO SURFACE. : Bl
IL FINITE SIDE FORCE ; |
P
a f 1
UNIT FORCE, F, IS UNIFORMLY T
INCREASED TO LEFT OF x AXIS : |
AND UNIEORMLY DECREASED o
TO THE RIGHT OF THE x AXIS, O
DISTURBANCE i