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FOREWORD
This report represents the results of a conceptual design study
carried out by William M. Brobeck and Associates (WMB&A) for Sandia
Laboratories under Sandia Contract No. 07-3663. Mr. Harold E. Schildknecht
is the Sandia Contract Technical Monitor, and his cooperation and guidance
are gratefully acknowledged. The effort was reviewed at its midpoint
at the U.S. Department of Energy, Division of Energy Storage System

with the Branch Chief for Advanced Physical Methods, Dr. George C. Chang.

His helpful suggestions and continuing interest in this program are
gratefully acknowledged.

The work described in this report was carried out under the direction
of WMB&A Project Director, Mr. Francis C. Younger. Messrs. Stephen F.
Post and William H. Bauer have assisted in formulation of approaches,
review of conclusions and have carried out many of the design analyses.
Messrs. Gregory V. Hassman and Robert E. Thomas have carried out much
of the control circuit analyses and aided greatly in the motor selection
study. Dr. Hayden S. Gordon has provided valuable assistance in economic
analysis and cost estimating.

The design concept presented in this report should be considered
conceptual. Minor changes in the design may be anticipated in a
continuation from a conceptual design toward a prototype design. It is
hoped that such a continuation would proceed in stages which would include

fabrication and testing of a demonstration unit.
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ABSTRACT

A conceptual design of a flywheel energy storage system suitable for
on-site interfacing with residential photovoltaic (PV) energy sources
has been developed. The basic design objective was to provide a generous
margin of safety and above average reliability and efficiency at the lowest
practical cost. This report describes the basic design concept and the
general approach to the conceptual design of the energy storage system.
The basic concept to interface with PV energy sources utilizes a constant
voltage motor/generator directly coupled to a flywheel rotor. The
voltage Tlevel of the motor is maintained at the optimum operating voltage
of the array of PV cells and permits peak power tracking. Power is with-
drawn from the flywheel-driven generator when the voltage output of the
array drops below its optimum value, and power is delivered to the flywheel
via the generator (then operating as a motor) when the voltage rises above
the optimum value. A variety of motor types and flywheel rotor types
has been studied to arrive at a conceptual design to meet the program
objectives. A fiber-composite rotor driving a separately-excited motor
satisfies the basic requirements. To obtain acceptable efficiency and
low run-down losses, the flywheel operates in a vacuum and has a combination
of magnetic thrust support and ball bearings to reduce bearing friction
in an economical fashion. The need for rotary vacuum seal is eliminated

by the use of a hermetically-sealed magnetic power coupling.




Cost of the system has been determined for production models to be
produced in annual quantities up to one-hundred thousand for both ten-
kWh and fifty-kWh capacities, and also for a ten-kWh one-of-a-kind

demonstration model.




INTRODUCTION

The Flywheel Energy Storage System (FESS) 1is intended to enhance
the value and utility of small solar power generating plants. The timely
development of economical energy storage concepts is crucial in many
solar power applications. The variable nature of solar energy severely
1fmits its applications if some practical storage system is not made
available. Batteries, pumped-hydro, compressed air, thermal and mechanical
energy storage all offer the potential for suitable systems applications.
Economic factors may favor one system in a particular application and
yet another in a different application depending upon their performance
and cost characteristi;s. However, at present, accurate cost and performance
characteristics do not exist for emerging technologies. New designs
with generous margins of safety have not yet been demonstrated for
mechanical energy storage systems. A concept which could Tead toward
a practical demonstration is presented.

This report describes the effort for the development of a conceptual
design for a FESS suitable for on-site interfacing with small photovoltaic
(PV) energy sources. The new design has as objectives a generous margin
of safety, high reliability and efficiency obtained at the Towest practical
cost. The design is for a stationary application, in which volume and
weight are of secondary importance. The basic design objective is a
system which can be economically manufactured in existing industrial

facilities using conventional production methods.




Attainment of the highest practical charge/discharge efficiency is
a high priority goal. This requires very careful attention to design
details, as well as the selection of the most appropriate engineering
concept.

The program objective is the design of storage units suitable for use
with small to intermediate scale solar sources. The nominal energy
storage capacity is in the range of 5 kWh to 100 kWh; the specific
requirements are for the detailed design of a 10-kWh storage system and
for detailed cost estimates of the 10-kWh system and a 50-kWh system. The
required power rating of the 10-kWh system is 5 kW. These units are to
have an electrical interface for 60 Hz/220 volts single-phase power. The
control system must maintain the desired frequency and voltage over the
full rotor operating speed range.

The round-trip efficiency for charging and discharging must exceed
70 percent. This requires that the one-way efficiency exceed 84 percent.
The rate of loss of stored energy due to friction and windage must not
exceed five percent per hour.

The design must have a genevous factor of safety and high reliability.
It must be designed for a 1ife expectancy of at least twenty years
during which a minimum of 10,000 charge/discharge cycles may be encountered.
These cycles cover the full speed range of the design. Allowance may
have to be made for any overspeed tests which might occasionally be
performed.

The project is divided into four main tasks covering (1) the basic
system concept; (2) optimization; (3) design of a 10-kWh unit; and (4)

estimate for a 50-kWh unit.




The basic system concept effort and subsystem options consist of an
evaluation of workable engineering concepts and the narrowing down of
choices to the best subsystem options. Subsystem options include flywheel
configuration, materials, flywheel housing and containment, seals, type
of motor/generator, suspension system, mounting, controls, auxiliaries,
and instrumentation. Problems of safety, efficiency, losses and parasitic
loads, manufacturability, maintenance, and economics are considered.

Various flywheel configurations and material combinations have been
considered for energy storage systems. It has been shown that high energy
density is achievable with materials possessing a high strength-to-weight
ratio, and that some of these materials are sufficiently inexpensive to
be potentially attractive for residential use.

The results of the design study may be summarized as follows:

1. A conceptual design satisfying the program objectives has

emerged.

2. The study shows that a rim-type flywheel using filament-wound
fiber composite based on E-glass/epoxy is the most economical
flywheel for a FESS.

3. The projected rotor cost for the 50-kWh FESS is $198 per kWh of
stored energy.

4.  Peak power tracking for the PV supply is easily accomplished for
the FESS.

5. A separately excited motor/generator with transistorized
electronics commutation can provide mechanical to electrical

energy conversion with high turn-around efficiency.




6. Low windage losses for the flywheel will require maintaining
a vacuum of about 2 x 10'7 atmospheres.

7.  To assure low bearing friction partial support of the flywheel
weight using a magnetic thrust bearing is required.

8. By coupling power magnetically across a non-conducting vacuum
barrier the need for a rotating seal is eliminated.

9. Highreliabilityand safety appears achievable.

10. A total system cost of about $371 per kiWh of deliverable énergy
appears possible for large production.

11. A ten-kWh demonstration model can probably be produced for
about $207,000 not including testing, administration and further
design.

From the results of the design study it can be concluded that a
FESS would be practical in some regions if the unit is properly sized to
take advantage of the available energy at the particular site. The
optimum size may be about 25 kWh depending upon the size of the PV supply.
It may also be concluded that a demonstration model can be fabricated

using presently available technology.




TEN-kWh SYSTEM DESCRIPTION

CONCEPT

The FESS concept integrated with a residential photovoltaic (PV)
supply is shown in Figure 1. The FESS acts as an energy buffer between
the direct current PV supply and the alternating current utility power
source to permit an optimum utilization of the available solar energy.
The PV supply represents a variable voltage dc source with its voltage
dependent upon its temperature and current and upon the solar insolation.
With increasing insolation, the available PV energy will rise and may
exceed the load demand of the home; excess power is then diverted for
storage in the flywheel shown in the pit below the garage floor. This
stored energy is subsequently recovered to supply electrical energy to
the home when the available solar energy is inadequate to satisfy the
demand.

In addition to providing an energy storage capacity via the flywheel,
the FESS provides the necessary energy conversions to match the requirements
of the various portions of the integrated system. These include the
conversions from mechanical (kinetic) energy to electrical energy, from
dc to ac, and the tracking of optimum dc voltages. Figure 2 shows the
general flow of power and main system elements. The generator coupled
to the flywheel provides the electrical to mechanical energy conversion
using adjustable field current to provide control of the power flow. The
generator converts mechanical energy into electrical energy to discharge
the flywheel when there is a demand for its energy or it acts as a motor

to reverse the energy flow when there is a surplus of solar energy.
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The 1ink shown between the solar unit, the generator, and the power
conditioner is a dc link set at the voltage which optimizes the power
output of the PV cells. This optimum value of voltage depends upon the
temperature of the PV cells and‘the solar insolation. The voltage is
controlled by the field excitation of the generator and the flywheel
speed. As the flywheel speed increases, the field current is reduced
to maintain the desired voltage. The power conditioner provides the
required dc to ac conversion.

The flywheel/generator system is shown in Figures 3 and 4. The main
elements are the flywheel, motor/generator, vacuum vessel and the flywheel
suspension system. The suspension system consists of support bearings
to carry the flywheel weight and dynamic loads and damper assemblies to
prevent whirl instabilities.

The FESS design concept was developed specifically for a 10-kWh
storage capacity system with a 5-kW maximum power output. However, special
emphasis was placed on assuring that the concept was adaptable for upward
scaling to 50-kWh storage capacity and 10-kW maximum power output. Table 1
provides a comparative Tisting of the design features that primarily

serve to distinguish the 10-kWh and 50-kWh storage capacity configurations.

10
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Table 1. FESS Design Features

Working Speed, rpm
. Maximum

Minimum

Rotor Characteristics
Qutside Diameter, 1in
Inside Diameter, in
Height, in
| Weight, 1b

Maximum Energy Density, Wh/1b

10 kWh

9800
4900

49.88
40.88
13.12

906

14.9

50 kWh

5730
2860

85.29
69.90
22.43

4530

14.9

A foremost objective of the contractual scope of work was to develop

the conceptual design of a low-cost conventionally manufacturable 10-kWh

FESS. Hence, this section places primary emphasis on the description of

a production-model version of the basic 10-kWh design concept shown in

Figure 3.

and the 50-kWh system.

A 10-kWh concept as embodied in a one-of-a-kind demonstration model
and the aforementioned 50-kWh system in a production-model configuration
are described in subsequent sections, although most of the design features

of the production-model 10-kWh FESS are common to the demonstration model




MECHANICAL DESIGN

Ten-kWh Rotor

The rotor as shown in Figure 5 is a biannulate rim supported by
tension-balanced polar-catenary spokes which connect the central hub and
the rim. For the 10-kWh unit, the biannulate rim, consisting of a fairly
thick portion filament wound with E-glass/epoxy and a thin circumferential
overwrap of Kevlar 49/epoxy, has an outside diameter of 1.267 m (49.88 in)
and an inside diameter of 1.038 m (40.88). The glass/Kevlar interface
diameter is 1.249 m (49.16 in). The rim axial length is 333 mm (13.12 in).
The relatively large amount of the inexpensive E-glass keeps the cost down
and the high modulus Kevlar 49 overwrap suppresses the radial tension
stresses which otherwise would occur in a thick rim. This design permits
a high volumetric energy density since a large percent of the swept volume
of the flywheel is occupied by highly stressed fiber-composite material.
The rim weight is 278 kg (613 1bs) and the total weight is 411 kg (906 Tbs).
For 10-kWh of available energy, the peak stored energy is 13.5 kWh at
9800 rpm, and the energy density is 32.8 Wh/kg (14.9 Wh/1b).

A 584-mm (23-in) diameter hub reduces the radial space between the
hub and rim to allow the Kevlar 29 spokes to be short enough to provide
adequate rigidity to maintain hub/rim concentricity.

The rotor assembly incorporates sixteen spoke loops, with each loop
providing four spokes for a total of 64 spokes. Each spoke is .89 inch
thick by .82 inch wide. The contour of the spokes is a polar catenary, the
natural shape of a flexible cord in a centrifugal force field. This
contour theoretically eliminates all bending moments in the spokes, and

(1)

helps to reduce the maximum stress to a moderate level.

14
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The spokes contain steel loading weights at the junction with the
rim. The centrifugal force on these weights causes the spokes to expand
radially. The weights are sized to produce an expansion to match that of
the rim thereby virtually eliminating radial Toading on the rim. The
Tow modulus of elasticity of the Kevlar 29 allows the Toading weights to
be small enough to minimize spoke tension stresses. There are a total of
32 weights (i.e. two per spoke Toop) and each weighs 1.7 pounds.

The hub is made from aluminum alloy and is strengthened by a pre-stressed
Kevlar 49 overwrap which partially resists the centrifugal Toading on the
aluminum portion. The radial stresses in the hub are minimized by its
conical shape. The overwraps fit onto the aluminum with a diametral
interference of .013 inches to produce a compressive preload which acts
to reduce the maximum tensile stress in the aluminum caused by centrifugal
loading.

A section view of the hub was shown in Figure 4. The conical shape
of the center web allows the hub rim to dilate under centrifugal loading
without creating excessive stress in the web.

Suspension System

The suspension system consists of a combination of precision ball
bearings and a magnetic thrust bearing as shown in Figures 6 and 7. The

magnetic thrust bearing supports 90 percent of the rotor weight and 1is

shown as two parts. The upper part Tabeled "wound Tifting mag. (stationary)"
is the portion that is electrically energized to attract the Tower part
labeled "1ifting mag. (rotating)." Both parts are silicon iron with an

outside diameter of 273 mm (10.75 inches) and the gap between these two

16
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parts remain constant even if the rotor is experiencing a small precession
with nutation.
The precision ball bearings maintain the required radial alignment
of the rotor relative to the drive motor and support ten percent of the
rotor weight. The housing for the main suspension bearings is attached
to the vacuum vessel through an annular rubber pad. The resiliency of
this pad permits a Timited amount of radial motion of the rotor to accommodate
a small amount of rotor unbalance without imposing excessive radial loads
on the bearings. A small amount of precessional motion is also permitted.
The lower bearing support shown in Figure 7 is also mounted in rubber to
permit a limited amount of motion. The rubber mounting pads provide
damping to prevent dynamic instability. The system operates above the
critical speed where asynchronous whirl modes can be excited unless
adequate damping 1is provided.(z)
The upper bearings are Tubricated by an oil drop system. OQil is
injected into the top of the housing one drop at a time. The drop turns
into mist as it hits the high speed rotating parts. Surplus oil is
collected in a reservoir below the housing. A small solenoid-powered
plunger intermittently pumps this oil to an evacuated exterior reservoir, from which
it again flows to the top of the housing to repeat the cycle. Because of

their Tight Toading the lower bearings can be Tubricated with grease,

Power Qutput Shaft

The power output shaft must be flexible enough to accommodate the
precessional motion of the rotor. To achieve the desired flexibility

requires the use of a comparatively small diameter (.5 inch) "quill" shaft of

19




substantial free Tength (7.8 inch) as shown in Figure 6. This shaft is

made from heat treated steel with adequate strength and toughness

to assure that its deflections are entirely in the elastic region.

The quill shaft presents a special design problem in that its

flexibility has upper and Tow 1imits. Excessive stiffness will lead to
failure via excessive stress. Inadequate stiffness will allow shaft whip.(3)
Although this is a sensitive design area, simultaneously satisfying both

requirements is usually not too difficut.

Magnetic Coupling

The purpose of the magnetic coupling is to transfer torque through
the vacuum vessel without the use of a dynamic seal. The coupling is
illustrated in Figure 8. Both the inner and outer cores are constructed
from Taminated transformer silicon steel. The outer portion of the
coupling is driven by the motor and holds the magnet coil windings. The
inner portion which is coupled to the flywheel via a 12.7-mm (.5-in) diameter
quill shaft is driven synchronously as a salient-pole machine running on
reluctance torque. The gap between the inner and outer portion is occupied
by a vacuum barrier shown as a "vacuum interface can.”

The cylindrical wall of the can is made from G-10, an epoxy composite,
4.12-inch diameter by .03-inch thick in the ten-kWh system.

A plan view of the magnetic coupling assembly is shown in Figure 9.
The assembly is three inches long with an outside diameter of six inches.

In order to reduce run-down losses, the coupling is electrically
activated only during chargingor discharging. The amount of excitation

current is a function of the torque transmitted. After a brief start-up

20
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period involving slippage the magnetic coupling keeps the rotor and the
motor/generator fully synchronized.

Motor/Generator

The motor/generator unit is an air-cooled, separately-excited,
three-phase alternator. The unit proposed for the prototype is a modified
Bendix 9kVA aircraft alternator designed for high speed use as shown in
Figure 10. The required modifications include adding a third slip ring
and brush assembly for the magnetic coupling and the removal of the dc
exciter section. Figure 11 shows the outline of the modified motor generator.
The motor/generator for the production FESS would be a custom-built unit
of similar design.

Vacuum Vessel

The vacuum vessel shown in Figure 4 is made from 12 gage (.105 inch)
steel stampings. Ribs are used to provide the required rigidity against
the vacuum load and to provide adequate bearing support.

An O-ring seal is used to keep vacuum integrity. A valve provides a
connection for a vacuum pump for periodic pump down. When the FESS is
first assembled and pumped down an initial outgassing period will be
encountered. Baking out the system will speed up this outgassing process.(6)
Once properly outgassed, the closed system is expected to remain at a
sufficiently Tow pressure for many months, as the epoxy resin has a
(7)

negligible vapor pressure.

ELECTRICAL DESIGN

Control System Concept

The FESS control system maintains the optimum flow of power from the PV
supply by diverting excess power from the PV supply to the flywheel when

the available solar power exceed the demand of the home and by taking

23
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power from the flywheel when the demand is greater than that available
from the PV supply. For a given insolation and temperature of the PV cells,
there is an optimum dc voltage where the maximum power is drawn from the
PV supply. If the Toad demand increases above this maximum power output,
it would cause the voltage output of the PV supply to drop excessively.
This voltage drop will be opposed by power diverted from the flywheel
if the output voltage of the generator is set at the optimum value.
Similarly if the load demand decreases, the voltage of the PV supply
tends to rise as the current fails. Tnhis rise 1n voltage and loss ot current
will also be prevented by having the output voltage set at the optimum
value because as the PV output voltage rises, the generator becomes a
motor and diverts power to the flywheel.

The FESS control system continuously monitors the dc bus voltage
and sets it to a value which maximizes the power output of the PV supply.
The set point voltage is produced through an integrated circuit pulse
width modulator that regulates the field current of the generator. A
schematic diagram for the control system is shown in Figure 12.

The circuit for the electronic commutation of the three-phase motor
is also shown. A three-phase waveform generator develops the control
signals for the six power transistors which drive the motor. The developed
signal is a periodic three-phase square wave. The frequency of operation
is a direct function of the rotor speed as the clock signal is generated
from the rotor position sensor. The rotor position sensor is comprised of
a number of optical sensors, a slotted position wheel, and some Togic. As
the slots pass through the sensors digital pulses are generated. The
pulses are then combined to form the clock for the waveform generator.
One of the sensor outputs also serves as the input to the synchro-switch as
an aid in controling the magnetic coupling synchronization.
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A unique feature is that the line voltage is monitored to prevent
common devices from turning on simultaneously. This allows the conduction
angle of the waveform to approach a maximum of 120°.

High and Tow level detectors are used as alarm signals that indicate
abnormal velocities of the flywheel. Other than its normal operating
range, the flywheel can be in one of two conditions. It can be discharged
to the point at which Tittle useful energy remains or it may be charged
to the point at which no more energy can safely be added to the flywheel.

The high or Tow level detector will indicate either of these states.

Field Controller

The Field Controller is an integrated circuit pulse width modulator
that utilizes the bus voltage as feedback signal. The frequency of the
field is fixed by discrete components at 4 kHz. The field is controlled
by regulating the duty cycle of the 4 kHz to a value such that the feedback
signal is equal to the modulator input. The result is that the bus is
regulated to a value proportional to the input.

Maximum Power Tracker

The Maximum Power Tracker circuitry is used to set the operating volt-
age of the system to a point at which the maximum output power from the
solar array is achieved. The circuit is operative only while the output of
the array is above its minimum threshold; the circuit maintains the array
power at its maximum power independent of its load. The characteristics of
a typical solar cell at various concentrations are shown in Figures 13 and 14.
The power is controlled by adjusting the system bus voltage which

in turn determines the operating voltage of the array. To determine the
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maximum power, the bus voltage is varied while the array power is monitored.
The circuit adjusts the bus voltage to the point at which the array power
is reduced. At this point, the polarity of the adjustment signal is
inverted. The bus voltage is then adjusted in this new direction until

the power is again reduced. By continually moving the set voltage the
array power is maintained at its maximum power point.

Motor/Generator Drive Circuit

The power transistor circuit for driving the motor is shown in Figure
15. The drive electronics consists of NPN Darlington Transistors and
diodes for the drive and generation modes. The transistors that are
referenced to ground are driven directly through current amplifiers
while the transistors that are referenced to the positive bus are driven
from optical-isolators through current amplifiers. The optical-isolators
are referenced to a voltage that is 5 Volts below the positive bus. This
voltage is developed through an integrated circuit switching regulator.

Magnetic Coupling Control

When the magnetic coupling is in its normal operating mode, i.e.,
transmitting torque to or from the flywheel, the unit runs synchronously
and its torque capacity is proportional to its excitation current. In
this normal mode the magnetic coupling control circuit acts to regulate
the excitation current to the level necessary to transmit the required
torque. Regulation of the excitation current is achieved by use of a
4-kHz pulse width modulator with its pulse width determined by an integrated
circuit that sets the required excitation current proportional to the

product of the motor armature current and field current. Regulating the
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excitation according to need limits the power loss in the coupling.

De-energizing the coupling allows the flywheel to coast free of the
motor. In the de-energized mode the coasting flywheel has a minimum
run-down loss. The flywheel would be in the "free wheeling" mode when
no energy exchange is desired either because the flywheel is below its
operating speed with no sunlight available or because it is in an overspeed
condition with no power demand upon it. In either case the "free wheeling"
continues until a change in conditions require that the coupling be
re-energized.

In order to bring the coupling to its norma® operating mode, following
a de-energized period, synchronization of the coupling is required.
Synchronizing the motor and flywheel is automatically controlled by
raising or lowering the motor speed via control of the motor field current.
The flywheel tachometer signal and the motor shaft position sensor signal
are used as inputs to the synchro-switch IC which turns on the pulse
width modulator to set the coupling excitation current to its appropriate
Tevel when synchronization occurs. During the period where the motor and
flywheel speeds are being brought into synchronization the motor field
current is controlled by the magnetic coupling control. After synchronization
the motor field current is controlled by the maximum power tracker.

Sensor Logic

The sensor logic develops the command that directs the controller to
either charge or discharge the flywheel and also to engage or disengage
the coupling. The decisions of the sensor Togic are made from information
pertaining to the speed of the flywheel, the available solar power, and

the required load.
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Power Supply

The power supply driven from the utility Tine side of the inverter
develops +15 Volts and also +9 Volts to power the magnetic bearing and lube
pump. The +15 Volts maintains a full charge on a 12-Volt gel-type storage
battery. In case of a utility power failure, the auxiliary battery will
drive the magnetic support and Tube pump until the flywheel has run down
or power has returned.

Inverter

The inverter is a purchased Gemini unit. The unit is of a synchronous
type and, therefore, requires the presence of a utility line. An
asynchronous inverter would be installed if a utility line is not present;
however, due to the cost factor involved, it is felt that such an inverter
should be included as part of the controller design.

COST ESTIMATE FOR THE TEN-kWh FESS

Layout drawings, specifications and cost estimates for serial production
quantities of the 10-kWh, 5-kW FESS have been prepared based upon the
developed concepts. Serial production costs are based upon estimates of
costs for fabricating components to designs and methods of fabrication
typical of mass-production techniques.

Prototype components are fabricated with a minimum of tooling,
whereas, in high-production quantities expensive and elaborate tooling
contributes 1ittle to part-production unit costs. In the quantity-
production costs estimates the tooling cost has not been estimated and, in
general, the material and production cost has been based upon the assumption

of production quantities of 100,000 sets of parts where die costs are of
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the order of a few cents per part. Then for each factor of ten reduction
in quantity an increase of 17.6% in cost was assumed. This method of
estimation is valid for three to four decades in quantity reduction but
becomes unrealistic for small quantities where alternate methods of
fabrication become dominant. Also it must be emphasized that what is
defined as "production cost" does not mean "sales price" which will be
higher by a factor of two to three depending upon marketing and amortization

policies.

The cost of the mechanical assembly of the flywheel system was estimated

on the basis of a design employing die-formed sheet-metal parts, rough-
forged and machined steel parts, and permanent-mold and die castings, as
applicable, for custom-made metal parts. Fiber-composite parts were
estimated on a materials and labor basis for winding and curing using an
up-date of fabrication costs from previous contracts. These costs were
for rings of comparable weight and were extrapolated to larger numbers of
components at 15% decrease for each factor of 10. Experience in winding
biannulate rings confirmed the rate of build-up for fiberglass and Kevlar
were approximately the same. Therefore, the cost per pound for the latter
was taken as inversely proportional to density. Current material costs
and quantity discounts were obtained from manufacturers of fiber and resin
and were used with estimated waste allowances.

The cost of the aluminum hub was based upon materials and machining
cost for a heat-treated, aluminum-alloy casting. For quantities of 100,

a loose-piece-pattern, sand casting was assumed with the necessary draft

and surface clean-up machining added. For larger quantities a permanent-mold
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casting was estimated with substantial reduction in scrap and machining
allowances. Neither technique of fabrication included the pattern (or
permanent-mold) cost.

Metal parts, not including those in the rotor sub-assembly, i.e. hub
and spoke weights, were estimated as categories by total finished weight,
materials and processes. For example, one category included the main
support shaft and its extension and the power output shaft. This category
was estimated as high-carbon steel forgings, rough machined, heat-treated,
ground to finish dimension and surface treated with a rust-resistant oxide
coating. Costs of the various operations were based upon American Society
for Metals examples for forging, finishing, etc., up-dated for current
costs.

The most expensive category was that comprising the vacuum tank.
Preliminary stress and deflection calculations indicated that sheet-steel
stock thickness of 100 mils would be more than adequate for the tank heads
if radial flutes were formed which terminated in a moment-transmitting
attachment to a central mounting collar supporting the rotor-system weight.
Alternative methods of forming such heads were drop-hammer or draw dies
forming low-carbon steel sheet or the use of explosive-forming techniques
for producing the flutes in a sheet-metal spinning supported in an open
female die. The method chosen would depend upon quantity to ke produced
inasmuch as Timited-1life dies for small quantities could be made more
cheaply than long-lived ones. The estimate for large-quantity production
assumed a low die cost per unit produced which resulted in a formed part

cost approximately twice the material cost. Forging, machining and welding
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of the central mounting collar was separately estimated. In this same
category was included the die formed sheet-steel parts supporting the
Tifting-magnet components, the main bearing and magnetic coupling supports.

The rotating electrical components, namely the magnetic coupling and
the motor generator, were estimated separately. The magnetic coupling
cost was based upon wholesale price of a three-phase induction motor of a
comparable torque rating. Lamination and winding costs were considered
comparable and the difference between wholesale price and original-equipment-
manufacturers (OEM) cost (about a factor of two) covered the special features
of slip rings, vacuum barrier, etc. This cost was considered representative
for quantities of 100,000 and was increased for reduced quantities in the
manner previously described.

The cost of the motor-generator was based upon the wholesale price
of an electronically-excited, commercial alternator of a kilowatt rating,
adjusted for difference in speed of minimum flywheel speed of 5,000
rpm and standard alternator speed of 3,600 rpm. These estimates were also
escalated with decreasing quantity in the above-described manner.

The cost per assembly is shown in Table 2.

Table 3 shows the estimated costs for controller in various quantities.
The cost of parts is sensitive to the cost of high power switching devices.
These devices are experiencing significant decreases in price and the parts
cost picture may actually look even better in the future. Using present
costs, in 100,000 production quantities, the $412 controller-peak power
tracker costs represent a cost of $82 per switched kilowatt. This cost

also covers the many other functions of the controller (speed sensing,

magnetic Tift control, magnetic clutch control, peak power tracker, etc.).
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Table 3. 10-kWh (5-kW) Controller Cost Estimate
(Cost in 1979 Dollars)

QUANTITY PARTS ASSEMBLY TOTAL
102 472 .84 63.02 535.86
10° 418.29 60.13 478.32
10 384.36 56.15 441 .01
10° 360.44 51.65 412.01
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Table 4 shows the estimated 10 kWh total system cost for various

quantities of production. In quantities of 100,000 units per year, the
total production cost is estimated to be $5057 or $505 dollars (1979) per

usable kilowatt-hour stored.
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Table 4. Cost Estimate for 10-kWh FESS

CONTROLLER

QUANTITY MECHANICAL PARTS PEAK POWER TRACKER INVERTER TOTAL
102 7085 536 795 8416
103 5845 478 276" 6599
10 4955 441 235 5631
10° 4445 11?2 200 5057

*Represents the change from a commercially purchased unit to an in-house design.
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SUBSYSTEM SELECTION CRITERIA

ROTOR MATERIALS

In order to minimize costs, the material must have high energy storage
per dollar of cost. Energy storage per dollar of material is directly
proportional to the strenth-to-weight ratio divided by the cost per
pound.

Flywheel rotor material must have a high strength-to-weight ratio in
order to keep down the size of the rotor. This keeps down the rotor weight
which minimizes bearing Toads. Another advantage is that the enclosure
size is kept to a minimum.

In addition to high strength, high fatigue strength is also necessary
because the unit must have a long life with a large number of charge/discharge
cycles. If the material is a fiber-composite then the static fatigue
strength must also be high because the unit is required to operate for

twenty years.

Total manufacturing costs are to be minimized. Because of this
the cost of fabricating the material must be low.

Two types of materials were considered: 1isotropic (metal) and
orthotropic (fiber-composites).

Because of the high strength-to-weight ratio requirement only high
strength steels were considered for the isotropic material. Three fibers
were considered for the orthotropic material: E-glass, S-glass, and

Kevlar. For all three, epoxy is the matrix material.
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Table 5 1ists the types and properties of steels that were cons1‘dered.(4
The fiber properties are listed in Table 6.(5)

A detailed cost analysis was done to determine the relative cost of a
steel rotor vs. a composite rotor.

The steel rotor considered is shown in Figure 16. It is a truncated
cone with no hole in the center. The material is A471 Class 9 steel that
is heat treated to the requirements of A723.

The composite rotor rim is shown in Figure 17. It is a ring composed
of S-2 fiberglass in an epoxy matrix.

The manufacturing costs of both rotors are shown in Table 7. Note
that for the composite ring the costs decrease sharply as the number of
units produced increases. For the steel disk, however, cost remains
almost constant for any number of units produced. This result shows
clearly the economic advantage of fiber-composites for flywheel rotors.

0f three composites considered, E-glass is the least expensive.

It has the lowest strength but the ratio of its strength to cost make
it an attractive candidate. S-glass is approximately 1.5 times stronger
than E-glass and Kevlar is approximately twice as strong as E-glass.

The cost of S-glass is approximately five times that of E-glass.
Kevlar costs approximately 18 times as much.

Figure 18 shows the cost of a rotor made from each composite as a
function of fabrication costs. Note that E-glass rotors have the lowest
cost if fabrication costs are below approximately $2.50 per pound.

Above $2.50 per pound, S-glass rotors have the Towest cost.
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Figure 19 shows the fabrication cost per pound as a function
of quantity for fiberglass epoxy rings. Note that when the quantity
exceeds 100 units, the fabrication costs are below $2.50 per pound.
This shows that for high volume production, E-glass is the most
economical material.

ROTOR SHAPES

Rotor design requirements included:
The maximum operating speed is below 10,000 rpm
to simplify motor selection
Low stress levels to ensure reliability
Low cost
Reasonably compact size in order to minimize
enclosure cost
Short axial length in order to avoid instability
problems
A number of rotor shapes were examined. Candidate shapes included:
Constant stress disk
Modified constant stress
Multi-disk
Truncated conical disk
Flat disks, pierced or unpierced
Thin ring
Rim with web and hub
Multi-ring (concentric rings)

Radial rod ("super flywheel")
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The optimum rotor shape for an isotropic material is different
than that for an orthotropic material. The isotropic material is
capable of supporting high stresses in all directions. An optimum
design would take advantage of this capacity by imposing equally high
radial and circumferential stresses as in the constant stress disk.

The truncated conical disk also supports high radial and circumferential
stresses although not exactly of equal value. Because the stresses

in the truncated conical disk are not strictly uniform, the maximum
energy which can be stored is about 80 percent of that for the modified
constant stress disk. However, as the fabrication costs of the various
shapes are considered; the one giving the greatest energy storage per
dollar for isotropic materials is then compared to the best orthotropic
design.

Orthotropic materials can carry high stress in only one direction
and are best used in shapes which take advantage of that characteristic.
The thin ring designs impose circumferential stresses which are nearly
uniform whereas the radial-rod designs impose radial stresses which are
high at the center and drop to zero at the outer edge. The uniformly
high stress in the thin ring carries the highest energy per pound of
material, but does not provide a good utilization of space. Increasing
the radial thickness of the ring improves the space utilization but
increases the radial tensile stress. Since the composite strength is
low in tension in the radial direction, the thickness cannot be increased

by a Targe amount.
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Economic considerations show clearly the advantage of using
E-glass for the rotor material. But the high modulus of elasticity
and lTow density of the more expensive Kevlar 49 makes it the ideal
material for use as a thin overwrap.

This combination of properties assures that the Kevlar outer portion
will act as a reinforcing band about the E-glass to maintain radial
compressive stresses. This arrangement permits the combined rim to
have the Targe radial thickness required to achieve a good space utilization.
The radially thick rim is also easier tc support than a thin one because
the ratio of the rim inside diameter to the hub diameter is smaller.

A biannulate rim, consisting of an inner ring of E-glass/epoxy with
an overwrapped outer ring of Kevlar 49 permits a considerable increase
in radial thickness for the complete rim without giving excessive radial
tensile stress. This Targe radial thickness also gives good space
utilization. The ratio of Kevlar to fiberglass in the biannulate rim
was determined by design studies. Only a small amount of Kevlar is
required to give an optimum design.

Figures 20 and 21 show the tangential and radial stress of the 10-kWh
rotor (49.88-in 0.D. and 40.88-in I.D.) at the maximum rotational speed
of 9,800 rpm. Maximum tensile stress is 112,000 psi in the E-glass and
141,000 psi in the Kevlar. Maximum radial stress is 1,000 psi tension
in the E-glass and 820 psi compression in the Kevlar. Stresses were

(8)

calculated using equations given by Timoshenko.
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Rim support is provided by polar catenary spokes. These spokes
are tension-balanced to reduce undesirable radial loading on the rim.
The spoke material, Kevlar 29, was selected to give acceptable stress
levels and to produce a rigid support to maintain alignment of the
rim and hub. The maximum tensile stress in the spokes is 90,800 psi.

The hub provides support to the spokes. The hub material is
aluminum with a Kevlar overwrap. An interference fit puts the aluminum
rim into compression when the hub is not rotating. This pre-stressing
Timits the tangential tensile stress in the aluminum to an acceptable
value at the maximum rotation speed.

Figures 22 and 23 show the tangential and radial stress in the rim
at 0 and 10,000 rpm. Maximum tangential stress in the aluminum is
10,000 psi compression at O rpm and 10,000 psi tension at 10,000 rpm.
Maximum radial stress is 800 psi compression at O rpm and 1,230 psi
compression at 10,000 rpm.

HOUSING AND CONTAINMENT

This component serves a number of important functions:
An evacuated enclosure to reduce windage losses.
An encasement to prevent corrosion and mechanical
damage to the flywheel.

A structural member to transmit load.

A means of containment in the event of failure of

the wheel or bearings.
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RADIAL STRESS, PSI
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The most difficult requirement is to contain a failed rotor. To
satisfy this, three concepts were considered:
A thick steel container
A thin steel container with a fiber overwrap
A thin steel container in a concrete-lined pit
An economic analysis was done to compare the relative costs of each
concept. The results in Table 8 show that the most economical approach
is a thin steel container in a concrete-lined pit.

MOTOR/GENERATOR SELECTION

The motor/generator (M/G) unit which is used to couple power into
and out of the flywheel must fulfill a unique set of requirements.
As the name suggests, the unit has to be capable of efficient operation
in both motoring and generating modes. The M/G unit must be able to run
over the wide range of flywheel speeds. Full power (5 kW) is required
from 5,000 to 10,000 rpm and operation to O rpm is required in the
motoring mode. The speed of the unit should be easily controlled to avoid
costly exotic controller schemes. As the design life of the flywheel
energy storage system is 20 years, the motor/generator must be designed
for long life with minimum service requirements. Due to high system
efficiency requirements, the motor/generator unit must have very low

losses. Lastly, the unit must be reasonably priced.
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TABLE 8. Containment Cost Comparisons

Description
Thick steel
Thin steel and fiber overwrap

Thin steel in concrete-lined pit

(1)

Costs include installation

60
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$5292
$2565
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Given the above requirements, the following motor types were chosen
for evaluation.
1. Direct current brush and commutator type
2. Permanent magnet synchronous

Wound rotor synchronous

S~ ow

Squirrel cage induction
5.  Inductor
6. Multiple windings on rotor
The dc (brush and commutator) motor is easily controlled, and auto-
matically adapts to the dc solar sourced power. Efficiency is also good but
projected Tifetime and maintainance requirements are unattractive. The
permanent magnet synchronous machine, while providing high reliability
and lifetime, is expensive and requires extensive outside circuitry for
.voltage control. The wound rotor synchronous machine is an electronically-
commutated device with excellent voltage control capabilities. Its cost
is acceptable and Tifetime, reliability and efficiency are good. The squirrel
cage induction motor is known to require complex and expensive circuitry
for operation as a motor and generator. The voltage control characteristics
are also poor. The inductor-type machine typically exhibits an efficiency
which is too low for this application. The multiple winding devices require
elaborate power switching networks and tend to be very expensive.
Table 9 shows a summary of the candidates' qualities. Appropriate
weighting factors are shown at the bottom of the columns and summed

results are shown in the right column.
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As seen in the table, the best motor/generator candidate for the
flywheel energy storage system is the wound rotor synchronous motor.

For use on the solar sourced dc bus, this type of motor requires
a position sensor on the armature and an electronic commutation system.
Voltage and speed control are easily accomplished by adjusting field
excitation (supplied to the armature by slip rings). The electronically-
commutated separately-excited motor/generator operates at unity power
factor which makes more efficient use of the power switching devices
than does the induction device which operates at various power factors
(depending upon load and speed).

As the prototype FESS 1is intended to be designed around off-the-shelf
'items, an extensive search was made of motor manufacturers to find an
existing unit which would meet the requirements. An interesting problem
surfaced. High speed motors of this type generally fell into two
categories. One is the high speed motor with very elaborate bearing
and shaft assemblies designed to rigidly hold grinding wheels. The motor
itself is a minor part of these grinding spindle assemblies and, as such,
the unit costs are quite high. The other available type of unit is the
aircraft alternator. These units are designed with an emphasis on
extreme 1ight weight and are also quite expensive. For large quantity
production, a low-cost unit without the emphasis on weight or extreme
precision will have to be built. An aircraft unit with the following

specifications was selected for the prototype unit:
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BENDIX AC GENERATOR NO. 1633-1A
9 kVA Peak Output
208 Volt Nominal
Three-phase
1000 Hz @ 10,000 rpm
This unit will require some modifications for use in the FESS which
include removal of the dc exciter section and the addition of a third

slip ring for the magnetic coupling excitation.

CONTROL SYSTEM

Circuit Logic

Two options were considered for the circuit design: Tlinear circuitry
and microprocessor circuitry. Because all the control functions are
linear, linear circuitry is used. Also, the unit production cost of
Tinear circuitry is much less than microprocessor in small production
quantities. Even for quantities as large as 100,000, cost advantage of
either option is not clear.

Power Devices

Three types of power devices were considered:
1. Transistors
2. Thyristors or SCR's
3. Power field effect transistors
Transistors have high frequency response which Towers switching losses.
They can be easily commutated which results in simpler circuitry.
Thyristors are inexpensive and have high power ratings. But their

frequency response is low and they require rather complex circuitry for

commutation.
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Power field effect transistors combine the advantages of the other
two elements (with the possible exception of being inexpensive). They
have a high power rating, high frequency response and they are easily
commutated. They are also quite efficient because they require zero
drive current. Their disadvantage is that they are not expected to be
commercially available until the 1980's. At this time, their price
is not known.

Thyristors are not used because of the disadvantages mentioned.
Field effect transistors seem to have tha advantage but they are an
advanced state-of-the-art technology and should not be considered at
this time. At the present time, transistors are the best option.

SUSPENSTON SYSTEM

The suspension system must have adequate flexibility to allow
the rotor to rotate about its center of gravity without excessive bearing
loading. It must not exhibit whirl vibration within the operating range.
Also, bearing losses must be minimized.

The flexibility of the system is provided by mounting each bearing
housing on a rubber pad. Extra damping is added into the system by the
lower damping pad. Since it carries no thrust load, this pad can be
quite soft, allowing it to add damping to the system. The system is
shown schematically in Figure 24.

The dynamic properties of the system were analyzed and the results
are plotted in Figure 25. It can be seen that no whirl vibration occurs

within the operating range of 4,900 rpm to 9,800 rpm.
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Three bearing configurations were considered:
A11 ball bearing
A11 magnetic bearing
Ball bearings combined with magnetic bearings
The all ball bearing configuration was not used because the high
thrust load (900 1bs) would cause the bearing 1ifetime to be quite short.
Also, the losses would be high.
A1l magnetic bearings were not used because they require very
complex circuitry to keep them stable.
Ball bearings were used for radial stability and magnetic bearings
were used to provide 90 percent of the thrust load. This configuration

gives the Tongest bearing 1ife and the lowest bearing losses.
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SYSTEM OPTIMIZATION

EFFICIENCY
Run-down losses at 10,000 rpm are listed in Table 10. Total
losses are 150 watts which correspond to 1.5 percent per hour. The
pie graph in Figure 26 illustrates the relative magnitude of the
run-down losses.

Run-down Tlosses vary with speed. A graph of losses vs. speed is
shown in Figure 27.

A major factor in run-down losses is windage. In order to mini-
mize this, the enclosure is evacuated. A graph of windage as a
function of vacuum Tevel is shown in Figure 28.

Power conversion losses are listed in Table 11. The motor
losses are illustrated in a pie graph in Figure 29.

Power conversion efficiency is a function of power level and
speed. A graph of the round trip (charge and discharge) efficiency
as a function of speed at two power Tlevels is shown in Figure 30. At
the maximum power Tevel of 5 kW, the average efficiency over the
operating range is an essentially constant 71 percent. This value
drops with decreasing power levels in the manner shown in Figure 30.

Solar insolation data was provided by Sandia for two representa-
tive sites: Albuquerque, New Mexico, and Blue Hill, Massachusetts.

This data is summarized in Table 12.
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TABLE 10. Run-Down Losses at 10,000 rpm for 10 kWh FESS

COMPONENT LOSSES IN WATTS

Main Bearings 36
Bottom Damper Bearings 2
Magnetic Coupling Bearings 23
Magnetic Lift Excitation 30
Magnetic Lift Hysteresis 4
Magnetic Lift Eddy Current 20
0i1 Lube Pump 2
Windage 33

TOTAL 150
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Figure 26. Run-Down Loss Chart
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TABLE 11.

COMPONENT

Magnetic Coupling
Stator

Core

Windage

Bearings

STip Ring, Mechanical
STip Ring, Voltage Drop

Field

TOTAL

74

Power Conversion Losses, 10-kWh FESS @ 9,800 rpm, 5-kW Motor

LOSS IN WATTS

112
145
12.5
80
8
50
25
32

464.5
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This Sandia-supplied data was analyzed to establish the relation-
ship between the storage capacity of the FESS and the percentage of
time (i.e., days of the year) that a particular capacity would accom-
modate all of the PV-supply output that was in excess of the
residential load demand. The results of this analysis are shown
graphically in Figure 31.

RELTABILITY AND SAFETY

The overall design life of the system is 20 years. Certain parts
such as the rolling bearings and the slip ring brushes were designed
for periodic replacement. Stresses in rotating parts were kept as low
as possible to ensure reliable operation. As the mechanical system is
hermetically sealed, it is anticipated that reliability similar to
that of hermetically sealed refrigeration units can be achieved. High-
reliability industrial-grade electronic vomponents were called out to
ensure a 20-year lifetime with minimum service requirements.

The safety hazard in the event of total failure of the wheel and
vacuum vessel is eliminated by installation of the unit in a pit. The
pit which provides environmental isolation and noise isolation also
provides for rotor failure. Electrical wiring placed in conduit in
accordance with local building codes is not expected to provide any
safety hazards as the voltages and currents involved are similar to
those found in present house wiring systems. Special effort should be
taken, however, to ensure that insulation on wiring on the dc bus from
the solar panels remains intact. This dc bus is considerably more

dangerous than the ac voltages found in present house wiring.
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FIFTY-KWH FLYWHEEL ENERGY STORAGE SYSTEM

CONCEPTUAL DESIGN

The preliminary design of the 50-kWh FESS is shown in Figures 32,
33, 34, and 35. The rotor assembly, proper, was scaled by a factor of
50/10 for all components in weight and a factor of 3/5 in all
dimensions. The magnetic coupling size is increased due to the higher
torque required by the higher power rating and the Tower speed.

COST ESTIMATE

In estimating the cost of the 50-kWh, 10-kW FESS, heavy dependence
was placed upon the methods and unit costs developed for the 10-kWh
storage system. Because of the greater weight of materials in the larger
unit, break points in material cost occur for a smaller number of units.

Table 13 gives the estimated 50-kWh mechanical assembly cost. Table
14 gives the estimated 50-kWh total system cost including the mechanical
assembly, the electrical controller assembly and the synchronous
inverter. In production quantities of 100,000 units per year, the
estimated total system cost is $18,561 (1979 dollars). This amounts to

a $371 initial capital cost per usable kilowatt-hour stored for the 20-year

Tifetime unit.
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TABLE 14. Cost Estimate for 50-kWh FESS
(1979 Dollars)

QUANTITY MECHANT CAL CONTROLLER INVERTER TOTAL
102 25,860 706 1589 28,155
103 22,340 623 *485 23,448
10° 19,560 564 411 20,535
10° 17,695 516 350 18,561

* Represents the change from a commercially purchased unit to an in-house
design.
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TEN-KWH DEMONSTRATION FESS

DESIGN DESCRIPTION

Layout drawings, specifications and cost estimates for a prototype
10-kWh, 5-kW FESS have been prepared based upon the concept previously
presented. The prototype FESS is assumed to be a one-off, hand-built
demonstration system. The system cross-section is shown in Figure 36.
This unit differs from the production model primarily in terms of its
fabrication requirements. It is designed to be fabricated with a minimum
of special tooling. The vaccum vessel is a welded structure not
necessarily suitable for high-quantity production. A comparison of
Figures 36 and 4 reveals the significant differences between a production
FESS and a prototype FESS.

COST ESTIMATE

The cost estimate for fabrication of one prototype demonstration unit
includes cost not accounted for in the high quantity production estimates.
The costs include items 1ike tooling, assembly fixtures, casting molds
and multiple tries, etc. In one-off quantities, these costs dominate
the cost of the system. It should also be emphasized that the actual
design of the prototype unit is different from that of the production unit.
These differences reflect the differences in manufacturing techniques between
high and Tow quantity production. The fixtures and tooling, etc., would

be designed only for one-off production and their cost would have no bearing
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on tooling costs for the high production units although it is expected
that much information gained from a one-off fabrication would directly
aid the high quantity unit.

Table 15 1lists the estimated costs for producing one prototype
10-kWh flywheel energy storage system.

Additional costs including a testing program, administration costs
and further design, etc., would have to be added to yield an actual

delivered system cost.

89




TABLE 15. Cost Estimate for Prototype 10-kWh Demonstration FESS

1.1 Rotor-Hub-Spoke Assembly $ 39,525

1.2 Suspension and Mag Coupling Assembly 22,275

1.3 Lower Suspension Assembly 2,190
1.4 Motor Generator Modified 4,350
1.5 Vacuum Vessel 6,108
1.6 Accessories 12,650
1.7 Final Assembly and Checkout 9,000
1.8 Tooling and Fixtures 59,600

Mechanical Total $155,698
2.1 Breadboard Assembly $ 26,000
2.2 Prototype Assembly 23,465
2.3 Inverter 2,270

Electrical Total $ 51,735

ESTIMATED TOTAL SYSTEM PRODUCTION
COSTS FOR ONE 10-kWH PROTOTYPE UNIT $207,433
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CONCLUSIONS AND RECOMMENDATIONS

This design study indicates that a reliable, efficient flywheel
energy storage system can be manufactured at a reasonable cost.
It is recommended that a prototype model be produced to demonstrate

the viability of the concept.
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