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Preface

This document contains the proceedings of the NASA Electrical Actuation
Technology Bridging (ELA-TB) Workshop held in Huntsville, Alabama, September 29—
October 1, 1992. The workshop was sponsored by NASA Office of Space Systems
Development and Marshall Space Flight Center (MSFC). The workshop addressed key
technologies bridging the entire field of electrical actuation including systems
methodology, control electronics, power source systems, reliability, maintainability, and
vehicle health management with special emphasis on thrust vector control (TVO)
applications on NASA launch vehicles. Speakers were drawn primarily from industry
with participation from universities and government. In addition, prototype hardware
demonstrations were held at the MSFC Propulsion Laboratory each afternoon. Splinter
sessions held on the final day afforded participants the opportunity to discuss key issues
and to provide overall recommendations. All presentations are included in this document.

The workshop organizers express their appreciation to the session chairmen,

speakers, and participants, whose efforts contributed to the technical excellence of the
workshop. ' :
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Sﬁmmary of the
Electrical Actuation - Technology Bridging Workshop

The 1992 Electrical Actuation (ELA) - Technology Bridging Workshop was
held at the Radisson Suite Hotel in Huntsville, Alabama, September 29 -
October 1, 1992. This workshop was sponsored by NASA Headquarters/Code
DD and hosted by the Component Development Division of the Propulsion
Laboratory at the Marshall Space Flight Center. The workshop addressed
key technology issues in the field of electromechanical actuation including
system design, control electronics, power source systems, vehicle health
monitoring, reliability, and maintainability, with special emphasis on thrust
vector control (TVC) applications on NASA launch vehicles. In addition, the
workshop provided the opportunity for discussion of near-term power source
developments and ELA system requirements between the ELA systems and
the power source communities.

' Apprommately 150 individuals from both government and mdustry
participated in the workshop . Attendance is listed starting on: page 3. The
final workshop agenda is listed starting on page 11.

One of the more productive outputs of the workshop resulted from the
splinter sessions. These sessions afforded participants the opportunity to
discuss key issues and to provide overall recommendations. Most frequently
emphasized was the need for detailed requirements for actuator, power
source, and control electronics. These requirements are essential to perform
detailed system trade studies in order to meet the critical element of a hot
fire test on the SSME Technology Test Bed (TTB). A listing of suggested
topics provided to each splinter session group, along with a summary output’
from each group, is provided starting on page 1. ,

" Hardware demonstrations were held at the MSFC Propulsion Labdratory
each afternoon of the workshop. Basic performance criteria were
demonstrated by the following:

Boeing/Allied Signal EHA TVC Prototype

Honeywell Prototype Redundant TVC and Health Management
I56RC/GDSS Induction Motor Prototype TVC

MSFC Prototype TVC Actuator

Boeing Turbo-Alternator

Moog Prototype TVC Actuator

MSFC and Textron SSME Propellant Control Valve Actuator

The GHe turbo-alternator was developed by Boeing and Allied Signal under
the JPO-ADP Program. The primary objective for this program was to
demonstrate a helium driven turbo-alternator suitable for powering
electrically driven thrust vector control actuators. The hardware consisted of
a single stage axial impulse turbine directly driving a 50 kW 2-pole toothless
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permanent magnet alternator. The power conversion and control scheme
used was a 3-phase rectified bridge and speed control loop for adjusting
alternator output. The electrical power quality objective for this equipment
was a modified version of MIL-STD-704 desired to minimize corona effects
during launch vehicle operation. The upper transient value of 2730 was
imposed for that reason, and a nominal bus voltage of 220 volts was selected.
The GHe turbo-alternator was demonstrated successfully under a multitude
of no load and full load conditions and is currently completing tests at Allied
Signal's AiResearch Division. ‘

The electromechanical actuator (EMA) developed under contract by HR
Textron is to replace the hydraulic main oxidizer valve (MOV) on the space
shuttle main engine (SSME). The unit was delivered to MSFC one week
prior to the workshop; as a result, no test data was presented other than
acceptance test performed at HR Textron. The plans for this EMA for the
next year or year and one-half encompass characterization tests, vibration,
shock EMI, EMC, flow tests, and flight simulation laboratory (FSL) tests.
The summation of these tests assure that the EMA meets the requirements
imposed on the hydraulic MOV actuator and qualifies it to go to Technology
Test Bed for an engine hot fire test. ,

A table of TVC prototype hardware comparisons is found on page xvii, along
with color photocopies of the demonstrated hardware.

The general consensus.of the workshop was that ELA technology has been
demonstrated to be feasible for SSME/STME class TVC systems, as shown by
the performance capabilities of the workshop prototype hardware. However,
an overall strategy towards transferring this technology to a flight program,
along with the development of several key tools, is still undefined. Specific
requirements must also be provided in order to focus the ELA program.
Recommendations were made to hold a power source Technical Interchange
Meeting (TIM) within 6 months at Kennedy Space Center. The next ELA
workshop was recommended to be held no sooner than 12 months from now,
focusing on full-power TVC/ELA demonstrations with redundancy
management capabilities.

Proceedings from the 1992 ELA Technology Bridging Workshop are being
distributed with a video summary of the prototype hardware demonstrations.
The successful completion of this workshop represents a major milestone in
the development of ELA systems for TVC applications. The support of NASA
Headquarters/Code DD in achieving this success is gratefully acknowledged.
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NASA ELECTRICAL ACTUATION TECHNOLOCGY BRIDGING WORKSHOP
MARSHALL SPACE FLIGHT CENTER

AGENDA
FOR
TUESDAY, SEPTEMBER 29, 1992

7:40 Check-in

8:00  Session I. ELA Program Overviews Chairman: Charles Cornelius/MSFC
1. NASA HQ Perspective Paul Herr/Code DD )
2. KSC/STS Hydraulic Operations Carey McCleskey/KSC
3. ELA-TB Program Overview Gale Sundberg/LeRC
9:15  Break
4. NLS Keynote Speaker Rick Bachtel/MSFC
5. DOD ELA Program Overview David Homan/DOD
10:00 Session II. ELA Systems Methodology Chairman: John Harbison/MSFC
1. EMA Avionics Design Methodology Jim Mildice/GDSS
2. EHA Design Methodology John Anderson/Boeing
11:00 Lunch
12:00 Session IIL. ELA Control Electronics Chairman: David Howard/MSFC
1. DC Motor Control Electronics Justino Montenegro/MSFC
2. AC Induction Motor Control Electronics Ken Schreiner/GDSS
3. DC Motor Micro-Controller Design Collin Hugget/Allied Signal
4. TVC Engine Start Transient Response Jeff Ring/Honeywell
1:30  Session IV. ELA Prototype Designs & Test Results Chairman: Monica Hammond/MSFC

1. Boeing/Allied Signal - EHA TVC Prototype
2. Honeywell Prototype Redundant TVC and Health Management

2:30  Session V. ELA HARDWARE DEMONSTRATIONS

Group I Group I1 Group IT1
2:45 Depart Radisson EMA Motor/Gear Optimization - George Doane/UAH
3:00 Boeing/ASAC Demo Propellant Control Valve EMA & BIT - Matt Lister/Aerojet
3:20 Honeywell Demo Depart Radisson Depart Radisson
3:45 Depart MSFC Boeing/ASAC Demo Space Station Tour
4:05 Open Honeywell Demo Space Station Tour (con't)
4:25 Open Depart MSFC Boeing/ASAC Demo
4:45 Open Open Honeywell Demo
5:05 Open Open Depart MSFC

5:15  Close of Business
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'NASA ELECTRICAL ACTUATION TECHNOLOGY BRIDGING WORKSHOP

7:40

8:00

9:30

10:45

12:00

1:00

2:15

2:15
2:30
2:50
3:10
3:30
3:50
4:10
4:30
4:50
5:10
5:20

5:30

MARSHALL SPACE FLIGHT CENTER

AGENDA
FOR

WEDNESDAY, SEPTEMBER 30, 1992

Check-in

Session VI. ELA Power Source Systems
1. Bipolar Lead-Acid Batteries
2. Silver Zinc Batteries
3. Bipolar Lithium Batteries
4. Advanced Flywheel Technology
Break

byl

Turbo-Alternators
NLS GH2 Turbo-Alternator
7. ELA Power Source Simulators

o))

Session VII. ELA Operations
1. ELA Operations Test Bed
2. Cryrogenic Ground Support Applications
3. High Technology Test Bed

Lunch
Session VIII. ELA Prototype Designs & Test Results
1. LeRC/GDSS Induction Motor Prototype TVC

2. MSFC TVC Prototype
3. Boeing Turbo-Alternator

Session IX. ELA HARDWARE DEMONSTRATIONS

Group 1 Group II
Depart Radisson Break

LeRC/GDSS Demo
MSFC TVC Demo

Boeing Turbo-Alt. Depart Radisson

Depart MSFC LeRC/GDSS Demo
Open - MSFC TVC Demo
Open Boeing Turbo-Alt.
Open Depart MSFC
Open Open

Open Open

Open ‘Open

Close of Business

XiX -

Chairman: David Hall/MSFC
Doug Pierce/Johnson Controls
-Curtis Brown/Eagle-Picher
Franz Goebel/Yardney

David Eisenhauer/SatCon

Cliff Jacobs/Sundstrand
John Anderson/Boeing
Mike Bradway/LESC

Chairman: Carey McCleskey
Carey McCleskey/KSC

Bill St. Cyr/SSC

Bob Brogdon/Lockheed

Chairman: Monica Hammond/MSFC

Group 111
Break

ELA Gear Train, Roller & Ball Screw Components
Kurt Niederpruem/ ITW Spiroid

Depart Radisson
Technology Test Bed
Technology Test Bed (con't)
Technology Test Bed (con't)
LeRC/GDSS Demo

MSFC TVC Demo

Boeing Turbo-Alt.

Depart MSFC




NASA ELECTRICAL ACTUATION TECHNOLOGY BRIDGING WORKSHOP
MARSHALL SPACE FLIGHT CENTER

| AGENDA
; FOR
| THURSDAY, OCTOBER 1, 1992

7:40  Check-in

8:00  Session X. EMA FDIR and VHM Chairman: Fred Huffaker/MSFC
1. EMA Health Management Using Smart Sensors Jeff Schoess/Honeywell
- 2. Intelligent BIT on EMA Erv Hanson/LeRC
3. Fault Tolerant System Test for ELA Norm Osborn/Martin Marietta
4. TVC FMEA and Failures in Test Rae Ann Weir/MSFC
10:00 Session XI. Splinter Session Assignments
. 1. System Designs Dave Renz/LeRC
2. Control Electronics Justino Montenegro/MSFC
3. Power Source Systems David Hall/MSFC
4. Operations and Ground Support Carey McCleskey/KSC
5. Redundancy and Health Management Don Brown/JSC

11:00 ELA Working Lunch (Radisson Magnolia Room)

12:00 Splinter Session Recommehdations Chairman: John Sharkey/MSFC

1:00  Session XII. ELA Prototype Design & Test Results Chairman: Monica Hammond/MSFC
1 1. Moog Prototype TVC Actuator
| 2. MSFC & Textron SSME Propellant Control Valve Actuators
3. Allied Signal TVC EMA Prototype

2:15  Session XIII. ELA HARDWARE DEMONSTRATIONS
Group 1 Group 11 Group 111
2:15 Depart Radisson Open Open
2:30 Moog Demo Open : Open
2:50 MSFC/Textron Demo  Open Open
3:10 Allied-Signal EMA Demo Depart Radisson Depart Radisson
3:30 Depart MSFC ' Moog Demo Large Space Structures Tour
3:50 ‘Open MSFC/Textron Demo Large Space Structures Tour
4:10 Open Allied-Signal EMA Demo Large Space Structures Tour
4:30 Open Depart MSFC Moog Demo
| 4:50 Open. - , Open =~ MSFC/Textron Demo
‘ 5:10 Open Open : Allied-Signal EMA Demo
‘ 5:20 Open Open Depart MSFC

5:30  Close of Business
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AENEBRAL DYNAMICS
Space Syswms Division

ELA/EMA Control with Resonant Power Processors

ELA/EMA System Elements

e Fixed force + inertia + rates +
Load acceleration - set primary
requirements

Actuator @ Rotary to linear conversion +
gear traln for speed matching

Prime mover - electrical to
mechanical conversion (several
AC technologies available)

Motor

PP/Control e Control of motor speed,

direction, and output torque

Pwr.Source

e Energy storage (battery) or
conversion (machinery)
elements

i

JWM -2 September, 1992

The system in this discussion is a large servo-type hardware and software assembly typically
found in large launch vehicle TVC applications, or aerosurface control of large aircraft. It can
be broken into major elements according to the block diagram above.

The load is defined by the steady-state forces required to provide the actual movement and the
acceleration of the inertias of the masses to be moved. The dynamic responses are defined by
the vehicle dynamics and the external forces acting on the vehicle. Loads are typically in the
25,000- to 50,000-pound range for an NLS-2 class vehicle.

Because of the short time allocated for this discussion, we have decided to provide a summary
of General Dynamics conclusions about the actuator, motor, and power processing and control
elements of the block diagram, along with the most important reasons for those choices. There
have been detailed presentations and demonstrations about these elements, with full
justifications for the selections. If you wish any of that data, please refer to the Bibliography
and the end of this data package.

Many power source options are available. because of high peak loads, they are usually sized
by the system peak power demands, and technologies having high specific power rather that
high specific energy are desirable. The choice between batteries and rotating machines is
usually driven by operations and test considerations.

This presentation will then focus on, and discuss the most important considerations driving
ELA/EMA system design, system inertias and how they drive the entire configuration and its
capability.




SENERAL DYNAMICS
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ELA/EMA Control with Resonant Power Processors

Aétuatdr

e Three primary system choices
O Baliscrew technology is well-established
O . Rollerscrew technology has some performance advantages

o Electro-hydrostatic actuators are available where the “softness" of
hydraulics is still required

e Motor and ?ear train inertia is the most important mechanical -
parameter for TVC appllcatlons

O Normal gear reductions isolate the load inertia

o Design for maximum power transfer makes desirable for the two
inertias to be about equal

© These inertias are the primary driver for peak input power
requirements

* They size the power processor/motor controller
+ They determine the energy source size and character

JWM - 3 September, 1992

Even though the required motions for most ELA’s are rotary (engine rotation about its gimbal
point, control surface rotation about its root, etc.), vehicle physical limitations and form factors
usually require that the load be moved by a linear thrust. The actuator provides the conversion
from rotary motor input to linear output thrust. Rotary power reqmrements can typically be
between 25- and 75-horsepower for our applications.

Three primary rotary-to-linear thrust mechanisms under current use and con31dera110n are hsted
above. The mechanical “screw” technologies are straight forward.

Electro-hydrostatic, sealed, self-contained, single-actuator hydraulic systems can be
mechanically simple and solve many of the present distributed hydraulic system operability,
leak, and contamination problems. Since the motors and controllers that drive them are very
much the same whether or not variable speed and direction control are included, the most
efficient overall system design uses a variable- speed/direction controller, motor, and hydraulic
pump, and eliminates the complexities of servo valves, force amplifiers, and other fluids
hardware.

I’s easy to design a small, high-speed motor/gear train system to drive the steady-state load, and
the resulting large-ratio gear system also reduces the reflected usual load inertias so that they
become small when compared to other inertias in the system. That means that the motor and
gear train inertias dominate the power requirements for inertia acceleration and bandwidth, and
the peak power input and peak-to-average ratio are fully under the TVC system designer’s
control.

W
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ELA/EMA Control with Resonant Power Processors
Motor Type Characteristics -
Common Name  Stator Power  Rotor Power AC Syntheses
« “Classical” DC DC AC, sq. wave " Sliding contact,
machanical, rotary switch
(commutator)
- “Classical” DC Magnet AC, sq. wave Sliding contact, mech,
(permanent magnet) mechanical, rotary switch
(commutator)
+ “Brushless DC” AC Magnet External electronic switch
{permanent magnet)
« AC Induction AC Magnetically-coupled AC power source or
low-frequency, AC external electronic switch
-« AC Synchronous AC AC,DC, or AC power source or
permanent magnet external electronic switch
+ Switched Reluctance Sequenced Pulses None - rotor is External electronic switch
magnetic iron
JWM - 4 September, 1992

Motors used in modern systems are all AC types, often interfaced to DC power systems with power
processors to provide the appropriate input waveforms. The make up a class of so-called “brushless
DC” motors which can include any type of AC prime mover. Well-designed motors and actuators for
these applications typically require 25- to 50-horsepower for the constant load, and an equal amount
of power for acceleration of inertias.

The “classical DC” motors shown above are commutator types. The significance of this configuration
is that not even this age-old DC motor actually has DC in the intemnal fields that cause it to rotate. Its
rotor current is actually square-wave AC created by a mechanical reversing switch. That reversing
switch has a sliding contact system, mounted on the motor output shaft, and is made up of a
“commutator”” and brushes.

The development of good power semiconductor switches and high-field magnetic materials allowed a
design which eliminated the commutator and brushes. It placed the constant field (produced by a
magnet) on the rotor, and switched the alternating AC field to the stator with external switch
networks, and we had the so-called “brushless DC” motor; really nothing more than a permanent
magnet AC motor with an external switched, multi-phase inverter. When we supply this same motor
AC from the power system instead of DC, we eliminate the switches and call it a permanent magnet
AC motor, a small version of which we can find in analog electric clocks.

AC induction motors also eliminate the commutator and brushes, and supply power to create the
magnetic field on the rotor through transformer action. The transformer frequency is the difference
between the rotating magnetic field supplied by the stator and the actual speed on the rotor (the
“Slip”). .

Switched reluctance motors use external switches to create a rotating magnetic field fromthe stator in
the same way as the original “brushless DC” permanent magnet design. However, a notched, soft iron
rotor replaces the permanent magnets, and it follows the rotating field when the magnetic forces try to
minimize the reluctance of the magnetic path, in a way similar to a stepping motor.



ELA/EMA Control wlth'Reéon'ant Powe‘r Processors :.

Control Parameter Comparison

ABNERAL DYNAMICS

_ Space Systems Division

Common Name Torque Speed Remarks
. *“Classical” DC No independent control of torque and speed  Input voitage controis
output power
« “Classical” DC No independent control of torque and speed  Input voitage controls
(permanent magnet) output power
~ “Brushless DC" Input voltage Frequency External electronic switch

Permanent Magnet

network synthesizes
variable-voitage,
variable-frequency inputs
to mimic classical DC
performance

« AC Induction Slip (rotor freq), Stator frequency
Input voltage & slip

External eiectronic switch
network synthesizes
variable-voitage,
variable-frequency inputs
for independent torque/

speed control

» AC Synchronous Input voitage Input frequency

External electronic switch
(same as AC Induction)

« Switched Reluctance Input voitage Field rotation speed

External electronic switch
(same ‘as AC Induction)

September, 1992

If we want to control both torque and speed independently, The classical DC motors are not
really adequate. We only have control of the input voltage, and we get a constant power output
for a constant input. The product of torque (load) and speed is a constant for constant inputs. If
we increase the load, the speed decreases. The control seems simple. If we have a particular
load, we just turn up the voltage until we get the speed we want. But speed or torque are never

uniquely related to input.

At first, brushless DC motors had power processors which mimicked the classical DC
characteristics, to reinforce the name “brushless DC”. But if we have large motors (tens of
horsepower), “turning up” DC sources that are 100’s of volts and/or 100’s of amperes is very
undesirable. Therefore, switching regulator functions were incorporated into the control

algorithms for the stator switches, and we gained the ability to independently control torque and

speed through input voltage and frequency, respectively, with signal level inputs.
The power transferred to the induction motor rotor via transformer action is controlled by both

input voltage and the transformation frequency (the slip frequency). For a fixed voltage, the slip

changes to vary the output power and match the load. The difference in rotational speeds

between the stator field and the rotor is often about 3% to 5%, so the typical slip frequency for a

400-Hz motor would be about 20-Hz.

The switched reluctance motor is not unlike a stepping motor with regard to its control.
Windings distributed around the stator are alternately sequenced to produce a rotating field,
which “pulls” the magnetic iron rotor along, trying to minimize the reluctance of the motor air
gap. Like the classical brushless DC, the input voltage controls the air gap flux (field strength)

and the frequency of rotation controls the speed.
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Motor Selection Summary

e Optimized motors from ail the candidate classes have about the
same mass and volume for the same requirements (peak outputs are
in the 3-HP/Ib. range)

e Basic control parameters are similar for ail the candidate classes
(motors are multi-phase and we must have independent control of input
voltage and frequency)

e Feedback for torque and speed control is simplified for induction
motors (speed feedback vs. accurate rotor position for other types)

e Modern control algorithms give induction motors dynamic
advantages for servo systems (“field oriented control” provides
optimum response)

e Induction or switched-reluctance motors significantly simplify the
mechanical designs of redundant systems (eliminate the requirement
to decouple an inactive/failed motor)

General Dynamics Is focussing on induction motors for ELA/
EMA development and implementation

JWM -6 September, 1992

The choice of “best” motor for high-power TVC applications cannot be made using the usual
trade study approach, since all the usual trade parameters (mass, volume, cost, etc.) are close
enough to each other for the primary candidates to make them non-discriminators. Even if they
were significantly different, the are small compared to the rest of an EMA TVC system, and do
not significantly influence system technology choice. The control algorithms and the design of
the power output stage are also about the same for all three types. Even the somewhat easier
feedback handling for the induction motor is still not enough to make it an obvious choice. So
other considerations lead us to choices for specific applications or power ranges.

The “slip” power transfer relationship makes the induction motor significantly more robust in
terms of load changes. For example, when our optimized Sunstrand induction motor is operating
at full speed and its most efficient operating point, it has about 2% slip (14, 700 RPM). If its load
were doubled, the slip would increase to about 4% to transfer additional output power and the
speed would decrease to only 14,400 RPM. A permanent magnet Brushless DC assembly under
the same conditions would decrease its speed from 15,000 RPM to 7,500 RPM (half speed), and
the switched reluctance motor would stall; until the controller could increase the input to match
the new load.

The biggest discriminator has to do with redundant systems, where multiple motors are used to
drive a load. If there is a short circuit failure in a motor or its controller, the fixed magnetic field
in the permanent magnet rotor makes that motor type function as a generator, supplying power to

_ the fault, and loading the system. If the system is to work properly after one such failure, the

remaining motor(s) must provide enough excess power to both drive the real load and the fault
load, or the faulted unit must be mechanically decoupled. This added complexity is sufficient to
disqualify permanent magnet motors (in the brushless DC design) from use in redundant systems.
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Controller Operational Definition

The controller/power processor must provlde the followmg
primary functions:

e Synthesize a multi-phase AC waveform appropriate to
running several AC motor types

("Theré is no such. thing as a DC Motor ™)

--@ Provide variable frequency for speed control

e Provide Independent variable voltage/current for output
torque control . ,

In TVC applications, It must also:

e Provide closed-loop output position control in response to
guldance steering commands

JWM -7 September, 1982

The power processing and control block provides all the above functions. The power
processing/inversion function is obvious if we have AC motors and DC power sources.
But in addition to that interface function, we must also control speed and output torque.
We have already discussed the desirability of independent control of those quantities.

In addition, typical TVC control loops provide provide engine position control for the
outermost loop, in response to steering signals from the guidance and vehicle control
function. Good system design demands that we add the additional position control
functions into the controller, providing a variable rate/position loop, with rate proportional
to position error.

Because of high output powers, high efficiencies and low losses are important to the
problem of thermal control in flight.
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Power Processor / Controller Selection Summary

e Resonant power processing technology, with pulse-population
control, is the only choice for high power systems

« Highest efficiency / lowest losses -
Minimize power source requirements
Simplify thermal control

+ Natural commutation minimizes power semiconductor stresses, and
maximizes reliability and robustness '

« Controlled, single-frequency sine wave power minimizes EMI and
noise - _ : :

« Designs are available for both AC and DC power sources and
distribution systems

e Resonant power processing technology is applicable to synthesize
the_requlred waveforms for all candidate motor types

General Dynamics is focussing on resonant power processors/
motor controllers for EHA/EMA development and implementation

JWM -8 September, 1992

Resonant power processing has so many advantages, that it would be hard not to select it for
high-power applications. The only “con” is the fact that it has not been widely used in our
industry, and designers are not as familiar with the technology. For low power applications of
motor control (in the limits of much of our present experience) the issue does not have much
effect on overall system performance. We can easily remove the heat from a small amount of
extra power lost to efficiency, and the effect on energy sources can also be small. A little bit
of added high-frequency noise can be filtered, also with little overall system impact.

But these “annoyances” in small systems become major problems in large ones. Going from
10% losses to 5% losses in a 50-KW/50-HP system eliminates 2500-watts that the batteries
don’t have to supply and the thermal control system doesn't have to accommodate. Clearly,
these considerations are no longer negligible for a launch vehicle or aircraft.

Since the two primary motor controller implementations (switched-mode and resonant power
processing) both synthesize low-frequency motor currents, they may be selected on their own
merits, and not impact the motor interface. Resonant power processing is the obvious choice,
for the reasons shown above.
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The most important factor
influencing EMA TVC design
is
Motor and Actuator Inertia
JWM-9 September, 1992
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Design Driver Flow

Power
Processor
Capability

Engine/
Vehicle
Size/Design

Actuator
—| Size&

Dynamic Electrical

Power

Response
Requirement

Energy
Storage
Size §

Motor/

e Actuator

Inertia

Engine TVC
Acceleration
Requirements

JWM - 10 September, 1992

This flow diagram is designed to show the interrelationships between the various elements from
which EMA TVC requirements are derived; and the constrained end product of an EMA
implementation.

At the far right are the output products which have the strongest constraints. They are discussed
in more detail on Page 12. However, it is obvious that we would like to control the rest of the
system to minimize peak power requirements.

On the vehicle requirements side, payload, environment, physical mass and volume, and
dynamic response are the base sources for the actuator size and power requirements. But it’s the
mass acceleration side of the path that has the biggest impact.

For most actuator designs, the large effective gear reduction involved will make the effect of
accelerating the engine system mass small when compared to the moments of inertia in the
motor rotor and the actuator. About the best we can do is make the vehicle total load and the
motor/actuator inertia effects about equal. And if we don’t optimize the motor and actuator from
a moment of inertia point-of-view, we can easily find an EMA for a 25-horsepower vehicle
requirement requiring a 100-horsepower equivalent power input.

Since they are so highly-leveraged, it is fortunate that we have full control over motor and
actuator moments of inertia and matching. But also, since they are so highly-leveraged, they are
the elements with which we must take the most care, when we design them.
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Primary Design Drivers

e Acceleration of system inertias drives peak power requirements

. Step function résponse and bandwidth size transient drive torque
capability ’ :

* Input power is proportional to drive torque

e Motor and gear train inertia have the greatest effect on peak power
requirements

« Maximum efficiency for power transfer dictates equal power
allocations for the load and the inertia ’

+ Load inertias are small contributors, when reflected to the input
through the mechanical advantage of the gear train

« Maximum efficiency for power transfer dictates equal inertias for
the motor and gear train '

e Non-optimum designs can have peak powers that are four times
the steady-state power

JWM - 11 September, 1992

" Physical vehicle component parameters and vehicle dynamics are the base sources
for the TVC system requirements. Thrust loads, gimbal bearing friction, feed system
constraints, etc. determine the steady-state loads against which the actuator must
push or pull. When we add the inertia of the movable masses in the engine system,
and how fast we must accelerate them, we can size the actuator and its performance.
For example, on NLS, the worst case generates a requirement for a 32,000-1b linear
thrust and 32-horsepower if the rates are included. Motor and actuator steady-state
mechanical losses are comparatively small (probably less than 5%).

But if we consider the power to accelerate the actuator masses and the motor rotor,
we find that its difficult to get them down to 32-horsepower. And if we were to use
‘conventional aerospace PM motor designs, it would not be unusual to getthe
acceleration power requirement to 100-horsepower by itself; making the total peak
input exceed 130-horsepower, for a 32-horsepower system.
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Primary Design Limitation Factors

components, systems are primarily limited by “tiyable” power

processing capability
« Component limitations
* Thermal control capability

° Eng&gg storage elements for these applications are primarily
siz y peak power demands

« Battery size or rotating machinery drive components both
impact vehicle design ‘

e Motor Input power capability limits frequency response and
step response

e Even with modern power processln?I technology and
‘f1

JWM - 12 September, 1992

Power processing capability is limited by the capability of the flight-capable technology
currently available in our industry. Signal processing and control capability is more than
adequate. But if we look toward power processing components, IGBT’s are the most
promising, and even they are at their best in the newer resonant circuit topologies. While
larger units and parallel controllers are-possible, practical equipment design considerations
push us toward trying to keep system peak powers below 100-horsepower.

When the energy storage requirements get large (to provide very high peak powers), the
mass and volume of batteries get large enough to impact vehicle design. If we choose
wurbine-driven altemnators for greater physical efficiency, the fluid systems to run them add
complexity, impact propulsion system design, and compromise operability..

Finally, since input power capability limits torque and actuator acceleration, frequency
response and step response are also limited. While our vehicle dynamics analyses have
shown that an NLS-type vehicle only requires a 2-Hz system response (and that is no
problem), higher bandwidth systems will allow us to have active control of stiffness and
damping, to control vehicle high frequency effects.

The bottom line says the we would like to design EMA TVC hardware with low transient
power requirements.



FAENERAL DYNAMICS
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. -ELAJEMA Control with Resonant Power Processors.

Summary

e Resonant power processors / motor controllers are the best cholce
- for high-power ELA/EMA’s with both DC and AC'sources -

e Induction motors are best for redundant hlgh-power TVvC
assemblles

e Power capability Is the limiting factor In ELA/EMA performance
» - Step response
+ Frequency response and bandwidth

e Motor/actuator Inertia is the single most lmportant (and often
ne%ected) mechanical deslgn parameter for lntegrated hlgh power
systems

JWM - 13 . . September, 1992

Notes:
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~ JOHNSON CONTROLS BATTERY GROUP INC.

*BIPOLAR LEAD/ACID BATTERY

NASA ELECTRICAL ACTUATION
TECHNOLOGY BRIDGING

WORKSHOP

AT

MARSHALL SPACE AND FLIGHT CENTER
' HUNTSVILLE, ALABAMA

SEPTEMBER 30, 1992

PRESENTED BY

" WILLIAM O. GENTRY
DOUGLAS C. PIERCE
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Johnson Controls, Inc.

Facility Management
Temperature Control

Controls -
| $1.8 Billion

Johnson
Controls, . Automotive Seating Systems
Inc. —  $1.2 Billion In North America & Europe
$4.6 Billion
Revenue Beverage Containers
Plastics “Molding Systems & Tooling
—| $800 Million Plastics For Automotive

Profitably Growing
In Four Major
Groups Batteries
| $700 Million

Advanced SLI Specialty
Components Battery ' . Battery
| Engineering Automotive Division
+ Vertical « Other ~ eLargest N.A. « Large Scale
Integration Chemistry Sugplier Wisconsin
+ Quality & Systems ) m"‘”"'m Plant
Control - Nicksl Hydrogen - Indersiate Battery o Supplier Of
- Zine Bromine - Sears DieHard Sealed &
. - BI-P d Acid  _
Cost Control Bi-Polar Lead Ac - Walmort Wet Special-

* Leader In ty Batteries -

« World Class 1:chnolo:y & carere
esearc = Nor merica
Modeling, Testing i

& Analytical . -




MONOPOLAR AND BIPOLAR CURRENT PATH SCHEMATICS

MONOPOLAR CONFIGURATION

TWO CELL /4-VOLT SYSTEM

CELL 1 CELL 2

BIPOLAR CONFIGURATION

TWO CELL /4-VOLT SYSTEM

CURRENT FLOW
-«

BIPOLAR
SUBSTRATE

DR—

CELL 1 CELL 2

{ *f CURRENT FLOW
v nwv(tw | *l
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PROVEN LEAD-ACID CHEMISTRY

SEALED, MAINTENANCE FREE OPERATION

SHORTER CURRENT PATH

REDUCED WEIGHT AND VOLUME

SUBSTANTIAL POWER ADVANTAGES OVER MONOPOLAR

A B

JCBGI
BIPOLAR LEAD/ACID ADVANTAGES

LOWER INTERNAL BATTERY RESISTANCE

=]100% INCREASE IN POWER DENSITY FOR QUASI
=140% INCREASE IN POWER DENSITY FOR TRUE
=75% INCREASE IN SPECIFIC POWER FOR QUASI

=]50% INCREASE IN SPECIFIC POWER FOR TRUE

- MEANS OF VARYING STACK VOLTAGE WITHOUT RE-TOOLING

- PACKAGING FLEXIBILITY

JAHNSON
CONTR I_S 345



BIPOLAR BATTERY COMPARISON

FOLDED BIPOLAR PLATE

POSITIVE ACTIVE MATERIAL SIDE

NEGATIVE ACTIVE MATERIAL SIDE

B rRAME BIZZZY  EXPANDED LEAD

PLASTIC GRID MATERIAL

suBsTRATE [l GRID/SUBSTRATE
MATERIAL INTERFACE SEAL

TRUE BIPOLAR PLATE

POSITIVE ACTIVE MATERIAL SIDE

NEGATIVE ACTIVE MATERIAL SIDE

B FRAME PLASTIC BB POSITIVE /NEGATIVE
SUBSTRATE INTERFACE

- NEGATIVE SUBSTRATE [: POSITIVE SUBSTRATE
MATERIAL MATERIAL

346



TRUE/QUASI BIPOLAR COMMON P

LEAD-ACID TECHNOLOGY
FRAME DESIGN

ASSEMBLY TECHNIQUES
- IR WELDING

- VIBRATION WELDING
ACTIVE MATERIAL
SEPARATOR
FORMATION AND ACID FILL TECHNIQUES

TERMINATION DESIGN

INTTIAL CONTAINMENT DESIGN

OINTS

HNSON
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TRUE/QUASI BIPOLAR DIFFERENCES

INSERT MATERIAL
- QUASI- FOLDED LEAD GRID ELECTRODE

- TRUE- COMPOSITE TRUE BIPOLAR SUBSTRATE
MANUFACTURABILITY

FAILURE MODES
- QUASI- GRID CORROSION, FOLD SEAL LEAK

- TRUE- ACTIVE MATERIAL DEGRADATION
CELL SPACING AND CELL SIZE WILL BE SMALLER IN TRUE BIPOLAR
HIGHER PERFORMANCE CHARACT ERISTICS IN TRUE BIPOLAR

SMALLER MASS, SMALLER VOLUME

o JBHNSON
CONTRSLS




JCBGI QUASI BIPOLAR STATUS

CURRENTLY HAVE TWO DIFFERENT SIZE PLATES: 520, 940 cm?2
DEMONSTRATED 30 SEC AVERAGE POWER OF 210 W/kg at 80% DOD
DEMONSTRATED HIGH SPECIFIC POWER: 1.5 kW/kg FOR 12 SECONDS
DEMONSTRATED OVER 100 CYCLES AT TWO INDEPENDENT LOCATIONS
BUILT NINE 430 VOLT BATTERY STRINGS

INCREASED PRODUCTION FROM FIFTY 12 VOLT BATTERIES PER YEAR
TO THIRTY 40 VOLT BATTERIES PER WEEK

INCREASED FORMATION SUCCESS RATE FROM 10% TO 80%

CONTAMINATION DURING PROCESSING HAS CAUSED CYCLE LIFE
PROBLEMS

CONT\@LS




POROSITY IN PLASTIC COMPOSITES

- HIGH FILLER LOADINGS LEAD TO POROSITY -

- DIFFICULT TO PREVENT

- PROCESS/PRODUCT INVESTIGATIONS

- RESIN IMPREGNATION OF POROUS COMPOSITES

COMPRESSION MOLDING IMPROVEMENTS

LOWER FILLER LOADINGS THROUGH BETTER DISPERSION

" HIGHER CONDUCTIVITY FILLERS =~
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JCBGI QUASI BIPOLAR FUTURE WORK

- ELIMINATE MATERIAL PROBLEMS THAT HAVE CAUSED CYCLE LIFE
PROBLEMS THROUGH HIGH LEVELS OF CONTAMINATION

- DEMONSTRATE 100 CYCLE CAPABILITY ON 20 CELL BATTERY AND A
200 CELL STRING

- OVERCOME CELL INCONSISTENCIES WHICH LIMIT BATTERY
PERFORMANCE

- DEVELOP A RECHARGE REGIME THAT WILL ENSURE UNIFORM
CHARGING OF HIGH VOLTAGE STRINGS

- LARGER DATA BASE IS NEEDED

- REFINE ACID MANAGEMENT SYSTEM TO PERMIT A TOTALLY CLOSED
SYSTEM

- IMPLEMENT RECENT DESIGN MODIFICATIONS

HNSON



TRUE BIPOLAR ADVANTAGES

- LOWER INTERNAL RESISTANCE THAN QUASI BIPOLAR
- SHORTER, MORE UNIFORM CURRENT PATH

- LARGER ACTIVE AREA

- SUBSTANTIAL VOLUME AND WEIGHT SAVINGS

- HIGHER POWER APPLICATIONS QUASI

- LOWER LEAD CONTENT: LOWER MASS

- IMPROVED MANUFACTURABILITY

- ELIMINATES PRESENT FAILURE MECHANISMS

- LEAD GRID CORROSION ON CHARGING
- FOLD SEAL LEAKS

- CONTAMINATION

- ‘ \J . NI NN N iz -
CONTRBLS
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TRUE BIPOLAR DEVELOPMENT

- POSITIVE SUBSTRATE COMPONENT DEVELOPMENT
- ELECTROCHEMICAL STABILITY AT POsmVE POTENTIALS
- HIGH CONDUCTIVITY
- - NON-POROUS
- MANUFACTURABLE

- HUNDREDS OF MATERIALS HAVE BEEN SCREENED: FEW
QUALIFIED

- POSITIVE SUBSTRATE COMPONENTS HAS BEEN IDENTIFIED
- IMPROVE CONDUCTIVITY OF MATERIAL

- OPTIMIZE COMPOUNDING PROCEDURES

......................... JAHNSON .
~ CONTRSLS 355
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TRUE BIPOLAR DEVELOPMENT

- NEGATIVE SUBSTRATE MATERIAL ALREADY IDENTIFIED

STABLE AT NEGATIVE POTENTIALS

HIGHLY CONDUCTIVE

NON-POROUS

EASY TO MANUFACTURE

- NOT STABLE AT POSITIVE POTENTIALS

- NO MATERIAL HAS BEEN IDENTIFIED THAT IS STABLE AT BOTH
ELECTRODES

- INTERFACE BETWEEN POSITIVE AND NEGATIVE

- PROTECT NEGATIVE FROM POSITIVE POTENTIAL AND POSITIVE
FROM NEGATIVE POTENTIAL

- MAINTAIN CONDUCTIVITY WITH EACH SIDE

357



JCBGI TRUE BIPOLAR DEVELOPMENT
FOR WPAFB

- A 270 VOLT BATTERY SYSTEM IS TARGETED FOR THE MORE ELECTRIC
AIRCRAFT

- DEVELOP A LEAD-ACID TRUE BIPOLAR SUBSTRATE WITH THE
FOLLOWING GOALS

- 0.025" TOTAL SUBSTRATE THICKNESS

< 2 ohm-cm RESISTIVITY
- 400 cm2 ACTIVE AREA

< 150 mg/cm? AREA DENSITY

- DELIVER TWO INTERIM TRUE BIPOLAR BATTERIES. A 54 VOLT
BATTERY IS SCHEDULED FOR DELIVERY IN AUGUST 1994.

. ) J HNSDNwMgF
- ‘CONTRBLS
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WPAFB TRUE BIPOLAR PROGRESS

PERFORMANCE MODELING

CONDUCTIVE FILLER DEVELOPMENT
POROSITY CONTINUES TO BE A PRQBLEM
ORDERED AN ENHANCED COMPRES:SION MOLD

RECEIV ED CONDUCTIVE FILLER IN PROTOTYPE SIZED BATCHES

- ALLOWS FOR LARGER COMPOUNDING TRIALS

- CAN BE USED IN NEW COMPRESSION MOLD

- INTERFACE MATERIAL HAS BEEN IDENTIFIED




WPAFB NEXT STEPS

- STATISTICALLY DESIGNED COMPOUNDING TRIALS TO OPTIMIZE
LOADING LEVEL

- REFINE COMPOUNDING PROCEDURES

- TEST DIFFERENT PLASTIC RESINS

- USE MATERIAL FROM COMPOUNDING TRIALS IN COMPRESSION MOLD

- STABILITY TEST TO QUALIFY NEW FORMULATIONS

361



0°0

(SELOANINW)
0°¥v 0°¢€

HWI L
0°¢

(O

0° 05}

26/01/9 ‘O SITW9IAA 02
0dS T ¥Wod ¥ 00F ‘OIS T ¥WOd ¥ ST
SFTNAOW 'TTID-0Z L ‘XYILIVE YV'TOdI€ dANYUL
NOILYTINWIS TIAOW WALV

0S

1001
logt
100z

losz

looe

dOVYLTOA HEDEVHOSIA

362




0°0F

0

0T

0¢

(05

(087

0G+t

09+

0Lt

(SHLANINW) HFWIL

_o._mm_o._om_o._mm 0°0c 0°GT O°OT O0°S 070

+

00T
l0GT
1002
losz

LU g

loog.

26/01/9 ‘D s3aTIIDAA 0T
DES 9 ¥WO4d Y 08T ‘O3S PTIT WOJ Y 8T
STINAOW TIFD-0Z L ‘X¥3LIVE YVIOdI€ ANHL
NOIIYINWIS WWAEY'I

0G6¢€

363

EOVYITOA IDYVHOSIA



Output Voltage

Nominal Voltage

Plateau Voltage

Volitage Rise Time (delay)
Average Current

Maximum Pulse Current
Rated Discharge Current
Current Density

Specific Energy (Wh/kg)
Inverse Power Density (L/kW)
Maximum Pulse Power
Transient Response Time
Specific Power (kW/kg)

Total Energy Storage Capacity
Cycle Life

Open Circuit Voltage

Safety Issues

;rhermal Operating Range (C)
Charging Time; Retention
Capacity

Mass

Stage of Development

364

Advanced Battery Characteristics
for ELA Applications

Johnson Controls Bipolar Lead/Acid Battery

" QUASI BIPOLAR

1.0-2.15 V/cell
2 V/cell
1.2-2.1 V/cell
NA
as needed
1000 amps; 15 sec
0 to 1000 amps
max 1.2 Alcm?
38
0.253
1.2 kWicell; 15 sec
NA
1.5t0 2.0
90 Why/cell
100+
2.15 V/ecell
Lead;Acid
-30 to +65
3 hours; weeks
15 Ah; 940cm?
0.85 kg/cell
6

TRUE BIPOLAR

1.0-2.15 V/cell
2 Vicell
1.2-2.1 V/eell
NA
as needed
1500 amps; 20 sec
0 to 1500 amps
max 1.5 Alcm?
44
0.088
1.8 kWrcell; 20 sec
NA
3.0to 3.5
120 Wh/cell
300+
2.15 V/cell
Lead;Acid
-30 to +65
‘2 hours; weeks
20 Ah; 1000cm?
0.60 kg/cell
3




AVIOdIg
AYVINRId AAYASTA
AAVANODES
ONIZ - AATXO YAATIS

AJALS HINOS ¥IMO0d

NOILVALIV TVIOINVHOHNOULOATH

365



b&am UDAOIJ

‘ | sunsy,

J0 ‘93e10)S ,wEmmEm I0J mzc_m;o.ﬁ [e1adg oN
Apiqerdy ysig

~ JuwN[OA pue JYSIdAA MO

:2::3 uacmem sjuIod MV 18 dqeisdL,
uonje[eisu] J9)JV NDULUIJUIBA] WNWIUIA

9JI'T PRjeAdY WNWIUIAl Ae( (9

WNUIUIA 39S O Ag pasedsg

M T'€S JO m%__a 298 §°0 (5) :avVOTASINd

| (S9INUIA] S°6) SPUOIIS

0LS JOA MM L S G<OA TVIOILLOATH ASVH
UQ> ch 09 ADV.L'TIOA

mBZWEHMHDOm—M m—O&DOm JAMO0d

366




padury -| £31opde) 1190

;

.

'

I

i

]

:

|

:

.

]

1

1

1

i

;

1

]

H

]

i

i

1

1

|

|

]

!
L]

P

—

P

0T

1

i

l

! .
T

$—

)

!

t

+

|

!

¢

Sd o

'
'
|
'
i

——

1
P
'
t
'
'

|
PUl 39YdT4-3T3Rd _ 0¢

Z0S |AIEpUodpS

—_————

}
t
i
i
i
+
T

zfs 130 Ba
u o B N I Nmﬂwamm:»wmmmw.wﬁw¢uunm T

"qT7533eN = 3dIN0 TT9)
i

NN Lol Job 1 i 0
o : — LA SN I
RN EEEREE e T . NN
_ w . i R R R I ] A \\\ P R N S R S _ _
" \\\ - h I
REEEENE - —— \ 907
| JR IS P S N (S D I
. I.M, - 1 e - R s Sl shot ks sty - S W & [
| SN NS NN RS N R N B e i : -
| w .
e | N ENEEN N . ] 0
_ _ 11T |1
. I . B} B R N T . — .. - B NN D N ) B N
_ 4 - _ - S DU O . 0 DR A S . B
R S AU SO I B SR U U S & SRS SN SN DO U U R P R - 0 W
| | [ i
R | !

367



ol - | x
= .. |
. | i . oy | gec q¢ 1 de q1 di ] _o -
: a3ey| O~ |pep1iasfing Jas|¢g|* *
i L T = ] 1.0
W : - e r |
_. ] N - - -

(@]
)
=
: ' =~
_ _ | P \_ | Q] _
| _ o b &
7 ] Con i P RN
i e i | | “ s
! m : i ! :
! m - Ao R - | _ ﬁO‘N_ 1
[ | H | ' L NN R ISR NP RPN U N N R - - n ~ m pMm ]
N T O O O 0 O . 1S N e
Lo | _ ‘.M<oo FzQS Kaepuodsps| ) | | || T e @
o | _ aqey| peoq sf Indang IA3mpq b . w ) ! T
o 1] 909,
TN HET NEAEE
w i ,m . //Ar. ; -;- ST TUTTIT 1A ; - — m 1 -
H ” ﬂ 1 . “Z. - - — S B o 4. R R G
o | - N e \\ _ ol
S ARUT TR U B | 4 _ - -V! \\ y _ “
: _ : T T TN N - 008!
| ; ! _ ! | R 4. \\ I A - | i S
RN N - A s e T R B SR
ol T A T T i Lol ol B B D U I O I _
CoL S _ o . A
I A | |
i ! [
Do _ T SO ceedeee] e L 8 U (VU SO U N N AN S B . SRR VO U U (R S SO
Pl N T T A Y - -
U U U Y O A O I O O O S T 0 O , ol ]
P _ 4
[ - R N . S - . P . ~ — SRR RSN R S I Y U SO
1 ]

368




_ |
! _V m . B B | _ W m n.
. - il IR | N u
M L 1 4 oot ds a9 dr qz o
D sanoy axaduy| - AJTorde) N19) . T 0
' - P — e - - R e TR I ey - _
i I N A I I . . ‘ * |
_ NN I e e
- - - - BN . S - ———ad e R PR T Sm— O §
! BE
/
T T 00T
) U *pul IPUPT4-3[3%d | o Y, 1T
| Z20$ A1epuddds pIvy HItH | N \ T T
__ _.ﬂ . ! , 1 -|,:>u..ﬁ..w.me::oG m>. uo WJMH,: 9§ d98TRT10A / 04T
s IO el S A o \ S D G Y B O P
B L.l _ 0 | AENE _
=& . i}
NRRER . PEQT [MY) Z1E— e L]
. ol — .
! _ N - IS g U O U A S S A .
RN ] ] ) .
] 03¢
W, ' ” N n - RN ST PSR S - / — —p—— e B ST g - I B .A
o | : PEOT M| £ 16 ded’ N A L
o] 0 U O O S Y O B S O O - i
| i

369



. T T 7 H ! ! i H N i | ! !
R RRRERE Pt e PR T T
P A ” Codo O S T A |
Lo o m o | _ R ”
. o [ 1 1 - ! co A T N B CoE
: ! ; : . I | D [ S P |
. i . . i | : i : . PR | R P i . - ' R = ! F . . e
o lder o ider | [ Jdsy ;| doy | N N Y]
_ ) ~ SINOH oXodly - >.~H fedzde) _ﬂa_uum , ‘ _ . — ]
i : ! P N ” oo R - I S N S S
_ - SRS BN A A E N N A B A A
_ B B m e S
_ N T VRO O et bbbt SN O B O
o _ 4] L Lo _ ; P S R ;
' C [ ' : P i ! [ I
. N P m ﬁ S T O O _ i L %L
; ' o0 ! ; w “ ! w
. i Lo . b i e W _ i - _ W
m poL T N N | ! S e
: , _ LT peoT MY “ “ : "
: ' H JOU R M m _ i V8
—— - | m A o2
i [ ! . i
i i i oo ) { T - B _, i | 0 Lo g0 o
I o g T R e
_ . : . , . — g . _ i B OO IR A
: : Lo i | Cod W _ | Loy h b 18 L]
R T R e
SRR EEERE N e T 1T
B | IR RN SRR I S
SRR R NI ..
SRR T I P RN - _“ o
I B L1 L . |
o _ 1 doz
M_ “ M ‘ ' “ .. M e _ O m ._w.waﬂ Ut UJHw 1 . OO B A.-.. .
SR Lo ‘ . “o$ Azepu mwm,ﬁm_fm: | “ ,,,,
A I T R A A | A1toede) 173D $n Toffmmyw 33e3T0A m ! T
IRTE I AR e | NEEER ,
' i .n , i : | i _ w ! ﬂﬂN
1 . R | ¢ ¢ |
R e A Sl
b Lo ~._ V | ! _ - | ) -
w ! ' i “ . H “ H
- ] S B O 4 |
P A I L _

370

(7-




~ SAIV 6'TT “OUA 8LY
o ~ AQVOTMI LS IV
SANV €57 ‘OAA 01T
| dVOT1 M €S LV
LA €5°T - ANN'TOA
~€T0LI - THOTAM
~ HV €T STTAD 8I¢
AALVINOTY LON ADV.ITOA WAWIXVIN

NI DAA 00C LV MM T°¢S A'1ddNS
J 07"’ XO0dddV HAHND NO INIOd ADTANT WNNIXVIN

LHOTAM IWAWINIIN 404 NOISAd
INIZ JAATIS AAVANODAS

371



| m&? 877 “OdA 0ST
R AvOT M L'S LV

SdINV mmu, JAA 012
aAvOT1 M T€S LV
«LA 9T°€ - INN'TOA
‘q71 8S€ - LHOIAM
HV 0S ‘STTAD 791

XVIN DAA 097 LV MY L'S ATddNS
NI DdA 007 LV M '€ A1ddNS

"TOYILNOD HG<BAO> J04 NDISAd
ONIZ YHA'TIS AAVANOOES

372




ASVHAINI HINN'TOA ANV LHOIAM % 0T

EB;? AIAVIIVAV ¥H 9 OL dN HAT'T AALVALLDV
HAT'T AALVALLDV ALANIN ST ALVINIXOUddV
«LA 8" - HINN'TOA

4T 88 - LHOIAM

HV LS ‘STTAD 8ST

XVIA DAA 092 LV M L'S A'1ddNS

NI DJA 002 LV M 7°¢S A 1ddAS

INIZ dHATIS AAVINTId HAYASHA

373



HAT'T QALVALLOY AV 02T

LA 0L ANNTOA ‘@1 1T LHOIAM
HV 8'T1 ‘STTAD 791

XVIN OdA 09T LV MM L'S A1ddNS

NI DAA 002 LV MY T°€S A 1ddNS

ONIZ SAATIS AIVANODAS AV'I0dId

374




LIATT ADV.LTOA WNIWIXVIN HSVAAONI b

NNINVLIL - TVII4LVIA
JANIVINOD LHOTHMIHOIT O

SHOLIANNOD TTADYAINI TVNIAINI ‘4
'SIDOTIONON TTAIILTAN °V
NOLLVANOLINOD TVOISKH ANIITH €
AANLVIIINAL ONILVEAAO STV T

- SAVA 09 OL 0€ HATT dALVALLOV 1
INIZ - HIATIS AAVANODES TYNOLINIANOD
04 S
NOLLONATA LHOTAM

.. 375



Lo [ t , r ) \ v
cq ] o N I
! . ! ! ! L | |
S . . SR _ AR A !
o
SEEE P o oo N I o] o o
s i ! L ' : H 1 [ I .
ot Lo TOITL | oot oy 106 98 | [ G| [ [ 1| | ds| | |ov |
g T o R b d, |~ Pan mummsm. i \ Coo L 07 |
L RN .f_,.r,,.u o IR R R VR R I R R A
[ R ,w_“_f,_, in 0 T T O RS B A
A " o ! Lo ; ; o -t I : ' Lo ._ - -
L S Rt o W_ 11 R
N PO S i | ! [ D
R N I RO B I BN T T
. S B . a SRR I A B AR S o B ol &
S IR N U I N BTN S I T I I R e e
| ! ! H H i w ! , : K i - L. qpi W _ . . M : i H_ . I - S S—
: i | : . P vcH 113 uwmlwﬁ - ] | _ |
LR o g | S S P - [ [ [ ——e
Co L m _ ; - H Oo Nom_ mv:owmm P Lo ol
L | “ i 21 Jumumnsma SA u:auao nw&om P Co o 00¢| [o
A R I A I O R Bk IR SR e T
| . [ | *». P A i i Lol ¥
N A A A AR SRS | o
: ! I oo ' 1 o
: S b | P . _ o
Lo m _ * | M , [ Ll N “ et
_ - — e T et Ll e
_ I ] o EL
o T I I A R N R A
: b | : | _ R P! . : P L
. ._“ w, . - i B ‘ ~. .wwu T " SR SN
o i DR ; i S I I Lo U S v i
S A A SRR T R N P I A A
. __mw L 1 “ P . | L [ I |
. : ‘ i , _ P o : : o oo _
S P S b ] A A “ .| 007
JEERA T U T N N U B B B EEEE RN
Lo i ol 4o b Lo R TS [ oo I I B . A -
B R I . L o
I I A S U L B O O B 0 T T S T O S B ot
; i P oy Pl P b P A AU T N O A O
_ w L P P P . m Pl SR B
, | . R . o] | by _ | T o ol
o NN EENEEE I I B o B
[ T O C e S N i . b (I N * .
o I | .__ | : [ N P !
: i o Pl ! P { m mw_w Lo L/ PR R S ]
. ' B . H _. e L i ' o m“‘ . S
" ! i i ' ] [
| A S N L . i | L b i _

376



RREREE T
m | “ . ﬂ - - - - -1 - " m ’ m - T
N L | » _
L Bt .
b q ! e B D R -
P o o Z 0Bt 06T B A &M o 0 €| | | jo
S S T _PLRA pIHT PeyEATIRY N
_ _ | SRR - R i N ) -
: _ " i : - Y G JUUN (RN S - ] -
I ,“ - Tt
ot ‘ - - s et IR - - - -
S S L
| o Co :
P , L . | T ] el
b : Lo | I R et i - - - P -
P o ) . ; - m Do ~F
Lo P _ ©
| o - i | E
AR UR S SO V!‘_.'o_! L R .-
_ o ! " Lo 00¢ n
_ - i | SEEREN EERA
| N SRR RS
! I i Lo N = I
Co ; _ _ - Lo * A
RN | 1 | |
T “ Cl ——_ i o
. Lopo S SRS RO U NSNS RS S do - . I P i Y S SOV SR .
SEREER S B ) - 1oL i} L |
o ” . oo . e . SN U U B RS N IO N
B | B O HER N .
Tt : ! Llumﬁ i i
, T m 004
. . Gk e - SN S S S - b - - : Bl BRea SEE -
: M_ ~ _ - S VS U A i B S A
A S O N S B O
: Pt Lo P - : N N S S . -
AR NN SO S S O | |
C IR an Al N P .
S S | _
w ! : m " i - I - J Y S v N QU B B SR
Do . w ‘ * . S - b | . .
ST N N O I _ |

377 .



6/£90 10 %oMEomed 19311 OIUBYOSW 28
"Ou| ‘S)onpoid jeoiuyosa|] Asupiej

1V slliiAlsuny
Jaua) b4 aoedg jleysien

2661 ‘I 1990100 — 62 Jaqualdag

doysyiopn buibpug
ABojouyosa | uolienioy |eolnoa|3

ay} o} psajussaid
ABojouyosa | Alapeg wniyi
ajey ybiy

378




(=2}

I TIIN0ONE WINPT Uﬂ|w>|_—/mmv=m/un FEM nﬁ(lu
Aaupae

sauajjeq |EOUBWWOY UOWWOY JSOW pue
sauaneg wniy jo abeyjjop Bunesadp pue Aisusq ABiaug

QOHL13W
ONINv3s

0¥ ‘S170A

00t

002

00€

(01014

By/um
wniwpe) ouiz

|94oIN | uogren | auiexly | Ainosep 4m | fouwm | Mom | Posm | 4o0s/m 'W3LSAS

swa)sAg snoanby sauayeg wniyin



SIJOA 021 O) SHOA G9 € tuoJ) sayaneq: @
S,9 000'0€ 01 dn puejsyim o) subisaq jeroueydsiy ®
onoy pue pasuejeg - wuawdojansqg alAjono3|3 o

Ot G2 0} Youl 100" wouy ssawyolyy pazieie)
pue piepueils juawdojanaq apotjie) e

Zwo/yw 005 ; (1Mv) suoneanddy |elads
gwo/yw 00l - 02 | sa|1aleq aey bIH
Quwio/yw 0} - € A . - S|180 2s1a
cwio/yw o} - € S|180) PUNOM
gwo/yw | s|180 uiqqog

sejodig pue rejodouopy e

SaiioNeg oAiasey PUE SAIDY

ABojouyoo Aleleg pue (|80
‘wniyu jo Arewwing

Asupie)

380




1ea\ auQ Jaye aimeidsawa | WooY Je ebeiolg uo sasso Aloeden

leakliad o2 — G0

leahlad o4 — 2

seak jad %40] — G

reof Jod %4G— ¢

jeak1ad oGL — 21

sso7 sjewixoiddy

wniy

oulz —AinoJa

OUIZ —OPIXOIA|IS

CO—-un-1exv
ayoue|o9
adA]

381



‘Apgesnioejnuepy
plooai A)ajes Jus||9ox3
a|gellay
Aupmesian ubisaQ
pajeas AjjeonawlaH
abeyjjon a|qels
Aisuap Abiaus ybIH
| | 9)i] abeio)s buo
sainjeladwa) bunesado "D 0GL+ 01 Ob-

apuoy) |Auoiy] wniyu jo sabejueapy




D081 8noqe snoplezeH o
Sapouy Jo uoljenlssed o
a)Ajonoa|3 jo Aupixo| e

apLIojuD (Auoiy L Wy
Jo sabejuenpesi(

Asupie)

383




1661 1890100 — 1661 Aely
solweulg _Emcmw

0661 >_2, —~ 9861 Jequaidag
aseg 82104 Ny cowhm:mn_ Em:>> eowc.oam

6/€90 1D orjeomed
19311G dlUBYd3N 28

"Ou| ‘s}onpold |eodiuyoa | Asupiea

Ki1a11eg 100s/11 tejodig 1amod yb1H e jo juswdojanaqg

384



Aaup.ie,)

salhAjonosie buyy -

si0lejnsul |azja] buless jeay -

sapoyled uoqued yaul 010 -200° bunjew -
110} sainpasoid jo wuswdojanaq

abieyosip pasind ;wo/yw Oy pue SNONUIIUOD ;WI/YWQOQ| JO uonensuowaq
QM6 L Jo Alisuap ABisua asind jeanoeid jJo uonensuowa(g

$810A0 AINp 9,01 e
sas|nd swgz Buisn a)npows |92 08 ue jJo abieyossip pas|ind MG

f1aneq 2100Ss/11 tejodiq ayes ybiy pajess e Jo uonnjoaa pue ubisa

diysiosuods DQHM 19pun SIUBWAA3IYIY

feneg wnyu Arewud arey ybiH

385



Kaupie)

MISE 10 Jamod WINWIXBW PaIaAI3P g ‘JBABMOH 'SPU0J3S
x1s Jaye Agedes Juauno 1so el asind snoaid Buunp paiuan Aianeg vl
'sq) 9'g1 S! WBlam Aianeg “abeyjoa asind 1saybiy uo paseg [gl
pawuem Aiayeq se pasealou) abeyon asind [2]
a19ko Ainp %01 {1]

6l 0'se 8'8¢ ovi 9 0c civ 90¢ | 9
61 0'GE 60 oSt 14} 14 ciy 902 S
61 9've v'6C eVl 1 c cly 90¢ 14
b 012 502 061 Sl 0z 902 €0l €
(| I'1e v'0c 861 £l 14 90¢ €ol. c
L'l 902 S'6! 681 VA . ¢ . 902 €0l }
(i) (mx) () N (08s) sw) | Gworww) (v) aouanbag
1amod 1amod ndino abeyopa awi| yibuan Aisuaq uann) 1581
[efoWoads asind Jamod asind [1] asind as|nd uaN)
(e] XeW abelany (2] 90R1AY

aINPOW 119D 08 MYSZ Jo abieyosig asind a@1ey ybiH

386



T ¢2000ue v Imuy

Keupie)\

() aNIL IDHVYHOSIA

21 ol 8 9 b 2 o0
L
............. o b i i i 1St
c
. N A M . m " G2
mzom_mS %\m,\m oméz,&m
- it — H ' } b RN I et €
wzomm<o n_m\m.qw d _N_z:ig A Y
. . . RS €
mm_oo:Zo E,:om

ZWo/yw Gg 1Y I9HVHOSIA m:@:z:zoo
39V L 1OA NO NOgHVYD A3ZINILY1d 40 103443

(NVIOVLTIOA 1130

387



# 3SINd.
61 L) S1 <1 L 6 L g . ig !
| N i ERN B Y D N EA E EEN R e S S BRSNS RS N SR B Lc
uT//l . . ]
. | vz 1e - scT
~ - : VHARYDS (] PUODIIS 0F

A; | 3
i : Z
/ . . Jdggz o
o)
m
. 1
JUNLXIN NOEHVD GHVYANV1S -1 6°C .m
wn
m
; - §6°¢ AAV
o
. »
9]
—4 n \—._.I_
NS

-4 §0'¢

(yoar0101d) dE UO Id %E'S
(Raynen uosuyor) gvs Uo id %2 .
SLg

d8%02/8vs%08

AdO3 NO SNOGHVYD dlS ANV P.idd NOSIHVAdNOD

388




»w.m.._.u..ub
S L (995)4KIL 1S9L
: . o _ (spunsnoiy)
=== 3sInd WILZ
,Wo/yWOG Aususp yusungy
mmh_mco_m_v as|nd snonuiuod
‘91940 AANp %01 ‘as|nd puodas—Qg
asind jo puo2as Yig| 13}ye abe}joA 112D
a
/@/E L
TRl =
8.y a8

~8. a-
a9- 6@~
8 . g. =HT : () L
LL# 3STNd LV ALS'LE mmv<.:0> Wv3d

= o

SHIVM VIEZ UAMOA™XMOVIS 1130 01

0Oc¢

I C

ccC

¢

b9
o~

dc

LC

BC

tC

03

by

2%

P

S ASTINd SAFMOA TLSHMOD HE L TOA MOVLS

m

OV_00oA MOVLs

—~~

N

389



he g A hadie [AV 0 i B g

lS¢ 69¢ 18°¢ v6'¢ ma.m ..w—.m | €C¢€ ceEE UmN_c._:w_Q suoqied yjog
2} e £9'¢ 9/.'¢ l16¢ 90t GL'E G2t Om.m. un_* %G '8/M gVvs
L' 92'¢ ove GG'¢2 8.'¢ c6¢ JAOR 92t 1d %€ 'G/M dd
Gl 66°L ig'e b2 0L°¢ G8'¢ $0'E lC'E . plepuels
"o0e o0sz 002 OSL oot sz  0os  se TTaowwuw | uomsodwod
T (A oberjoa ww,:n_ wm.mmm 1@ G# as|nd Aysuag “spoyie)d

Wwaun)

9100S/"108D1 W9 | Ul
Ausuaq waiIng sA sabeyjoA |8 uo uogied paziulie|d JO 10843

> NI S12NQOouYd ‘_<Q_Z!Uw-.

390




.

‘ajejdpua |aa1s spoue u) Bnjd ybnoiy akjo0110918 paxes) (130

~ S|3UURY? JOj PaJIalI0d BWN|OA apoYIe)

"+ "S|aUUBYD OU UM S3POYIed 82IS —||Nj UOP3SEq dJe SaINSusp

JUBLIND 853U "ZWOWOOE PUB 052'002'0S 1 '001 'S2'05'G2 JO SBINSUSP JUALIND Je LN 31aM S3113s as|nd

“(819A2 Ainp J0 9,G) s[eaal pUOJaS LAY 1 wmm_:a pUOJ3S—j{BY BAI) JO S3LIS ISE| aY] SMOJ|0} ALD YW G pg ab1eyasip snonuuo)
NEOZEomN 10 Ausuap Juauna peoj e sasnbai Indino Jemod MY2 €S YL

"S8SS3UNIY] [BINUY PBUIQUIOS J18Y)

ao Axuom SEM SSaUNOIYY _mc__ Bﬁ_mawm\muo;ﬁo paUIqUIOD 8} JeY) OS PalSNIpe SEM SSBUNDIY) 1|39 1S3} |SSaUXDIY) [ellu}

d8 %02 / 8VS %08
swauodwod apond3|a Japwelp Youl-ua|

Aaupaie))

frewwng 1s3] 19D ajbuig (,) 9ziIs—nn4

1 9jqel

19v°0 2Ly 052} 692 303: s.o ! 6% A paziune|d
. w:on_mo yiog
E¥E0 vy'e [Zleevi €92 | #I0ERONT WYL €6 €8 Id %G'8/m GVS
85b°0 29t 1661 922 " $10eDIN WO'L v'9 28 id %b'S/m dg
8620 112 0011 €6'l PIOIVIT | WS 89 9/ plepueig
9v'0 esy Sp61 66} ¥I0eO1 WO’ | g9 | . v® prepuelg
fg] (22/uv) (uv) (‘unw)auny (N :wo/vwosz aWkjonoa)3 (e | gy (nw) _N_co....woa_:oo
Ayoeden Auoeden (sl abieyosig @ abejjoA -apuojy? jAuoiyy lojesedag Wyl Bay
apoyied |eiol snonunuo) [v] 2Sind uud ABH moo::‘o oujOm

()
()

tsl
¥l

(el
2
]

- N MR

1531

391




Bunsa) peo) asind Aq ajes Ajuap
Buiuonipuod m@mcom_u aid
UOIS01I00/SHEes

AOO

abue) peo| c_E_B.E.mEgo jou |im Aispeg

abelols ainjesadwa) Mo
. | S|euluLa) aje|nsuj
uonelqgiA pue yooys Joj paubiseg

mmw_:.a abieyd puodasi|iw yum wajgoid oN |

fl0eD « 0N YOS 108D “0S ‘OAd SeAlIpPY
~ sapoyied paziuneid / "1oeON N9’ |
inejusn
-dS3IN
Buiuompuod abreyosip—aid
abelols ainjesadwa) Mo

L -qeiu\:q--Hd

HONNV1 OL HOIMd
MOIAHD AH3ILLVE

ALIAVS

“ONITANVH

-319VIOHVHOINH

-AV130 FOVLIO0A

A

JN1 $10NnQO0NHd J(U.ZZUWh

aupie,\

392




(Ausuap JuainNd wnwixew) ,Wo/YW 062
" (Juauno wnwixew) aladwy Gzl .
YOE}S o3 Ul S||32 08 Yim ‘syoels luapeq |ajjesed om|

Aispeg |D0S/1N jejodig  «

:yoeoiddy ubisag

SpU028s 009 10} JuaLINd punoibyoeq dwy G2
(yoea spuodas G0 ‘sasind anl4) sasind MY €S«
SHOA 0O0C -

sjuawalinbay aouewiopad VYNNI

S1ONAO0Hd TVIINHOAL AINAHVA

393



HIGH RATE SOCI, CELL

394

100ZBP—-5%PT

(syoA) 29VLI0OA

o~ o
- — <
~ 0
(@]
—Q
< wn
e
3
g
. g g
7 < Q
x> =
= = L
< -_—
Q
— 0
M
> S
2
Q
— <t
M
= < @]
- e E N
> .
2 o
z | Q
(9]
N—
g — £
~ ~
™~ <_
S @]
v —N
N
! ] i ! | | | | ! ! ! !
T T R T B B A ® O v o -
oM MM oV I VAR VA o - - - -

280 320 360 400 440 480 520
TIME (se C )

240

Vardne



Aaup.ie))
1d%S—da%00t O

(33s) INIL
G'ISL GBYL G/ivl 99 9 Z9 09 g
_m.mwmr_m.mmﬁ_m.mui _ m_@ _ n_m _ P_m _ 9 _ 4

(W2 /ywogz 1Y Q3ONVHOSIa

17130 (100S 1V HOIH

[4N°

Eal

9't

871

[
v'e
9'c

8°C

[
ve
9¢

B¢

(sy0oA) IOVLIIOA

395.



A

W $1DNE0WS Y INNIES PP

aupae

v(9 ¥e9

X_wm _ iﬂ,w _ lm _ im _ X_um _ 2.% _ vmv,_ iv _ in _ vmn _ E_wm

(23s) 3INIL

65 GG 1S LY ey v6¢ vGe rig

119) <=_
z VW0 |

4

] .__;\<_=c:x

wo w
z /Vuogs |

(1181 ul
B e

R : y : : "]
0es T ADO 07 A0 06E 7 A0 /
296 v 8sY wNm‘

1d%T—8vS%0T 1d%S—d8%08

7130 °100S J1VH HOIH

Al
'
9l

81

[
v'e
9cC

B8°¢C

[
Ve
9¢

B¢

(5HOA) IOVLIOA

396




A

W 0 meees 1v I P

aupie

0T [0
_ nmw _ Pmm

d%TavS%0T—d%Sda%08 0O
(29s) INIL

ZoL  00L 86 96 g ¢

e L I

= O
<

;M3 /YWOg9z 1V Q3DUVHOSIA

7730 L100S 31V HOIH -

[AN"
vl
9L

8L

(x4
v'ec
9¢
BC

[

128

9¢ -

B¢

(S¥OA) IOVLIOA

397



Kianeg i1ejodig [j8D BN

8 41 200ue Ve 3mme 0

Aoupae}

398




Asupie,\

plow 31ensqns i | 10) ,$220°0 St lybiay 6un uonensul abesaay

70N 3HN1dVD 40 47vH NWO11089 ‘ 13zZ431
N $S30X3 . _
~ - ) //
U N N N . o A SO W W N A W U . WO WA WP W MMM Sexiod _ / "o
e e i v+ R e ma . © e e it —————— - p N s .‘/A
, ~.
137431 SS30X3 B
a7T0ONW 34N1dVD 4O 41VH dO1L \\.\. .

Suipjow uoissaidwod 1ayye uonenbyuod aleNsqns [9421L/)3z; )] gs ainbiy

dej1ano |12401u1Z§R 1 8/1

31vH1SANS _ e
13XJIN e . e e e vt
«£00°0 T OO NN SN A IR AN AN R NS 000
.Ge'0l - ai _
LOL - ao

Buipjow uoissaidwiod o) 1011d YIIMpUES [3421U/192)3] VS aInbiy

399



Z—e)3\sapls\:q D4

'sq| o€ > — WBIam ainpo
sayoul G2 — 1yB1sH ainpow
sayoul G|} — Jaydwelq a|nPon

yoea s||9d 08 — Sa|npowagng |sjjeled 2

TVOINVHOIN
uonesedss ‘08s of 5_.; 508 G0 conmv sas|nd G ‘M2 €S — 1amod as|nd

SpU028s:0/G 10} MML'S — 1BMOd wmmm K
SHOA 092 O} 002 — abuey abejon .«

1vold10314d

1daosuon ubisag a|NpoN 1omod <__>_.m_

A

ONI $1JNnQOoYd J(U_ZZUW._.

m:u..mb

400




ELECTROMECHANICAL ACTUATION TECHNOLOGIES

Presented by:

SatCon Technology Corporation
12 Emily Street
Cambridge, MA 02139

Presented to:

Electrical Actuation Technology Bridging Workshop
September 29 - October 1, 1992
Huntsville, Alabama

SatCon Technology Corporation B ' V053-1:92
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FLYWHEEL ENERGY STORAGE SYSTEM
ASSEMBLED SYSTEM

V053-2-92

SatCoh Techholégy Corporation



Flywheel

Hub

i 20 " diameter

g

FLYWHEEL ON HUB -

V053-3-92 -

SatCon Technology Corporation

403.
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INTEGRATED FLYWHEEL HUB MOTOR/GENERATOR ROTOR

SatCon Technology Corporation
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8X @ .110

16 2X 2.74 —= —=i 2X 1.700 pe—
2X .125
.............................. B T O XL L L T P OO
.9580 :
Zx ¢ 9576 e eeiee oo enea i ) . i . . :
2X @ .860-.862 . K
. : 3% DRILL FOR A PRESS -
FIT WITH & . 125

DOWEL PIN X .25 LG

CENTRAL SHAFT FOR INTEGRATING
MOTOR/GENERATOR STATOR, MAGNETIC BEARINGS
AND TOUCH-DOWN CERAMIC BEARING

SatCon Technology Corporation -~ V053-5-92°
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Weight measurements of the IPACS assembly (wheel energy 7.2 MJ)

Weights as measured and best estimates (*)

Mechanical System

Flywheel (Fiber structure only) 25.0 kg

Motor/Generator Hub 5.0 kg

Central Shaft + Bearing Assembly + 13.6 kg

Motor/Generator Backiron

Frame 12.0 kg
55.6 kg

Containment (*) Estimate of light,

thin shell containment 10.0 kg
65.6 kg

" Electronics System

inverter for Motor/Generator (3kW) 50kg -

Magnet Bearing Switching Amplifiers (*) 10.0 kg

+ Sensor Electronics (*)
15.0 kg

Analog Amplifiers currently in use 60.0 kg

(extreme conservative choice to cover

all possible variations of power and

frequency response requirements)

SatCon Technology Corporation V053-6-92
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ORIGINAL PAGE
SLACK AYD WHITE PHOTOGRAPH

HUB AND BACK IRON

ONE MAGNETIC BEARING + MOUNTING SHAFT

SatCon Technology Corporation V053-7-92
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Radial Bearing
(Journal Bearing)

Housing (graphite epo
Base (light alloy) 9 (orap Poxy) 4 i
Axial bearing
Auxiliary bearing (tilt) \ (Thrust Bearing)
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\’ > 7Z d " ‘\\E\\ ':\\\'\,:('\ \/<\/// \\\\\\\\\\\\\\\\\\\\\\‘.\\%
=7 : 21 \\ W% Coils /]
EE N R
\ N I N EON
------------------------------- ) N A —
.......... 2| I/
Connecting shell ZIZ Radial bearing
xiliary bearing (axial, radial :
Auxiliary g( adial) Mibho Cover (graphite epoxy)

MAGNETICALLY SUSPENDED MOMENTUM WHEEL
COMPONENT LAYOUT

i SatCon Technology Corporation

V053-8-92



Desired
Rotor
Angles

Integrators H»{ Lint

Measurement

Error

Disturbance

Prem

: Inertial
Torques Angle
+ T
Lpos 9 P Actual Plant
= TY ' ¢Y
Lvel Angular
velocity =~ . Measured
,? Estimate ¢ ¢m Angle
éxm ¢?ym A :

Angle Estimate

*

BLOCK DIAGRAM

+
. +
| Estimator . v
—» Gains —’6—> Plant Model
Angle
Estimate
Estimation .
Error Ovm
éym

DISTURBANCE ACCOMMODATING CONTROLLER

g, e

x

+

SatCon Technology Corporation

V053-9-92
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TELDIX DR-68

SatCon Low Vibration

Momentum Wheel Momentum Wheel
Total Mass 8 Kg 8.3 Kg
Dimensions 350 mm Diameter 384 mm Diameter
| 120 mm Height 88 mm Height
Steady State Power < 26.5 Watts < 10 Watts in 1g

‘< 5 Watts in Og

Maximum Wheel
~ Precession Rate

0.03 rad/séc in 1g
0.08 rad/sec in Og
(min. required 7.6x10®)

Torque Vibration at
GOES Spacecraft.
Mass Center

Forces at 6000 rpm with
- 0.75 gm cm residual
static imbalance
F=47N

Measured at 6000 rpm
Tx = 7.46 Nm
Ty = 6.83 Nm
Tz = 7.46 Nm

~ Forces at 6600 rpm

assuming 0.75 gm cm
static imbalance
F=027N

Simulated including
measurement error

Tx =Ty = Tz < 0.7 Nm

MOMENTUM WHEEL PARAMETERS

Mosatéon Technology Corporation

V053-10.92



INDUCTION-MACHINE/FLYWHEEL ENERGY- STORAGE SYSTEM

Objective: Design flywheel energy storage system based on
induction machine to interface with 20 kHz pulse-
density modulation (PDM) converter.

Specifications: | Usable energy 250 kJ
Peak output power 36 kW
Output power risetime 1 kW/mSec'
Average output power | 4 kW

Goals: | Efficiency (round trip) 80%
Power density 2 kW/kg
Energy density 100 kJ/kg

Absorb energy at 40 kHz
Low méchine loss with PDM waveform

High-efficiency machine-control algorithm

SatCon Technology Corporation o - V053-11-92
411
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FLYWHEEL ASSEMBLY LAYOUT

Retalning Nut Preloading Nut

54 N T
’!. NN DN\ W\ ARMARIRRNNNNNSS
| WA

Housing Side Wall ' Shaft Main Housing Base

SIZE: 12 inch dia. X 4 inch ht.

SatCon Technology Corporation V053-12-92.



BASELINE SYSTEM WITH DC PRIME SOURCE

FLYWHEEL
.
_
PRIME _
POWER INDUCTION
MACHINE
DC |
i 1
VOLTAGE PARALELL-OUTPUT PULSE-DENSITY
SERIES RESONANT [ MODULATION CURRENT
REGULATOR CONVERTER CONVERTER REGULATOR

20 kHz DISTRIBUTION BUS

|

PULSE-DENSITY
RESGEUT.\.I/\?'OR > MODULATION
CONVERTER
INDUCTION
MACHINE
MECHANICAL %_
FEEDBACK ACTUATOR

SatCon Technology Corporation - : * S V053-13-92 . -
, ' ' 413



SUMMARY

SPEED

MASS

VOLUME

ROUND-TRIP EFFICIENCY
VACUUM

TEMPERATURE RISE

24,000 rpm

22 kg

450 cubic inches

85%

16 torr

15 deg. K

., Satcon Technology Corporation

V053-14-02



1e10d103 pueAspung

ﬂ\l‘l—
=\ 4 1E

S __z_____w__z__a

uonejuasald

92iN0S 19MOd

415 :



uonod i) purispung

IAWIC
AN VD

S ONVHLSONNS

B

saibojouyddl moumEE_monS._. ul ssaiboid —
yuawdojanag wialsAs Jamod Haq —

AQq umoys se ‘1amod DAL 1dyduneT
10} uondo |eonoeid e s| lojeuidjjeoqini
paads ybiH e yum waisAs 9a HOA 022 V

416




odi0D p

u,tl-ﬂl
ol W VLD

S __zs__m__z__m

417

Savo
W SNVv4

T

, &A’ HOd
H31H3ANI

H3INID
Bg PZWSWQ<Z<E— T
avol
woid10313 HAH K
avon

H3IMOd
LNVLSNOD

/ _

H3ld
am—] /H31411L03H [~

avon
S3Y

walsAg uonesisuowag
ABojouyoa) 9pA 022 PUGAH



u):Lh'
ol W VD

S10]BI2UIY) IPA 0LZ UIB OML

Jojelauan) apA 02z Aseljixny auQ .\...«

S19UAAUOD 2B ZH 00y OM] ‘ \
\&

S}UM |041U0Y) 10}eIBUIY) ddIY |

o109y
jeabajuj ‘Jojesauan)
SNOUOIYIUAS pIa14 PUNOM

sng zH 00V JOUdAU|
‘OBA 002/St1 ZH 00Y

sng 9PA 022 :

~

ke
—

walsAg Jamod 2111993 Z2-4

418



onpe1odin?) puenspung

u,tluo
A VD

<J ==<=_a===m

\;
,2\4 J% Vil _%_c ,\f\i,\ Aprew 002

" NPIA T

uoipoisiq abeyjop

2

(zH) ADN3ND3IHS
Fidd

10%d¢ 3ONVOIen) YOI ANY IDUNOS

Aupgels waisAs samod

(ap) 30NLINDYN

sjudisues] wasAs 1omod

sanss| WalsAS 9pA 022

Apw 01
MDIA  DOL

419



H\I‘LQ
A VLD

K __E___w__z__m

JoJuo) pue ‘:o_mmm‘_n_n_:m INd @
noAen Jo1onpuo) e

2302_:9_<L_oﬂm_zmwmtoaﬂo:mw °

Sanss| 19mod o> 1 Jayosune-]

420




) 1

o104 107
IAWIAC
ol W REF

09 :.:.__A—:_:m
—
_.zc._:_maz:m ==<=_“===“

oy s i ssajysnig
. jaubey
- jusuew.Idd

aouejonjay
PaYINMS

solaubewo.l}o9|3

421



U\ltl-ﬂ'
W VD

S __E___m__z__m

dv10dig

aildgAH
Hvda H3IMOd
dvi0dig

HOLIMS
199l

aidgAH
189l

€861

C661
S21U0J193|3 19MOd

422



0d107) pURISPUN

u,xl-ﬁ'
d%W VD

S __E___m__z__m

sbuiieag paads ybiH

Alauiysewoqing

Aauiyoep paads ybiH

423



uoneindion puenspung

3OVISONI
- I VD

& (INVHLSONNS

9AL Jdydsune- 10} S3831N0S 1dMOd ..9«:..2.39?
pabeyoed Ajasuaq Aiap Jo Juawdojanaq 4oy i1sixg salbojouyoa) bulgqeuz e

yeaoay
191ybi4 pue si91dodijo maN 10} S[eon) asuewlouad pue ‘Ayjiqgeray
‘1509 ‘WybiIam ay) woddng ued Jamod IpA 02¢ Ul Uy-3Yi-jo-ajels 3yl e

Alewwing

424



INIFOT

8810-c.Z (902)
uosiapuy uyop

- T6/0€/6
IASIN @
Qc—_mv_..c A suIsprig £3ojouyda |
uonenjOy [edLI9[H VSVYN

J0jeua9d)[y-0q.any, ¢tHO

425



S|PaymA| -
Sli®) |19nd -

uzby paoueapy .
winiyy Jejodig
P—Nm< o

saliayeyq -

aulizeipAH -
¢OCH

CHO -
siojeulaljy-oqing -

426

suonnd SSd DAL




RS AT LT LT

asi aalL @ (auibua/yg) 1509
09 GOv e (auibuaysq)) IUBIBMR

(seuibua g 10} ¢)
Buo| gz x eip 01

(sutbua | 104 2) (suibua | 10y 6)
Buojgxep L 2gLX £€8XG.
(uoisojdxa ‘seb 21x0})

(sayaui) azig

427

MO} ajesapow e Alajeg

moj uby e Angejeay

MO| ybiy e Auneyy ABojouyaa

djelapouwl alesspow e Aunqede) noxyoayonsag

umoujun agl e (381w) Aunqesado

umouyun uby e Annqenay

ajeiapow ajelspow e jo1UG) dooiq abejjoA

amod 15mod yead

MO| Mmoj g snonuiluod Aiddns o1 Aljiqy

oljes Juauno

ajeiapow ajesapow e abesaneead ybiy ajpuey o) Aujqy
Aisneg Kisneg Nv-oqinL
2Ioos/1 uzby ZHO

m:omm.aniou SSd DAL



salbojouyoa] Bunsix3g jo uonesyddy |
dn-1amod ped up
IN0YO3YD B 1591
Wybrap mo
joljuo) doouq abejjopn
Aljiqede) peo Jamod jead

Aiddng Jamod snonunuon

uonIPS SSd tHH

428




NN 2P TLTE

"SuoiINJIsuU| ddueudURY puB suonesado bujssasoiy (weysAs auibug ureyy £€) 1911q10 S1S uo paseq ejeq jeuonouny
Mjoog ejeq (SSd30) Apnis weysAg uoisindoud Juajoiyg Alleuonesado woyy Paldesnx3 ejeq a1o1yap suauan

SINoH uep Buissasoid 02zs Jo Bujres e|qissod

| SInoH Buissaooid Gip jo Bujaeg 91qISsod

uaboipAH snoasen buisn ,

'

Y

0'voee 0ove| lejo) 0'v.S. 0°GS9| |ejo]
uonduNny judjeanbz on ovs iL |08 SSH puaix3y
uonouny juajeainb3 oy adgi| os Wun 1amod Asejiixny , 14 104,
uojldung judjeainbz oy ot i 08 SSH 1oeijay
uopauNny juajeanby oy o918 (v | ovZ Wun 1amod Aseyjixny aoiasag
Ped yaune
ovet | 8 | o8 10d [euogiduny pue yea§ ndy ovee | o'sy 10d jeuoouny pue yea ndy
0094 | 01| 09zt leuojiouny pue yea ndy 0091 |or | 091 feuonouny pue yea ngy
009t | o] o9t NSOd [euojiduny pue xea ndy 009t Jov | o9t NSOd leuopduny pue yeaq ngy
uoouny juajeainb3 oN 0002 |s ooy HI3YD 3due)s|say aajep 19n4 Ndv
uojouny Judjeainb3 oN 006 oL |06 921A1853Q 110 29N NdV
uonouny usjeanb3 oN oor9 oL | ov9 NSOd 3djA19s3Q )10 agn| NdV
uojdung Judjeainb3y on 0'802Z [g2 096 ujeiqg ajnog yaed ndv
uonaung jusjeanby oy ozt |v |os 10d 32jA495 110 aqnT NdY
uonoung jusjeainb3 oN 009z (o1 | o9z 301193 |10 3qN NdY
uonouny juajeainb3 oN oov S 08 NSOd 3MAIIS |10 29N NV
3INJ3G 3JNAIS OZH NAY 09l v oy 91N23g IS OZH NdY
9JJAI9G/301A1883(Q OZH NAV o'ov9 8 008 9IAIIG/321A13S3Q OZH NV
NSOd 331A1353Q/H8H SATA OZH NdY 009t S 0CE NSO 321AI3S3Q/HBH SATA OZH NV
SINOH /> » UOIOUN4 3100 uowwo) SInoy /> uoRduUN4 3J21Ya A d14aUBY)
uepn /¥ / sinoH uepN /¥ / sinoH
> L)

934N0S I19MOd ZHD SIN

sgurAeg suoneRd( SSJ ZTHO

NdY auizeipAy sjnys




NSNS TS TLTL

sql L agl | dy s
sq| 85 Buoj gz x eip 01 dy 06
yownan H3aAIHa 21901
mﬂmm | \ Hld TOHMINOID
HOL23INNOD \
_ HIMOd B SA sng
(dAL) SONIHVY3L 1104 ;
3INIgHNL
129Na 1SNVYHX3 9 ’
IHNLNIA XILHOA l.\i \
39NV14 131N 7 HIONVHIXA mo:os:\B /
1VIH NI 31714 431411034

Jojeudly-oqny, THO

430




NSNS YA - TLT L !l’llllll

d1d TOHINOD ~ TOHLNOD
~A e avoT HOLvino3ay | G33dS
JOVLTON

A

05

> UL HOLVNHILTY | 3ATVA
| < LANOVIN Aw 4401NHS w 4o
/d31411934 LNINVINH3d \.\ —OHLNOD —
~~ 3NIgHNL
A A 3STINdWI
9pA 022
1Ndino

A weasgei(q Yoorg
Hojeudyy-0q.Iny, THY)

431



Uoneinp ajes o} JuaLind yney sywy| umop 1nys auiqin L e

line4 jewaujinding

Hd Aq pepinoid uoneinbey -

uoneiauabay

(o118 >vm2mv,uwmam aulqn) pue ccm_w:E:
H1d Agpapinoid yualino peoj Ul sasealdap 1oy uojje|nbay -

jonuod paads auiquny Aq papiroid
JUd.iiInd peoj ul saseasdul pue ajels Apeais 1o} uonejnbay -

IndinQ 1amogd

uonensay a3e)oA
10JEULR)V-0q.In ], THO

432




N TN /T LT LY -

NOTZ 10} pajeas sy

obejon avos-ais-mw -
S0 %0 *"no o Uuwo..owi_— 900 ”00 200
mam._ A W [T Lusaansss Lisassnun lossannus VPR lusisun Lusissins [T .M.H..So,.. -9 2
| : —f8
: | mo 8 | ¥
wdir gspes paads auiqinj — . PR
. L e T 8
M1 0 1amod .10jsisal peo / Y ,
. / & L& F 2o OM
, F S PRGN
dy 1'e6 1amod QAL / L ohet
- o= 1N
A ¥ mmm~_0> sng E m AR
- TN
t 82 fg [ 83
V 02g 1ua.lInd sng e
s LY |-
! 3 t 8
eisd g|g ainssaid jsneyxy | AN
| e foxbE fox
eisd osz ainssaid Alddng - .\\ e
snaynd ~e- | ——e hd St ———e : ,wm m p
uonipuo) buneiado i

alels-Apeals dwes yua1no y ozg o1 ¢

peoj suisodd( .
Asuodsay ageI0A THD

433 -



. | . j
G/ szuy |
G T MVA St
sixe Aue dy og 0 0 |
* JuswaJlinbal (dy st)
dy auibug \ 9 0 pors € SSd
P4 ZHOLId 44
G/ | ST'Hi
(dy gv)
St ¢SSd
G/ szt
G/ m_.mﬂ
sixe Aue dy og /[, - MVA 0 (dy sv)
: Juswalinbal 0 I SSd
dyauibug \| o 0
54 1L HOLId SZt4
G/ SC'Li
JUSWBAOY SIXB-JJO / 8injie4 SSd a
(8AIOY-8AIOY-8AIOY ) L

434. -

uonnqLysIf SSd THD




ledtiqun

Aemef|4
‘O’l1
$said (eHD
CH Ssaid-aid
juej ZH1
VIIIA

ssaid
CH1

W 199uu09s|g
H! 13A08S01)
WNd

SPAUU0IS|g
Ssaid §S9id :
ZH CH1

==t

abejs isi

JBUIADS WRISAS THO

(aup ..01~)
j9sas isd /¢
§8)j01 I5d 6¢
J8fledauap

ZHT

(auy ,,1~)
19sa4 |sd of
jaijaa sd gg
§9]I9HIUSA

SSd



§
X
i

X X X X X X X X X

X

X X X X X X X X X X

X

X
X

150D
ybam

azIS

Juswabeue jewsay) Yid

Buijeas oneis ZHO

- ddueWION3d SAJRA [ONU0D)

uonesadp gHo Buueag (104

Anjiquedwo) sjeualeny ZHO

:o:!mn.o ZHO .

uonesadQ aHo

|04ju0) abejjoa

1sal/qed ¢HO
€6 Ad

ubisaqg zHD
26 190

owag sHY

€6 d3S

SO dAV
I0jJeWId)y-0qany, ¢cHS

aNssj

436




437

SRR A TLTLE !

Anepy ABojouyoa] -

Awiqede) dn-1emod younejaig

Aungesado / inoxosyg R 1say

wajsAs |ejoy / 1ybiap

uoljejosi }nej ‘juelajol-}ney-a|buis ; Aouepunpay B uonnquisiqg

aduew.lopuad lojen)oe / jonuo) dooiq abejjop -
ABisua alqejieae / uibiepy ajohg Aing -

$]03}}9 BUOI0I / |9A3T] abe}jop -

SIIALI(] USISa(]
3JN0S 1IM0J DAL



MmojAeY Z6, Joquidides

101BINLIS 921n0S JamOod weiboid Buibprg ABojouysal v13
\ Aempeg eI :0S3 PaaLIo0] umoig uoQ "om?<m<zJ
2661 ‘0€ Jaquiaydag
O4SIN - VSYN
doys)Jop\ swalsAs Jamod B V13

1e pajuasaid

HOLYIAWIS SOUN0S BSMOd
RYED0Yd BNIDAE ADOTONHOEL

NOILVALIYY TVIlELIETE]

/ UOISIAIQ S21INBUOIAY § |04lU0) ‘uoneBiaeN JSr

438 -




MojARY Z6, Joquieides

- J0JE|NW|S 821n0S 1amod weiboid Buibpug Abojouysa) 13

: 1591 B Alquessy SSdv13 -

g ‘*|lanaQ %@ "a1n20id M/S ® M/H *
‘uonesbaju @ ‘Hi16u3z weysAg -

‘aoepalu] wesboid g1-v13 -

“Jwbyy 109loid SSAV13

103rO0Hd SSdV13 OSr-VYSVYN

uondalig 199foid SSAV13 *
sue|d owaQq %

‘19naq ABojouyoseivi3 -
‘siwbay

swalsAs J1amod 3 v13 -

SUEIETE m.._!sz.om
@ alempieH SSdv13
‘SolIsidloeIRY ) 90URWIOND *
‘YOS S991A8( 991N0S J19MOd -

wesboig buibpug
ABojouyosj v13 YSYN

Asnpuj [e12i3wwo) | g
SWwalsAg 324n0S 19M0d/Y 13

~SCNNNANNN

Juawdojanag pasueApy

asso
slauenbpesH YSYN

sajoy @ sjedioulld SSdv13 % a1-V 13

UOISIAI SOIINBUOIAY @ |041U0Y) ‘uonebireN ISP

439




Mmo|AeY Z6, Joquieides

Joje|nwijs 821nos Jamod weiboid Buibpug Amoso:com._h vi13

MY ¢ -S ("o10 ‘18661Q ‘1an0y) sajoiyap aoepung Atejaueld
M) 0CL - 0L : 991YaA youne Y1 Aresy
- (luepuadap uoneinbiyuod)
M) 0 - 0S . © |01U0Y 10}J03A ISNIYL SN
(1d) My €8 |0u0D 10109 ISNIYL GYHS dUNYS adeds
M) 8C SUOA3[] 18}1q10
M) €2 (3wss) suibu3 uren Jomqo
MA0C -2l (eyaq ‘uenl ‘sejy) sA13 (eldJaWWOD
MAZL-0L Bunsals [9aym-asoN 183q10
| MY S _ ABA [041U0) Judjjadoid
MAO0SG-G (AHOV ‘S1d) SaI91yaA 18jsuel) aoeds
9z|S 1ojenjdy

suonedijddy a5edS AboO[oUyJ3] V13 [enualod .éz

UOISIAI(] SO1INBUOIAY B |013U0Y) ‘uonebiaeN ISP —_— M

440




Joje|nwis @21nos 1omod weibouq buibpug Abojouysay vi13

UM 911
12
62
Um z¢
‘098 GZ'Y
"D9S G'L
9PA 002
M 1'EE
%89
MY £8

a

‘Sjubayg DAL 94S

- Umi gL
66
S
UM ¥°2

"08s 01
"09S G*
OPA 002
M) 28
Iy WA
M) 65

SJWbag DAL SN

MB)ABY Z6, Joquieides

441

ABiauz |ejoy

- awyy bunesado
s3s|nd JO "ON ‘Xe|\
as|nd / ABisuz
Aduanbai4 as|ng
uoljein( asind

~ abejjop
19MOd abeiany
1aMod aseg
:19MO0d Yedd

juswialinbay

+

UOISIAIQ SOINBUOIAY 8 |011U0D ‘uonebiaeN OSf -

* §ES PUE SN 0] STUSWANNGaY V3 SUNaseq (

+
¢
QN

+ ¢+




MmojAeY Z6, 10quieides

Joje|nwis @21nos 4amod weiboid buibpug Abojouyosay vi13

sjuienisuod ajoIyaa/wesboud jo 1os pue uonesijdde
v13 oy10ads e 10} ajeridosdde pue ajqela si adA} ao1nos Jamod yoe3 .

s32IAap abeuols AB1aua |saymAy -

siojeulalje uaAup-auiqin} 46 -

S||99 |9n} padsueApe -

sauaneq Alisuap Jomod ybiy -
:9pn|oul saAneulalje adinos Jomod y13 -

s1509 Buiziwnuiw ajiym ‘Aouaidiye pue uoljelado walsAs aziwixew o)
solisiis)oeleyd Jamod anbiun sueaw uonesijdde wajsAs pue y13 yoey -

(uawdinba aoepns >._Sw:m_a

‘l043U02 pINY} JSH .mcc_En ‘Buriaadls ‘jo43uod by 183UqI0 ‘ADd ‘DAL

3|91yaA youne|) suoijesijdde juasayip Auew 10} pasapisuod bBuiaq ale
suoneuIquwod adinos samod alisinbas pue swalsAs y13 jo A1dlleA Y «

SOAINeUId)}|y 991N0S 1oMOd WAISAS V13

UOISIAIQ SONINBUOIAY % |0J1U0D ‘uoneBblaeN OS(




MO|ABY Z6. Joquiides

443

Joje|nuils 821nos 1amod weiboid buibpug ABojouysal vi13

alemyos suonesidde pue atemp.ey
a|qejieAe Ajjerdsawwod Buisn sainos samod Aue Jo sonsiiaoeIeyd
Bunesado pauyep ay) srejnwa o} padojanap aq ues SSdv13 auQ

Spoaau uoljeljsuowap
® 1s9) wajshs/uonesidde y13 YSYN |ie 19aw 0} Ajjiqeded
uofjejnwa aa4nos Jamod a|qewwesboid e apirod |Im SSJY 1T 9Y] -

sjulelisuod 3|npayas pue jabpnq weisboid g1-v13 uiyum jeanoeud
Jou S| S9JIA9P 324n0s Jamod [enjoe jo Jusawdojanap 10 uonisinboy .

_ suonesijdde y13 jo Alouiea

ay} 1o} suondo aainos Jamod [je sazuajoeieyo yaiym Ayjiqedes
indino 1amod aJinbai suejd uonesisuowap B )sa} swaishs

lamod B y13 pajeibajul sweiboid Buibpug ABojouysaj y13 auy -

9d03S g 9sodind SSdV 13

UOISIAIQ S21INBUOIAY B [041U0)) ‘uonebiaeN ISP




mojAeY Z6, 1equisides

Jojeinuwis 821nog 1amod weiboid buibpug Abojouysayl vi13

9]0SU0? |05)U09 Jo}esado ue
woJj spuewiwod jenuew 10 saduanbas 1sa) pajewolne elA Alljiqeded
Bunsal jine} pue uonepesbap Jomod 1snqod A19A smojje SSdv13 ayl °

Alj1qeded uoije|nwa 321nos Jamod Jo uoisuedxa aininj pue
‘uoljealjdal aA09Yd 1S0I aJow ‘asn B Juawdojaaap Ajowi} aiow
10} sjuauoduwiod jelasawwod Yim padojaasp aq ||IM SSdVY13 94l *

1 woddns o} Ajljtoe} ayl yim 1ajuad YSYN
Aue je asn 10} 359 YSVYN 40 9daid ajqeniod e aq ||IM SSAV 13 duyl *

swelboid ySyN ainin pue jualind uo asn Joj Alljiqeded
lojejnwis a21nos Jjamod yuauewad e apinoad |[IM SSAdY 13 @yl -

Buiysa) jjne} pue aouewiouad waysAs Jomod/y13 palesbajul
pue ‘sawayds Aouepunpad ‘sazis waisAs y13 ajdijnw poddns
0} painbyuodai aq 0} SSAV13 3yl Mmojle ||im ubisap Jeinpow v -

("P.JU0d) 8d0d3S g 9sodind SSdV13

UOISIAIQ SI1INBUOIAY B [01U0) ‘uonebireN OSSP




Jojeinwils 82inos 1emod weiboid buibpug Abojouysa] w13

MojARY Z6, Joquisides

1s31 | VSVN OL
® paivuoaint [ ™ w3aanaa
S3HNQA3ID0HJ ging
st HO/ONV
3HNO0HJ M3IAIH NDIS3a
» A _ a3lvi3aa
| N9IS3a -
e i — = VTS
SISATVYNY 1S0D
Y
M3IA3Y
SIN3IW3HIND3Y
IVNOILONNS
<@—— SININ3HIND3Y
SAANLS [ ol qvNOILONNS
sjuawelinbay NV1d 103rodd
[eaiuyos |
Mo[J 1991014 4
_ sjuswailinbay
SSdVvi13d MHOM 40 108loid
IN3W3ALVIS

'UOISIAI(Q S21INBUOIAY B [051U0) ‘uonebiAeN DS

445




Jojeinwis 821nos Jamod weiboid buibpug Abojouysal vi13

MO|ABY Z6, Joquidides

ubisag B ‘siwbay SSdVv13 9148}

(" uonoang %)
‘SM3IABY

SSdv13
‘uoljeuipioo)

weiboid
Buibpug
ABojouyosa)

<._m\

\-

UOISIAIQ SONBUOIAY B [01U0D) ‘uonebiaeN JSr

SINT eIA mE.mEmEm< ysej o
d/NNWWON AQ MIIAY

uonesbalu|
¥ UOIeUIpI00)
jeaiuyoa] 103loid
SSdVvi3

Joeo.

sapeu] 1s0)
/ubisaq ssSdv13

1desuon ubisaq
wasAs SSdv13

[9aymA|4/101euldlly

sisAjeuy ‘siwubay

sisAjeuy
"siwbay (190 19n4

V 1UeWdooA3d SSdV 13

sisAjeuy
‘sjwbay Aianeg

sjuawaiinbay
sSwalsAs

SSdv13

"Joq ‘siwbay
amod g1-v13

‘sjwbay lamod
v13 Asnpuj

446




J0jgInuwiS 821n0S 1amod weiboid buibpug Abojouyss v13

SHO1vNLOV
IvOId10313

MoOjAeY Z6, Joquisides

WvHOVIA X009 TVYNOILONNL SSdv13

UOISIAIQ SOINBUOIAY 3 [01U0) ‘uonebiaeN OSSP

JOV4HILINI HOLVHIdO

JOVHOLS GNV
NOLLISINDOV V.1va

HOL1VHINIO 300N

[ ¥1 ¥

"6aq ‘nw3| | WON

SHNvVE avOl

JOV4HILNI HIMOJ

3IOHNOS H3IMOd

SSdV'l

weibeiq [euondund SSdv13

H3IMOd
LNdNI
ov

447




Mo|ABY Z6, Joquerdes

doje|nuilS @21nos Jamod weiboid Buibpug ABojouysra vi13

Bunsal v13 Juepunpas woddns o} ajqe aq 1M SSdV13 «
V13 8y} wouy ABiaua pauinial qiosqe 0} ajqe aq ||IM SSdV13 .
‘siinej aul| pue s}inej 8ainos Jamod ‘uonosiul N3 an. pInod

lamod |euiwou-y0 “sapow Jamod uonejnwa 1o jeuiwiou
~ Jayyi9 ul lamod jeujwiou-yo apinoid 0} ajqe aq ||IM SSdVY 1T «

s|aaymA|4 pue si0jeusaly oqin] ‘s|jeo |and ‘sasleg
ale|nwa 10 1amod jeujwou apinoid 0} a|qe aq ||IMm SSAY1T .

| "OPA 042
pue 00Z ‘0cl ‘82 1 M) 021 01 dn - siojen}oy |edLi}oa|3
1yb1j3-uou jo Aysuiea e 1o} samod apinoad ||Im SSAY13T .

SIN3IW3HINO3Y

(SSdV13)

101e[NUWIS 924N0S JoMOd UOIen}oy |ed110913 _mo._bom_m_

UOISIAIQ SOlINBUOIAY B [041u0D ‘uonebiaeN OSr




MejARY Z6, Jequioides

449

Joje|nuils #24nos iamod weiboid buibpug ABojouysal v13 -

| wajsAs jo1juod pue
uonejuawnlisul paseq s9indwodsosou y -

sioyidwy Jamod NMd -

Aiddng
1JdMod 9 apow-youms ajqewwesboidy -

:sjuauodwod aiseq Buimoyjjoy aney |jIm
Joje|nw|S 324n0S 1aMOd J0}enioy [ed1i}ad|3 pasodoad ay |

- Ld3ONOD NODIS3a JIsve

UOISIAIQ SO1INBUOIAY 1B [041U0?) ‘uonebiAeN JSr




Jojeinuns 821nos 1amod weiboiq buibprg Abojouysel vi13

MIIAJY Z6, J1oquiddes

NOILYHNOIINOD FHVMAHVH TINNVHO HNOL SSdV1d

H

(ALMIOV4)
H3MOd
1NdNI
ov

0 0 y3L4 HIIAMIWY H3MOd
I3INNVHO ssvd Q33dS HOH
= " —t .AI MO M) 82 _—
ﬁ o | ¥NVE avOT | g JHOLVHINID % f_g v 002 - A 00€
) p o0 MY 91 3SION J | Al S&ﬁwwwzg
0 ¥3L HII4NJWY H3MOd e 5_“_]
Ssvd _
JINNVHD y MO 033dS HOH JAILIOVAVO
o MM 82 -
\ «l |_. AUVAONOD3S
¥Nva avol | |uorvuanao i~ wa I.H T Tav
M st 3SION T T "W3LSAS TOHINOD |
+ + | Q3sve od I
s o c—— . EE—— —— —— — — —— — — —
q 0 SETRIE H3IIINJWY HIMOd
I3INNVHD SSvd 033dS HOIH
O ﬁ ' +—1 “All MO M 82 _/ _—
—  vo0z-Ao00E
o | »Nva avor HOLVHINID on
. y o0 miot [ ¥] 3sion l.lIJ * p o >._&M>mxﬂw; od
e 4314 UMY H3MOd mmb_u_l,
ssvd _ 033dS HOH
I3INNVHD MO M3 62 | ] 3awovdavo
.o AI _ I . AHVAONOD3S
¥NVE avol | lHoLvHaNID I | av
MX 9t 3siON W3LSAS TOHINOD
+ + a3sve od

UOISIAIQ SO1INBUOJAY 3 [o1U0) ‘uonebiAeN JSr

[ suvmisos |




MOJABY Z6, Joquerdes

Joje|nuiis @91nos 1amod weiboid Buibplig ABojouysa] w13

‘leubis

JoJjuod Gojeue ay) o} jeuoiodoid si Yipim asoym ajeu

ZHY L8 1e sas|nd jua.ind Jamod jo sallas e si ajnpow Jamod
yoea jo indino ayj ‘jeubis |01}uod zH) |8 € SI d|jnpow
lamod ay) o} induj ayj -abeys Buiyoums abplig-H |In} e

jo Bupsisuod sajnpow Jamod suiejuod Jayijdwe yoeg "paau
lamod ybiy 199w o} sanpows ajdiyjnw buysjjesed moje

0} wajsAs ane|s-19)sew se paubisap aq ued jey) ssaidwe
Bulyolms pare|npoiy Yipia asind 1amod ybiy ate asay |

-SHAIHINTdNY H3IMOd WM

"Alisea painbyuodsal aq ued ‘aouay pue wWaIsAs SSAdv13
a9y} ui ajnpow ajesedass si Addns Jamod Hg ayL ‘jeuiwsa)
Indino ay) 1e jyueq Jtoydeded abiej e sey ) ‘ajqeded

ale siayyiidwe ayy se jse} se puodsau [|Im Indino waysAs
a3y} jeyl ainsul o] -1amod Aljnn ayy wodj sialijdwe Jamod
3y} 10} Jamod op sjqenieA sapinoad Aiddng s1amod Hq ayl

‘A1ddNS HIMOd 3d

UOISIAI(Q] SOIINBUOIAY B [041U0) ‘uonebiaeN HSr

451



Me|AeY Z6, Jequerdes
Joje|nwis 924n0s 1omod weiboid buibplg Abojouysay vi13

SIdIINOD HHIII'TdINV NAAd
PSSO ZHA 1Y
Rndwo)) wouy
ndug jo.puo) Q
- WMd

[eudig jo1yu0)

T
JAONWINH OL _A NIIA

nh R I
3dejjop INdingQ J HALTid ) 2d

Jd p3jionuo) JOVLS ONIHOLIMS

"1eay JO sjunowe aAISSadxa Buijedissip Inoylim
abueus abejjoa Jndino abie| e smojje )1 asnedaq ubisap sy}
10} uenoduwi si s1ayijdwe jo adA} apowyaims WMd 3Ul

"Judjuod ajddu atl yum oa st indino
juel|nsal 3yl °"soluowtey sy pue zHy Lg 9y} ajeuiwi|d
0} 4311} ssed moj e 0} paijdde uayy s1 iIndino WMd dUlL

:(PIU0D) SHIAIATdINY HIMOd WM

UOISIAIQ SOIINBUOIAY B |041UO0) ‘uoieBiaeN DS




doje|nuis 9@21nos 1emod weiboid buibpug Abojouysa] vi13

IPAQCI SUOA pro]

PAOTI SIOA PO

UOISIAIQ SO1INBUOI3Y B [0J1U0) ‘uonebiAeN ISP

M3JAdY 26, Jaquiaidasg

AIp/238 G

Induj jo11u0) dals yum asuodsay Juasisueld |
1indinQ (dwy WMd Y1IM) JojlejnwiS Jamod

AIP/335 G

~. ~. /

A\ \

\ u——

1induj jo51u0) dals ylim asuodsay juasisues]
IndinQ (dwy WM INOYLIM) Joje|nwiS 19mod

453




MojARY Z6, Jequieides
Joje|nuis 821nos Jamod weiboid Buibpug ABojouysa vi13

"19149AU09 Hojeue-0}-jelibip e elA
sty dwe Jamod ay) o0} yuas uay} si jeubis j03U0d sy
“indino uonejnuwis Jadouad 10} jeubis j013u0d abeyjoA ay)

aje|nojed o} Jossadosdoloiw ay) Aq pasn si djnpow HAy
a3y} wouj peas ejep a3yl ‘(Hay) 1oudaAuod [eubip o) bojeue
ue Aq passad0.4d pue 10suas Jualind Aq paJoliuow

S1 JUalInd peo| WalsAs ay] "sajnpouwl |0J3U0d pue
uoljejusawniisul pue Hd |edisnpul ue jo sisisuod siyl

‘H3TTOHLNOD HOSS3IO0HdOHOIIN

UOISIAIQ SOIINBUOIAY B [041U0)) ‘uonebiaeN JSr




\.

MmojAeY Z6, Joquieides

Joje[nuwiis 821nos Jamod weiboid buibplg Abojouysal vi13

| ‘'Sa|npow djqe|ieAe Ajjeiosawwod
ale s)ueq peoj ay} pue Jojelsauab asiou ayy yiog

"13]]043u09 J81ndwo2-04931W
ay} Aq uo pauin} ale SaJIAAp asaYy| 1S9} JapuUn v13 ayl
woJj ABIaua uinjal qiosqe 0} SHUIS JLUdLIND Se Jo. YoIym
sa|npouw }jdays ayl 4o 1J4SOIN |041U0D dAlOe ale asay ]

SYNVE avol -

1amod indino
apeibap 0} m:__ indino ayj ojul asiou 193ful o0} pasn
aq Aew stayijdwe pueq apim pue Jojelauab jeubis v

-HOLVHINGO 3SION -

‘NOILVH3dO 40 3AON TVNINON-440
4O d3AdvdO3a HO4 A3HIND3H FHVY SIATNAOIN DONIMOT10d
JHL ‘SLNINOdINOD WILSAS JISVd JHL OL NOILLIAaV NI

ZO_._.<Imn_d TVNINON-440

UOISIAI(Q SO1INBUOIAY B [011U0) ‘uonebiaeN OSSP

455




MO|ABY Z6, Jequisides

Joje|nuwis 821nos J1amod weiboid buibpug Abojouysal v13

aiqejiene A|ddns Jjamod sjqewweiboid }saisey jo awn asuodsas
3y} paadxa (1aAanuew [joJ ‘pels auibua) sjusisues) ;omod yI13 -

(Isuueyo yoes wouy) Ayjiqededs uondiosqe AB1auad uinjay -
speoj] Buiyoums yym snq 1amod ay) jo sansualoeseyd |NT

swaisAs my 08 2 09 lenp Buip|ing DYa7-YSVYN -

(sio10w MY SL - p) walshs My 09 penb e Buipjing D4SIN-VYSVN -
Aujiqedes 1s9) weisAs y13 Juepunpai penp B |enq »

(saj1j04d peoj 1aAanuew [j04 pue juaisueld) Lels gHs)
"sjwbal v13 DAL gHS 1939w 0} paiinbal Jamod xmaa. M) 06 -

(84S) WHSV ‘SN 40} sjuawasinbal HAL M) 06 - 09 -
:Aupiqeded indino Jamod ybiy -

SI9ALIQ ubIS8Q SSdV 13

UOISIAIQ SOIINBUOJAY B |04lU0) ‘uonebineN JSr




Jojeinuis aaunos 1amod weiboid b6uibpug ABojouysey vi13

[
0/9
B 189} SHdOS
22223
| pesoateq 19, ¥ Alquessy SSdV13
idesuo)
Had ey .
ol01dwo)d @zl )y 'loasq % ubiseq SSAVI3|
Had _
ejejdwo) ueIa
Has ieuid ‘siwbey weishs SSdVI3
Has ‘1eid
—_lenjuy
1eu @gzzal Aeaing ‘syjwbey Sd/v13
ejepdn _ | MOS
. Jn0eso|) 222 ueld 1%ejoid
; : ejepdn Heig
m_<_.._.._= L:T'a ajwN o_m v ..__. owsN AlAnOY
€661 . zee6l

(26.Ad) @INpayds 199loid SSAV 13

UoISIAIQ S2llNBUOJaY B |041U0) ‘uonebineN DS

MmojaeY z6, Jequerdes

457




MoejAeY 26, 10quieldes

Jojeinuwis @21nog 1amod weiboid buibpig Abojouysal vi3

sweiboud @ siajuad Huowe m::m:m aoinosalr -
ssauisnq Buiop jo Aem mau - 1daosuo9 ,6uibpuq,, YSYN 2yl suoddng .

palinbai se uonedijdal 10 uoisuedxa
‘uonjeinbyyuodsal Asea smojje pue ‘Aijiqixaly Buiisal wasAs
lamod/y13 aidninw sapinold ubisap SSdv13 [elosawwod ‘iejnpoy -

walsAs aseuns/a|diyan Aue 10} Aljiqeded 1s9) pue
Jjuswdojaaap pasueApe soluoiae/iomod pajesbHajul pua-o0l-pud jo
uleyo ayj ui yuij e - YSYN 0} adinosal juauew.tad e sapinoid SSdv13 »

Aupoey buiioddns yum alis ySyN Aue je Bunsa) suonesijdde
v13 sidnnjnw suoddns Ajjiqedes ssdv13 ajqeunod sjqewwesboud v -

uoljejnwa 3dinos
lamod aAljejuasaidai ajendosdde yim Aouepunpal/oouelssjoy
}inej » dduewuoiad swalsAs y13 YSYN Aue jo uoljeaijisan suoddng »

VSVN Ol an[eA SSdv 13

~ UOISIAIQ SOIINBUOIAY § [ONU0) ‘uonebireN ISP




SESSION VII
ELA OPERATIONS

459



ISHNSSY ‘Buiysny ‘m Aejey
OSH/VSVYN ‘Aexsaioon ‘W Aaie)

(LdIONOD LHINS 14V 9HS 218 L0373)

E E

_ﬂ

LNINSSISSY gHS
SNOILYH3dO V13 "SA JITNVYHAAH S1S

dOHSMHOM
103rodd ONIDaidg AYOTONHO3L

NOILVNLIV J14.10313

2661 ‘6¢ Jequaidas

/

481

" PRECEDING PAGE/BLANK NOT FILMED



462

WHY AN ELA OPERATIONS TEST BED?

IF A CONCURRENT ENGINEERING APPROACH TO DESIGN IS TO BE
USED, THE LAUNCH SITE OPERATIONS CUSTOMERS WILL NEED TO
GAIN KNOWLEDGE, SKILLS AND ABILITIES IN THE FOLLOWING
AREAS:

1.  SKILLIN HANDLING HIGH POWER BUSSES

- SIGNAL MEASUREMENT BETWEEN LRU'S
GSE REQUIREMENTS & CHARACTERISTICS

- SWITCHING AND BUS REDUNDANCY/ISOLATION
CHARACTERISTICS

2. KNOWLEDGE OF POWER SOURCE CHARACTERISTICS
- - BATTERY HANDLING AND MAINTENANCE
- FLYWHEEL OPERATION

3. ABILITY TO HANDLE PERSONNEL SAFETY ISSUES .

- BATTERIES |
- HIGH VOLTAGE LINES

4. KNOWLEDGE OF ACTUATOR OPERATION

- LOCKING OPERATION AND CHARACTERISTICS
- ACTUATOR INITIALIZATION
- - (GENERAL OPERATING CHARACTERISTICS
- (CURRENT MONITORING / TORQUE EQUALIZATION /
VELOCITY SUMMING)

5. EXPERléNCE IN SYSTEM-LEVEL ISSUES

- DATA MANAGEMENT
- FAULT MANAGEMENT
- ENERGY MANAGEMENT (CHARGE/DISCHARGE CYCLES)
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MAGNITUDE (4B INCH/INCH)

PHASE (DEGREES)

p{:)

|
-
@

|
pa
n

-206

-100

~-150

-208

-2580

-300

HSFC EHNA

NFFT= 2048 OVERLAP= 1824

T L 1] L]

LER AR A

L T T rTrT i ¥ T T TrrT

1 L i S S N .| 1 1 L 1.t 111 1 1 L1 L it F

MSFC EMA

189 ' 101

FREQUENCY (Hz)

NFFT= 2848 OVERLAP= 1024

T ' ! T
= e cecse i e taes ey
R I IR I, FERIOPIRE
= .

1 1 J L

YT

..............................................................................................

...............................................................................................

L L 1 11

T AN B B S B L
. oLl

16-2

19-1

1089 19t

FREQUENCY (Hz)

Frequency Response with SSME Envelope Rzsquirements
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HSFC TEST: t2_3981 STEP RESPONSE 8.15 HZ 2.2S INCH 9-81,/92
8.15 T T T T T T T

-8.85

Rvdt Position (Inch)

|
@
-

-8.15

12.4 12.6 12.8 13 13.2 . 13.4 13.6 13.8 14

TIME (SEC)

MSFC TEST: t2_8981 STEP RESPONSE 8.15 HZ S INCH 9/81/92

Rvdt Position (Inch)

1 1.5 /2 2.5 3 3.5 4

TIME (SEC)
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Rvudt Position Error (Inch)

(Inch)

Rvdt Position

MSFC TEST: t1_2b831 DISCRETE SINE 8.1 HZ 8.1 INCH 8/31/92

-9.84 ! L ' .
8 20 48 68 88 180 120

TIME (SEC)

MSFC TEST: t1_2b831 DISCRETE SINE 8.1 HZ 8.1 INCH 87317932

-8.85

-6.15 -8.1 -8.85 a 8.85 8.1 8.1S

Position Command (Inch)
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HSFC TEST: t1_2e831 DISCRETE SINE 8.1 HZ 2.5 INCH 8/31/92

8 86 T T T T T
8.84 4 - - /ERERRER | (| IEEERRR | ASURURUR 1| PR SR !l. (. ............... .
S ‘ ;
. | H
E ! A " . . E l ! ! ‘-,
¥ 8.82L...... L ..... 1 | 3 U Y. . ... ’
. s 1 yI 1. |
) , ! | |
Q [}
[ h | ) I
[X] , ‘ l’ h ’j i
| L - n : L i
g 8 l | i ‘l 4 i ,l
2 : _
-E I o Nt inm Y -8 . '. N SR R ,
o I : A I 1018 s
e~ -g.82-. - K.... W PR L (RO S L S [ | 1 [EERE| I r
- : 1 ] : A
-~ i §
5 1 l
z . . . . .
—B.84 - % ................. ; ............ f”?““““”“““?“”“”““"i ................ .
-8.86 L ; ; ; L ;
8 208 40 60 ge 106 1286
TIME (SEC)

MSFC TEST: t1_2e831 DISCRETE SINE 8.1 HZ 2.5 INCH 8/31/92

3 T L ! H '

(Inch)

Rvdt Position
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Rvdt Position (Inch)

Rudt Position (Inch)

-8.85

MSFC TEST: t2_3924 STEP RESPONSE 8.15 HZ 8.25 INCH 9/24/92

T T T T T

1 L 1 1 1

-8.15 :
13 13.S 14 14.5 15 15.5 16
TIME (SEC)
MSFC TEST: t2,8924 STEP RESPONSE B8.15 HZ 5§ INCH 9/24/92
3 ;

-

L —_—l 1

6.5 K 7.5

o9}
«©
[%2]
\0

TINE (SEC)

Step Response With Rate Loop



MAGNITUDE (4B INCH/INCH)

PHASE (DEGREES)

18

-38

-58

-188

-158

-:008

MSFC ENA NFFT= 4096 OVERLAP= 2848

T T T v P UTT T T 1 7 1177 1 r T T v

1 1 ) I S S W A | 1 1 SR T B U B W i L | (R S S

18-2 19-! . 1e® ‘ 18!

MSFC EMA B NFFT= 4896 OUERLAP= 2848

T T T P T 7T TTT T T T 1 1 0Ty ¥ T T

372 ‘9! 18¥ 18t

245



_ ‘AAI'TddV HdHM

(‘DLA ‘SLSND ANIM) SAVOT HJAL LHOITA ON IWHLSAS
VINA THL 404 HONOHLTV ‘YATIVINS ST H0ddd VINH HH.L
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(INCHES)

BETA(cmd)

CINCHES)

BETA(piston)

-2F----- ”.n;;”” TSRB~TEL$HETR¥' :_ : .......... é ............. 4
-2.5 \J N 1 L 1 1 !
e 20 48 68 - B8 108 120 148
TIME (SEC)
STS - 44- SRB Command Profile
26 HP TUC/EMA MEASURED POSITION: STS_44_SRB TELEMETRY
2 ] i 1 T T T 1
S -3 TR Né .......................................................................................... N
g b A -

e EN

-1k L ....................................................................................... -
B~ T O LR R TR R R S A -
-2k ””""”“"'””""':UHI‘;'IL'TETRED'FESOI;VER”D'QT‘ ............................. -
-2.5 U ; ; ; ; : ;
-] 28 48 68 80 ie8 120 148

TINE (SEC)

PRELIMINARY 25 HP TVC/EMA RESPONSE TO STS-44-SRB COMMAND PROFILE
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ITW Spiroid

An iflinols Yool Works
2801 North Koslor Avonyg
Chicago, {linols 60639
Telephone 312.227.2200
FAX 912,227.0533

rry Spiroid

ITW SPIROID

ITW Spiroid, A Division of Illinois Tool Works, is a manufacturer
of proprietary, custom gear forms, roller screws, and index rings.
These products come in the form of Spiroid + Helicon right angle
gearing, Concurve apur gears, Spirscon roller screws, and Endicon
index rings.

ITW Spiroid provides their products for a large number of diverse
applications. Approximately 50% of our volume goes to both military
and commercial wasrkets., Military applications include such equipment
as the Apache Helicopter, M109 Howitzer, F15 Fighter Afrcraft, and
the Harpoon and RAM Missiles. Commercial applications include Hand
Tools, Laser Imaging Devices, Machine Tool + Fixturing Devices,

~ Tundish Caxr Actuators, and Alrcraft Flap Actuators.

Spiroid/Helicon ~ Right Angle Gearing

Spiroid Helicon

10:1 ~ 400:1 4:1 = 400:1

High Contact Ratio High Contact Ratio
Higher Capacity Bigh Capscity

Good Efficiency Better Efficiency

Pogsible Cross Shaft Design
Backlash Control
Material Variability

- These gear forms have the widest center distance of any right angle,
face type gear forw thereby producing the highest contact ratios
possible. This allows for high capacity in small space envelopes
thue affecting packaging, weight, and pover density.

Concurve Spur Tooth Gears

Thie gear form is a variation of an involute spur tooth form where the
tooth profile has a relatively constant radius of curvature from the
tip of the tooth to the root of the tooth. This distributes the
¢ontact stress evenly up + down the tooth flank. Involute apur gear
teeth tend to have ever increasing contact stress as you move from

tip to root of the tooth.

Spiroid, Heficon. Concutve and Splracon afs registered tradomarks end Endicon is o rademark of Nlinals Tool Works bng,

R L] H 3
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CONCURVE" INVOLUTE
TOOTH TOOTH

Relative
Contact Stress
Comparison

Concurve vs. Involute

The even distribution of stress in Concurve gears allows for higher
loads and lower numbers of pinion teeth due to this feature.
Therefore, pinions with as few as 4 teeth and ratios up into the
20's:1 are possible. Removal of gear passes, higher loads, higher
ratios and downslzing are all possible.

Spiracon Roller Screws

Spiracon Roller Screws offer several advantages over Ball Screws and
Acme Screws. The basis for these advantages lie in a discussion of
the type of contact that exists between members within the nut itself.

Acme Screws have line contact between members. They have great capacity
for this reasson. However, there is so much contact and with the elements
sliding upon each other, the efficiency is extremely low, usually around
20%. Thus motors tend to be very large to aovercome this inefficiency.

Ball screws have point type contact between members. Imagine a ball
riding in a trough of slightly larger curvature. A small point exists
betveen these two members upon which the load will be caerried. For
this reason they have limited capacity. However, due to this small
contact area and the rotation of all internal components, ball screws
are generally very efficient.



Spiracon Roller Screws have line type contact between members.
These lines create a large area over which the load is carried

thus decreasing the stresses on the components. Higher capacities,
longer life and reduced size are all possible. All internal
compénents do rotate however, becauge of the increase in contact
area, roller screws are slightly less efficient that ball screws.

 HOUSING. , LOAD BERRING
ROLLER f e , THRUST BEARRING
'BERRING & _.\— MOUNTING HOLE

N S~ WIPER

COVER

SPIRACON®ROLLER SCRENW

Endicon Index Rings

Endicon Index Rings consist of 2 mirror image gear halves with teeth
machined such that intimate contact exists between the two halves.
They can be used as indexing devices, c0up11ngs, centering devices,
etc. They have been used previously 4n such applications as Indexing
Tables, Multi-Stage Turbine Blade Alignment devices, Robotic end
effector joints and Blind Assembly Robotic couplings. :
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SESSION I. ELA SYSTEMS

‘October 1, 1992

Question 1. Yes, ELA has demonstrated technology readiness and has established
feasibility. Note: The whole group agreed with this.

Question 2. The critical element of the ELA Bridging program is the hot fire test.
This is not the only thing but it is essential if we are to sell this technology to a

program manager.

Question 4. NASA has to focus in on a target and provide system requirements. This
is a must for evaluating various system fairly.

Question 5. Industry can not continue to support this kind of effort very long without a
program to aim toward. Money is tight.

Question 6. Have to do system studies to drive out system requirements.

Question 7. TIM - Yes, where or when?
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SESSION II: _ELA CONTROL ELECTRONICS

October 1, 1992

Question 1. Feasibility has been established, but tull power level has not been
demonstrated. Before full power can be demonstrated the following issues must be
resolved:

EMI must be addressed

Packaging of power devices (Air Force is currently working on packaging)
Motor optimization

Flight current sensors

Single event upset

Start transients

Batteries.

@mean o

Question 2. FY 95 is feasible if funding and above questions are answered.
- Must identify (EMI, performance, etc.) requirements and specifications.
- In order to meet FY 95, there must be cost sharing between government and
industry.
- On TTB hot fire demonstrations, a common TTB requirement for all vendors
1s needed. '
a. Is TTB our most effective/realistic test?
b. Does it simulate flight profiles?
c. Could performance requirements be full demonstrated at vendor
facilities?
- Each company should be allowed access to TTB/test fixture.
- Government splinter session recommendation is demonstration at a common
test facility.

Question 3. NASA ELA System Design Handbook is not recommended. A system
requirements and specification document is preferred.

Question 4. Program Office should show time and hardware commitments for ELA
hardware. Recommend cost sharing and Cooperative Research Agreements.

Question 5. Fly-offs should not be required. Requirements should be to meet
performance requirements at full power. System design should not be a factor, rather
system requirements.

Question 6. Next ELA meeting should be a full power demonstration (approximately 1
year from now with location yet to be selected).
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FLA-TB WORKSHOP
ELA POWER SOURCE SYSTEMS
SPLINTER SESSION OUTPUT

 QUESTIONS 1 & 2:

“The PSS parameters/requirements needed by both NASA's ELA
Technology Bridging Team and PSS vendors for definition and design
are as follows:

- Power profiles which include; base power, voltage limits, peak
' power, total energy, rise times, regulation requirements, and
frequency/spacing of current pulses.
- Star_tfransient loads.
- Ascent proﬁles/wdrst case scenarios from Flight Dynamics area.
- Corona and EMI Specs and allowances.
- Redundancy and reliability nurnb.ers.
- Failure modes.
- ﬁnvironmental requiréments, acoustics, vibration, thermal, etc.

- Processing , handling, shelf life, pad access, and activation.

- Regeneration tolerance.
- Propéllant availabllity.
- Pre-launch check-out, start-up times, GSE availability and use.
- Load lmpedances.
- bata and documentation expected from vefxdors.
ELA PSS requirements that are specifically ELA demands

include; launch/flight environments, high current spikes, high
voltage, and rise times.



Question 4:

The implementaton of an ELA-TB consignment unit for PSS

development was decided to be non-advantageous to NASA ELA-TB.

Question 5:
The development of a power source simulator is a good Idea.
This type project Is currently underway with JSC's ELAPSS project.

A credlble timeline can not be generated until more Power
Source requirements are defined.

The Feb/Mar time frame was decided upon for the next
ELA-TB TIM. Requirement updates and technology advancements

should be the main topics for the PO_wer Source Systems session.
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SESSION IV. ELA OPERATIONS
October 1, 1992
OBJECTIVES - CONCURRENT ENGINEERING

* Need a representative hardware platform to drive out real operational
requirements and prioritize.

* Need operation environment for:
- Feedback to designers (and researchers)
- Safety design feedback
- Realistic timelines
- Validate/recommend changes to prototype OMRSD/LCC.

* Near term/mid-term/long-term approach to concurrent engineering.

IMPLEMENTATION
Two pronged approach:

1. Form process improvement and design improvement teams.

2. _- Consider utilizing SRB AFT skirt as platform to meet the objectives.
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ELA REDUNDANCY & HEALTH MANAGEMENT SPLINTER
SESSION

Don Brown/NASA JSC

1 October 1992

OBJECTIVES:

eIdentify technology requirements associated with ELA redundancy
management (RM) and health management (HM) and those areas
that represent a potential high return on investment for Bridging

Program funds.

Technology shortfalls
Technology demonstrations
Tools and other support requirements

What cost : benefit metrics can we identify? -

eDefine the interfaces between ELA RM & HM and overall Integrated
Vehicle Health Management (IVHM). -

eIdentify proper relationshib(s) between the following
technologies/disciplines:

Design for Testability

BIT/BITE

Boundary Scan

Smart Sensor technology insertion options

Sensor reduction/elimination (i.e. commutation support -

sensors)

e Discuss recommended NASA approach to fault tolerance and RM for
actuators.

i.e. should a single EMA bé used in a flight cridcal application?

What guidelines should drive selection of actuation technology,
i.e. EMA vs. EHA, PM DC vs. induction, etc.? ’ :

eIdentify white paper products that would be valuable:



EMA vs. EHA selection considerations.and criteria

Motor selection
Failure recovery approaches (i.e. lock- up vs. return to null)

PARTICIPAN TS

MDSSC - Delta Launch Vehicle EMA
Univ. of Alabama - characterize roller screws and ball screws
R A Weir MSFC CDL

Aerojet

LeRC

LaRC - GN&C avionics I/F

Allied Bendix

Moog Boeing NLS TVC.

Jack B NLS

Bill St. Cyr SSC

Fred H.

Good x-section of disciplines and interests.
APPROACH

Answer ] Sharkey questions.
Identify signiﬁcant omissions.

ELA requirements id and collectxon mechamsm requued Support
immediate term, through demos, to long term. MSFC ELA
requirements QFD (joint team in place). Focus is on NLS. Target
completion by February 1993.

dkkdkkdkhkhkhkhkdkdkhkhkhkhkhkkhkhkdkhkkkhkihhkhkhkdhkhhkhhkhkhkhhkhkhkhkhkhkhkrrkhdrhhkthkhkrhhhkhkhkrhdkhthk

************************************************************************

m .

Subsystem level maturity is good - global strategies and
tools are still lacking. Integration of technologies is not
mature the technology elements are.

Wthe papers. Concentrate on the way we do fault management _
Concern on what audience would be. ELATB would collect, catalog
and publish. Don will generate a list of potential targets. .
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Standalone versus "cooperative” VHM approaches.

NLS says need integratng glue to transition from health monitoring
to IVHM. Elimination of unnecessary sensors; use data captured in

normal control signals, etc. LeRC has started this effort (university

supported study); would use excess controller processing power.

Realistic failure analysis/fault tree data required. - Follow up to Rae
Ann's data.

FOUR TRACKS FOR IVHM DEVELOPMENT

ARCHITECTURE
FLIGHT SUPPORT SYSTEMS (GROUND/FLIGHT)

TOOLS

ELA TECHNOLOGY is ready now - Boeing. Architectural decisions will
drive subsystem design philosophies. Work is required to te
operations and development together. NLS says smart sensors have
option to do processing at lowest level but there must be reporting to
a central level to support launch processing, flight control. Local
analysis with avionics suite for coordination. This seems to be a

uniform approach.

FDIR and data requirements are different for ELV Vs reusable.

How much reliability is needed? Tied to human rating issues.

Q2

Boeing/Allied EHA - advantages of hydraulic bypass are undeniable.

Fail op/fail safe (return to null). No real RM demo has been offered
yet. How far down must we take redundancy? Should rotor shafts
and bearings be considered? What are credible failures? Up front
involvement of R&QA needed. o C

For 8 channel, they have had several"failuresv and the system
continued to run. This is really used as a 4 channel device. The
motor shaft is common to all. : :

Trade between redundancy content and HM.



Q3

MAST approach is to not allow proprietary content. To date, there
have been no proprietary issues associated with ELA TB. Use of
vendor/contractor facilities and capabilities as appropriate is
desirable (in fact, mandatory). Networking of facilities would be
valuable and cost effective to support specific end-to-end test
objectives.

Would ELAPSS be a good asset for the CDL? There is not a problem
in getting power for actuators (batteries, power supplies). The
ELAPSS will never obviate final integrated system test requirement,
however.

Facility here will continue to be a place we use to demo items.
Proprietary issues should not be a problem. Do we need to address
EMI/EMC issues? Can ELAs and avionics devices share the same
power sources? Group seems to feel no.

Q4

Budgets are universally slim and getting slimmer. This includes
IRAD funding as well. Question exists as to where resources will
come from to "customize" ELA development to date to conform to
desired architectures and IVHM requirements. NLS seems to be the

only "carrot" out there. Maybe we should let aircraft people take (or

maintain) the lead for ELA development. .

TTB I/F would be a good demo to "sell" ELA capabilities since we are
essentially proposing a replacement of something that does work.

Q5

Papers and demo mix was good. Recommend continued emphasis on

demos in future TIMs and other forums.

Avoid having meeting span fiscal year transition!

679



SESSION XII
ELA PROTOTYPE DESIGN AND TEST RESULTS

PRECEDING PAGE BLANK NOT FILMED 681



© o G66L L UAIOLOO 63 HAIWHALAAS - -

dOHSYHOM
ONIDAIYI AVOTONHIWUL -
NOILLVALOV TVOIdLOATH
VSVN

MIIAHHAO NVEDOHd A®UI

JOLVNLOV TVOINVHIIWOHLOATA dH 8¢

NOISIAIA SIWHLSAS H'TISSIIN

"ONI DOON

683 ...

PRECEDING PAGE BLANK NOT FILMED




UOISTAI(] SWIISAG IISSTA

OOOW

S)HNS9Y 1S9y, ¢
uondirosa(g daempaey

BLIX) uBIsd(f ¢

NVED0Ud A¥YI VINA dH 8¢ S 800\ Jo saandafqQ ¢

—NOLLONJOY.LNI

684 .




~ UOISIAI(] SWOISAS I[ISST]

OOOWN

MOIOSIO[[OY ¢
MIXdS[eqg |
- 9jepowwoddy O] 10jen)oy uiso(q
muzmﬁwﬁzvom AL ANSS m_szommm ‘
JOUBUWAOJIIJ WIISAS OI[NeIPAH GBOGM ojaaredwmo)y ¢

drempaeH VINH SuLng a[3ulg 1s9], pue ‘piing ‘udisaq

uoneorddy DAL dH 0S-08 10§ 9IUBWIOMAJ VINH IEHSUOWD(

SHAILOULHO

685



UOISIAI(] SWASAG I[ISSIN

SOON

. | | o . UOIIJ[IS MO0 e
101EN}OY pue I3{[oNuo) 1Y3oM Y3 e | speojoedwy e
aounog ramogd e . Adouepunpay e

SUOTIBRIIPISUO) AN ¢

pageyoed Y31 I0U 13][[013U0)

Aq[eanjonng speor juaisuei, dn-jaelg d[pueH 03 pausisa(
uostreduwo) X010 NUWAIJ 0} SI0IOIN UO-HOH,, P21 .

Anjiqede) 10j0y [end 2pn[dU]

WSt oz1wndQ 03 110533 ON

VINA Sulng a1dutg &mbmcoEvQ

0661 A1ANOY FYI popuny ooy pajenruy

-NV1d NVdD0Ud

686




UOISIAL(] SWIISAG I[ISSI]A

urLy

279S/Ut 09

ZH ge aseyd ‘3ap g8 >

"q1000°001
IS/ Ul g°g
"q1 000°8¥%

dH 8¢

ueeE
OdA 0L3 .

3}0.1)S PIN 1€
13ud urd 0y uid
_. UOI)BII[IIIY
puswuworn %g 3 e
asuodsay zocolcwak
Loede)) peoyaspndu]
Lo A Inding -
3210, IndinQg -
19M0J pajey
[dAaey] 1ndingQ
adejjoA A[ddng

(syuswaainbay DAL ANSS uo paseq)

VINALIYO NOISAA

687

DOOOWN




UOISTAI(T SWAYSAG I[ISSI[

OOOWN
Jeonpsuel) UORISod 1LAAT

OUS SHP NP TNV GAD GEP GEG SME CHP SHL SEn WEP SR CmD Ses

—

=1
C—
O
MB1I81064|0Y 10 \ J

maudsijieg

-
peend
-
-
-—
-
-
ped
-
-
-
-
-

e
-
™M

Bupes \

: | uBLILIOD
|||||||||||||||| ] senomuoo I lousoz

i

18emMod
|eope|3

WALSAS NOILVNIOV OAL VIN AFHI DOON —

688




SI10JO\ pawwing - anbio] jenqg
10jenjoy [ediueydawod}dd|]

VAN QLesigiea v iR JOVLIOA A1ddNS
SHIODDSE " e avo13OVHIAV-
1 1) G A Gl s S 370A0 ALNA
QIAGINEC S+ " Frie ALIDOT3A LNdLNO-
STO0BP | - 0 e et 30404 LNdLNO-
dH QO oo HIMOdJ a3 1vH

OO O

OISINLOYT 87l i NOI1vHd3T1300V
8700000k " avo13STINdWI WNWIXYN
00 S i A Rl 30404 11v1S
o6 S SR TR L S 13AVHL 1Nd1NO

689



MOOG

. -
-
= 4
e |
.
4
B
1
‘8
w4 1
Vi e we——
L =3 3
4

L
L

i
|
]

FORCE - VELOCITY TEST DATA
MOOG 38 HPEM TVC SYSTEM
ON SSME TEST FIXTURE

690



OOOWN

HOLVINWIS JNSS NO WILSAS NOILVNLIOV DAL W3 dHBE DOON
(ONVWWOD %Z F) 3ISNOdSI¥ ADNINDIY4 NOILISOd AVO

viva 1S3l
o (WH) AIN3noand i &
| it E JL
| ﬁ o
4 1 i il
i 2 444
it d .{if..n.. i A I i
1 H —. T
m 1 ‘ %L\
g v i U f |
@ ' _ gh
| H 4P 4 :
m ] M T errr [ i
A T e |
L] =
L , \
\ \ r
. t
(TN ! .
[t H:_ ! I
Ly i: i _ UL i T
I Af ey __&" m_ TN [ s, | ] HISEN
i ' (0 [T Pty
| _"E [T N AT L] I
i 6 ol 41 VR WO S P Y0 A RN O N 3 ] ERRAY 1  H[FFY Ad o e
i ;rMTtﬁ D e s S ) ___,_ L]

(qp) olLyy 232ANnlindwwg

691

OF POOR QUALITY

ORIGINAL PAGE IS



N N N W 4

_JVO13INSS HLIM W3LSAS NOILVYNLOV DAL W3 dHBE DOON
(%2 ¥) ISNOdSIY ADNIND3IY4 NOILISOd AVOT
V1iva NOLLVINWIS

=TT e —

o/ (2H) A2ndno3d /

20N HL

9\

SOV PRPYY DI FRRTS BRRES

Y

,,_.A .
donid :..Tv. ST S ) B
'

B bl 5 et

| s

(®2d) ®v1
¢

g

‘2 b

! el .
. ' ' b, ooy bew i} ' 7 B A

3 g ' e R [ i it
' \ o N e ol i
" vl i ' v o apdtiddi Lo "y ard

aan ORIl LN R . . TN PN RPN B PRI [ 1) Y EYOR AV RN IO ot

| . ' : ' ‘ A I T H
i i |
'l ONH I ! ' ' . ' " wi ' i | Vi i o
a lyiy U MO A 3 ( " . ' o s ' ' i Jg o
i L Lok i bl b eaadis bl L
¥ (W ET00 PYODY PR ifidsfheis pid 4 o -e- P IR 44 SRS =
s ., oot ' . s < ' 4 ' . oo bipin (LY O ot H...
t 20T LR g s 850 B (81 R (L) K O PR i e T !
| e L ¥ Pagefescehy
PRI I P S ' | i Ve A £ r ‘ ' (] T YRR B Ve Il il
' i !
“ ‘o b ‘ ' now 3 ' A - . ‘ e I A " i " i

R i 130 . o oo o g o o ATl LN LGN RS e L T : IR S DO Y DTl TN PR | L T

. . O ) . ' . e N Y Or

' g i "
: o . W
I ORI (PO FPRRY PR e I e . crmedrns - cess . 4

SR e k= o A DI, il S e * TSR B PUBET W
|
| . R
i \ " I
|
infoveshees - o i o s e e DY UN Y SENI VR —
1
— | aliat
1 ! 11 o '
_ | H 0 |
) \o
i

\
i
e A
E

@9r) © 1Ly 24n1indwy

GRIGINAL PAGE IS
OF POOR QUALITY

692



OOOWN

YOLVINWIS JNSS NO WILSAS NOILYNLOV DAL W3 dHBE DO0W
(ANVINWOD %S F) ISNOdS3I¥ ADNIND3IYUL NOILISOd AVO
vivaisil

00/ o/ GN) Aonanoady I

SR | nER
_ , ::___”_%_
: B B i [
: _ o
"o | Y1 1Y o LAY o 13 el PR ] W R 1y (1 SO _.Wl TR T | ol I ) R T G T T
) PN

693

01 UTRY SEREY BYREY SRR IR oeifebeafondadad be e Ll e b e e i ‘1 e e e L T S L e J e L e o B N
! '

DSyHd
Q
N

TOTVS RPN SRSEY RO ST I SR Sp—"

l,‘ PHTE N P4
Tk P TN PRvE 3

|
.iAH‘... A Y S ). % = , : , , , v.,
| oo LERT 0 O T e
“ 1 Y 1 o O e O IR R
AR ST ST BNy O _.4.. § s v o B i b i SR EHSER ~ sl s Rl e b WF,_ -L - 'Y.,,lr.u-lA becsd
ki | il e e

fiZakIERE IR

(©2a) ov
g
1
!

_—

(F) OILyy Daniidws

l _ . _
D24 o o S vr\m.w MD\Q [ ,A
! s it 8 Lty | _ _ | | 2y N

& _ | bolok dof ke
it ]

OF POOR QUALITY

GRIGINAL PAGE IS




OOOWN

(NOILLISOd aVO01)
YOLVINIS JNSS NO
JSNOJS3IY dILS NISZ0

I ' T T
e e T
, - ! P - r
0 17 T T T ! T ~ "
‘ T ! : f . T
il AR i — - ~
T ! L T T T T ~ r "
i o q_ ¥ T : T Y : g - ™
v et ! 23S ! )
A P | M—T 04— T M 1
) S H i M A T T ' ! o ]
AR LA T T LN & 18 &4 g A,
: * i T T T ' — )
r ST i T T Y y '
et 1o RIS A [ T . A
T 1 _ T T T T | —
mba - T | ! T T I T
T k R T T T T T H 44!.% -

6-LL-L
100 N/S S0S3L1L

694




OOOW

(NOILISOd avO01)
YOLYINWIS WSS NO
ISNOJSIY dILS NISO

Ly | - o | - v v (¥} - vo— | .
= - - e L= RadlB - o]
: - ——— — - -t p M T * = 2 g N _ ha il
_. - hamatnl f‘l.l. - - ﬂ - - M v ; g A\ i
[am — P - -
r .
- - - A . . . .
u.w. T i . v
«, T T
. T _
o | § s v ﬁ
- T
- v ;
1 T T
1N.~ Iﬁ! A
| ) J _
[y
T T
v -1 T ol Y 4
! ! . ._ | I
AR AR
AR
- ‘.J—J T il = X .._...
! , v A-l..- B LK o 41114 d .
T ol D it
ﬁ Tt A PN ’

26-L1-L
L N/S S0S3LL

e

695

OF POOR QUALITY

ORIGINAL PAGE IS



s:.\ —

./,.7....!«“. rARR SRV N \MW — trp -, ) Hw H. W (1< T PG L L) ﬁ:.ﬁuﬁﬂwwﬁ.sv

(238) JHI1L

OF POOR QUALITY

ORIGINAL PAGE IS

S°ET €1 S RA § z1 S°1T 11 - ) §

.........................................................................................................

........................................................................................

.........................................................................................................

A - :
7 A . .
1 i 1 1

A
v
1

uoy3§sod INIONT

(4aul)

nNmVNa\mv *uy 5§  @3IgUoT dI1S DOOM

696




OOOWN

ulyql 401 X 8E'L

uyql g0l X§°L

- 'sq1 00S1

%LL .
%19

"O1VNIDV
M3IYISHITION

2295/Ul G9
2235/Ul OE |

uyq| g0L X vE'L
uyq| 0L X Lt'L
'$q1 0591

%8L
%0L

4O1vNidv
M3IHOSTIVE

Viva 1S3L ¥O01vNLOV DAL N3

(Buialig auQ) s1010\ OM |
10310\ 3UQ
~‘uoneia|any

puaiIxy
~onspIN
(1030Y Pa¥>07) ss3ULNS

uondI4
JUIOd 19MOd 1€

lfeis e
Aouaniyyg jedueydapy

697



UOISTAL(] SWAISAG IISSTA

juwdaInbay 199

yudwaainbay s1v

judwaainbay sy

JudwAIINbay sy

SINS9Y 1S9,

"uy/q[ 000°06L

urgg x

*0as/Ul g°G
'Sq[ 0008

ZH g e aseyd "39p 08>
ZH [ 1e 3seyd ‘3ap g3 >

29dg HINSS

IWHLSAS DAL INH SSHTHSNYHA

OOOWN

SSauJNs 101en)oy
, _v>m.._.~,r :.:5:0

£yopA nding
2010, 1ndnQ
jutog 19mod parey

(puewwo)) %g 1)
asuodsay Aouadnboauayf

Iouwieae g

DOON A0 SI'INSHYE HONVINHOAH A

698



c661 ..w 4390100 -

t9\d3
HSVD "9 VH1HYW

SHOLVNLOV TOHLNOD
1NV113d0Hd TVIINVHOIWOH LI 13

699



X3TdWIS ISNOH-NII

o

w
|
I
_
_
I
_
_
_
_
_
_

Elfi} -

13roy3av

NOHI1X3l HH

im——===gJll

Y

TS

/| E /
%

e Vb

@) -5

) 9 \\.\\\\N< -

A S [

SHOLVNLOV TOHLNOD

LNV113d0dd TVOINVHO3INOH.LO313

700




d0LYNLJY
JATVA T04INOD LNYT173d0Yd
WSS NOYLX3IL ANV J4SW

AGE

TOGRAPH

ORIGINAL p
COLOR PHO

701



1d30NOD 13VHS ITONIS HLIM SHOLOW TvNa
€ 3HNOId

(434)
3ATWVA 1VE
/

JONVI4 ONILNNOW
873V 13NNVHO
HOLN1D J1LYNN3ND %

3XvHE 21410313
/Il

A

(10AY)

o bt , H3ONASNYHL

H31dN0J3a \\\\\\\\\\I WILN3Y34410
O1LYIWN3NJ —— 1

w;m<_m<> A"Hv10Y

¥ T3NNVHO : / 8 szz<:o

( JWZZ(IO

702



o

005+

8

Ol OL 00Z-

OLL OL o

0+ OL 0S-

,0L X } OL 13A31 vas
('XVW) 09€

NIdO %09-05 WOH4
TIAVHL IVIOL 40 %E°} +
(XVW) ,S8 40 %€ =

.om . Qmm - .mv O‘vw .

('SET) LHDIIM
(‘87-'NI) (XVW) avo1
' (SHH) 341

‘SHH 2 HO4 (4.)

"dW3L OSNILVHIdO-NON H40l1vn.iov

(4,) "dN3L ONIIYHILO
ANIIGWY HITIOHLINOD HOIVNLOV

(40) "dW3L ONIIVHIJO LNIIGWY
(HHOL) IHNSSIHA DIYIHJSOWLY
('03$/°93Q) VM IATVA

AOVHNOOV NOILISOd IAIVA
13AVHL 3SOT1D/NIJO . IATVA

anIva -

LIN3IW3YHINDO3Y NDIS3q

SININIHINO3Y NoIS3@ -

703



I'e Ol v#

008 OL 00z
L 3HNODI4 NI QaNid3q sv
o ('XVI).

ZH Ol 1V 9V1 3SVHd .06
(IYNINON) zH o1 1v qp ¢-

. CZHY OL 1V
v_<mmo.pv_<mmmzmwh_o>v

(TYNIWON) ¥z
. 0l2
o

TIAVHL 1INd4 40 %5200
E . L:6Q

ZH ooo0¢
1V Mv3d OlL Mvad 'S110A 02

A7IVOS T1INd 3IHL 40 %2

JN-vA

('03S)(N3dO

' 1Ind WOHL) IWIL OBNISO1H

3ATVA NMOQLNHS OIWVANING
(ISd) 34WNSS3IUd WNIT3H
(‘87-'NI) ©NIGVO1, HOLVNLOY

,waO@mw¢,>02wDOmmmu

NOILVLIOX3 HIATOS3Y
('03$/'93Q) 31vH IATIVA
(110A) 3DVII0A sna ani.
(dWY) LNIHHNO “XVW,

" "®NIGYO1 H3IANN o
QTOHS3HHL 4091 A3S0T1D

OllVH Hv3I9-

NOIIVLIOX3 1aAY
'ANVE HOHYI 1JAY -

SHIISAVEVA NDISTA.

SH3LINVHVYd NBIS3Q

704




} 1
000¢- 3
3
1
(VIO 'NISZ = AOW) 0001-
_ / S33HO30 - NOILISOd JAIVA
N3dO . 1 l 1
~a— 0f 0L 0, 0c 1] 0 s
S8 ,
; \/ A 1
\ \ 0001
0002
_ . _ 000€
ONISOTD 3ATWVA = = — :
i - i
T T
\ ONIN3JO 3ATVA ]
| . 000

>n.v2 = @QVOTNOLLYNLOY
1 |

= ONIQIV

(81 N1 3INCHOL

L4

ONISOddO

705



w 0 .k

NOI1ISOd 1NdLNO HOLVNLIY

V [ X X ]
ZVONY
10vYd
avod *‘ - .._—.. Yo
HSVINOVE ONV
JONVINGWOD BOLYN LIV
L $r | S y sHO S1OVP P - +
|ﬂ| r i L] r—{ HSH - : ‘I.E =5 H ('R .l .e .
NOILISOd ’ ' " N IWONY .
AON - 1
_r. 10ve
9 e — 1
12vn
HY : aee
vl i OV
. 10AYH
saw - - (B
IVONY ‘ ‘ ,
" ALIDOT3A HOLOW
84AN
10WY4
aN
—— —
AW3 XOVE
NPuno - | My : - . . ho!
s SYLNC _ H+s _
m»-!-uuﬂ_ : ¢ ! ' + o + 90 +
xwn
wryno A o
ANYWNOD
-4 HiNG
[ B N ] ——

Oovi

- 706




- o — > ¢ ¢ = — — — A ¢ W+~ &

707.




HOLVYNLOY NMOQLNHS JILVWNANd AOW

OPEN

708




- 709

AT

=

S
o
L

ol B

o ———

2l




o

WYHOVIA X004 NOILO313a 3HNTIV

JI1D01 NOI1LD3130

N

TINNVHO ONILSIX3
IHL LD3INNODSIA

[T Tt TTTTTTTTTTT T i
! |
_
| FAHL F |
“ {0 “ HOLVNLOV
! AllllllAMUAnlllTllll. 40 13000 |«
| y Sl OINOH19313
_ + !
1 |
“ TINNVHD “
| 'QT0OHS3HHL dI¥L t
[ i .
Py SN ) ——————
39VLI0A
aNYWWOD
1NdNI-
'HOLVN1DVOAH3S
< ) ——
39V 110A LNd1N0 LOAH IVIINVHIIW-0H10313

710




CER 2T TSI 1000 HRETESTRON

HR UL

MR TEXTRON INC.
A SUBSIDIARY OF TEXTRON INC.

29200 WEST RYE CANYON ROAD ¢ VALEBNCIA CALIFORNIA 01366

80S) 249.4020 ° TWX 910.136.1438 TELUEX 86/1492

DOCUMENT NO. _HR77700072

EXTENDED LOCKUP TEST (ATP para. 4.11.4)

P/N X41009110

. ! (RY
Date__SEP 15 W92 Operator _\14%
Comments ] Loade_d
SIN __ X oo\

Item Required ;‘, - Acrual
Load Direction Sense cCw CC W
Load MOVA movh
Reduced Power Minimum 1A
Encoder Reading (Start of Lockup 1894 £ 2 bits /!7‘/
Encoder Reading After 10 Min Lockup f1etrilnerei 1 £4%
Total Drift After 10 Min Lockup 82 bits max 48
Load Direction Sense Actve HerivE
MOV Load Remove Rem oV ED
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HRIEWT]

HA TEXTRON INC..

A SUBSIDIARY OF TEXTRON INC
25200 WEST RYE CANYON AOAD ¢ VALENCIA CALIFORNIA 91158 .

806! 19%-400

* TWX 510.338-1438 o

TELEX €3/1402

DOCUMENT NO. - HR72700072

PAN X41009110 |

Date

. ACTUATOR SLEW RATE (ATP Para 4.9)
(Page 1 of 3)

'»-séP 151992

- Serial No, X © &

- . T .
Operator sz ‘

Commeats: . Loaded
Shaft [nput MFVA | Slew Rate
Position Signal Load %o/Sec
Open-Close- | +30 £1 |MOVA 143 min.
Open mA Load -
Required Fig. 11
T ‘Open-Close- 1 340 max.
Close
Close to Data Fig. Jor 8
|10 O 1 >
pen +3 Z
(Failsafe Switch Opean to Data Fig. 7
ooly Energized) = |Close =30 |2 /72 7
Reversal to Data Fig. -~ &
Ciosed +30 |3 [s2 %
(Failop and Reversal 10 Dara Fig. A
Failsafe Switch Opened - 30 4 /577 /%
Energized)
€0 056

713



00T HRTED TR0

HR '
MR TEXTAON INC
A SUSSIDIARY OF TEXTRON INC.

76200 WEST AYE CANYON ROAD « VALENCIA CALIFQRNIA $1368
(08) 259.4030 © TWX 910-336.1438 ¢ TELEX 68/1482

OOCUM

[

ENT NO. HR77700072

ACTUATOR SLEW RATE (ATP Para 4.9)

(Page 2 of 3)

PIN X41009110 A xoo! SEP 15 1992
2.0y 2 2.00v =0.00s 2009/ Sra1f4 gTOP @
E R R N S A T
X . L 19 % milliseconds
_______ 2.0 Vdediv
: : : \ _ :ter output)
R i e R KW sec/div
D N (time)

UUURURE RS ) TO OPEN

292 .0ms

.42S Hz

= 170t = 2
2 2.00V —0.00s 2009/ 3nglf2 STOP 308 milliseconds
: v ' + . : . . .
: | ' i) Vdudiv
' 0 . : I output)
X i 1 : .
- e el e e o = o o m o e - b e - - - - — - .
......... VSTt - S TS T T 2 sec/div
T me) '
[ YR BB S
.................... e e e amad e CLOSED
; I : .
z -
| M
i Z T
i : f ,
; l *r N .
t: = ~180.0om8 12 = 128.0ms 6t = 308.0ma 178t = 2.297 Hz
714 eGoss
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=y ML o Eog

o b

HR E ::E Iﬂ DOCUMENT NO. _HR77700072
HA TEXTRON INC. N A —
A SUBSIDIARY OF TEXTRON INC. -
28200 wesY RYl CANYON |RQOAD ¢ VALENCIA. CALIFORNIA 91388

B08! 2894030 ° TWX 9101361430 « TELEX 88/1482

ACTUATOR SLEW RATE (ATP Para 4.9)
(Page3of3) . - . . 8 1'S 1990

PIN X41009110  S/A/ xool _
- 2 2.00v L —=0.008 2000/ Sng__‘_z__sm

: T ! |
T ' :
; - . . lr.f
: : . oL - . -
1 : S 398 milliseconds
: : P . .
_..__:__-'______;‘_..._.i.___‘._‘ _____ i v o - - Vdc’dlv
.T .............. | ....... : ............. outpu[)
SN n-:||~||‘|»i-|'|~|-|v;-|»n 11-1-.' |-.i.A.|||~||-||x-‘: | sec/div
! : 1€
. U AU SO oSO vl )
I I o
T - RERERN Y { ) OPEN
- ]
L .{_ et ..... P
tl = 1.356 s t2 = 1,704 & At = 348.0ms  i/8t = 2.874 Hax

1 2.00v. 2 2.00v A S o—o.dOs 2009/ SnQX§LﬂDﬁ 209  milliseconds
) . ) : S .

Vdc/div

- '
- .
- . . N Vo 4
+ F O T ' ...... $
i . . ' .
- +

'

. . . . | —_————
L NG L b | urpe)
: - . SN .o R
<

Sy P i T Nl sec/div

EREREREE Y

~
1]
)
J
[N
w
*
N .
n
(o)
)3
r
u
>
YRR

= 300.0ms lvot = 3.332 H2

EG 058
a0y 715



r4F=E:EIZIﬂ.

COCUMENT NO. 77700072
R TEXTRCN INC ) ' .
A SURSIOIARY OF TEXTRON INC. : ]
2¢320 wEST AYE CANYON £ 040 » VALENCIA CALIFORNIA 71188

8% 159.4030 ¢ TWX 910.136 1438 ¢ TELEX $3/1492

716

PNEUMATIC SHUTDOWN DATA SHEET (ATP Para 4.11.3)

PN X41009110

: (WY
Date SEP 15 1992 Operator \\48
Serial No. X 08|
Comments: __L oaned
[tem Required Actual
Pneumatic Pressure, psig 695 £10 . 25
MPVA 2185 to 2196
Starting Encoder, bits* 2168 t0 2179 21\
N MPVA _256 to 299
Ending Encoder, bits* 253 t0 276 s >
Shutdown Time, sec L1710 2.27 / 59
* Cross out non-applicable line.
1 ;.oo: 2 2.00v —0.008 SO0/ Srgifg STQP
:" I ; ' \ rdown
. . —: ! . . .‘
l ' _L ¢ >~
L.-_”J . . /l . :_ ...... '
: e - o VDT #1
e /_'_,_____;___ _____________ Jemodulated
' '._—'/ ': ........ - Dutput_ )
bttt bttty 2VDCidY
R R IL ----- {- ------------------------------ 5 secidiv
et O for MPVA
Z 'j E 1.0 secidiv
. S for MFVA
o~ i L
ti = -13C.0ms t2 = 1.450 3 &t = 1.580 8 L, = 332, 9mmz




toe oo Tme Ldnid =FTE OTRO

[ TS

21-] TEXTRON|

MR TEXTRON INC.
A SUQASIDIARY QF TEXTAON INC.

75200 WEST AYE CANYON AQAD ¢ VALENCIA CALIFORNIA 91338
18081 789.4030 * TWX 9101361438 ¢ TZLEX 8§8/1482

DOCUMENT NO. HR77700072
\_

PN X41009110

(ﬁt)
Date SEP 15 1992 Operator \ 148

Serial No. X0O\

FAIL-OPERATE PERFORMANCE (ATP Para 4.11)

Commeats: Loaded
[tem Required Actual
#1 loput +24 M amp +24
#2 [nput - -24 M amp -24
Fail-Op Eaergized 20 M amp 20
Failsafe Ene_rgizcd 20 M amp 20
- Eading Encoder Reading 779
Starting Encoder Reading 758
Diff. = Uacontrolled 78 bits max.
L Actuator Travel / ?
Encoder Reading @ Travel Reversai: 227 Bits
~ Encoder Reading @ Fail-Op Energized: 758 Bits
~ APositon = Uncontrolled Actuator Travel: / i Bits
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