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N 1.0 INTRODUCTION
1.1 OBJECTIVE

!' > To study active structure control technology as applied to Large

o Space Structures (LSS). In particular, to develop analysis and design
techniques for utilization of practicing control system engineers in

7 their investigations of future Large Space Structures (LSS). These

!! techniques will be “use" qualified through application to a representative

= model of a LSS. This objective is #n support of the overall AC0SS ob-

Jjective which is to develop and understand a generic, unified structural

dynamics and control technology base for LSS with stringent Line-0f-Sight

(LOS) and figure performance requirements that must be maintained in the

presence of onbcard and natural disturbancesw

1.2 SCOPE . S

———— —
e e e

“~=This effort will be restricted to theory development, experiment
design, demonstration and documentdtion of structural dynamics and control
technology for large precision spacecraftTQ'The contractor shall plan the
overall effort, define the problem, develop and evaluate solutions. The
development and evaluation of solutions will involve analytical studies,
modeling and simulations. The contractor shall identify and document all
the analyses, studies, designs, models, simulations, tradeoffs, issues,
software, requirements, specifications and data produced under the contract.
Inportant products of the effort will be the demonstration and documentation
of new control technology.
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1.3 STATEMENT OF WORK

The following four tasks comprise the original Statement of Work. Task 1
has been deferred for implementation in AC0SS-17. The content was sub-
sequently modified to incorporate Tasks 5 - 7 to support the VCOSS (Vibration
Control of Space Structures) Program.
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1.3.1 ORIGINAL TASK/TECHNICAL REQUIREMENTS

Task 1 - Investigation of Structural Damping Models: Investigate the problem
of how to accurately represent structural modal damping for a structure that
is subjected to disturbance and control forces. Structures with values of
critical damping of less than 2% can be adequately described by assuming
equivalent viscous modal damping coupled with real eigenvectors. However,
for larger amounts of damping these assumptions do not appear to be true.
Investigate this problem in depth and develop a complete understanding of

the proper form and implementation of structural damping for use in the
analysis and development of active control technology for LSS.

Develop a mathematical model containing discrete viscous damping at
related modes throughout the structure.

Compare the response of the discrete viscous damping model to that of an
identical model containing modal rather than discrete equivalent viscous
damping.

Develop a mathematical model with an accurate form of structural damping
( proportional to displacement and at a 90 degrees phase angle) followed by
comparison ¢f the response with the models developed above.

Task 2 - Development of Digital Control Analysis Techniques: Investigate

sampling phenomena arising from a digital version of an onboard controller,
using a truncated version of the model developed by the contractor under
Contract F30602-81-C-0179. Give spec¢ial emphasis to the effects of “folding"
of the higher neglected modal bending frequencies into the control system
bandwidth. Establish design criteria so that onboard computer sampling rates
can be selected and the appropriate tradeoffs can be made.

Task 3 - Flexible Appendage Model: Perform and document modifications of the

transfer matrix technique for simple structures with rigid appendages that
are applicable to LSS. Include extensions of the technique that contain
flexible appendages. The resulting equations shall be documented with their
attendant computer program implementations.

Task 4 - Stability of Large Scale Systems: Use the decomposition principle

that was applied under Contract F30602-81-C-0179 to stabilize a preliminary
LSS model and apply it tothe higher fidelity models that are being developed
under Tasks 2 and 3.
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Oral Presentations: Oral presentations shall be given at such times and
places as designated by the Contracting Officer. Sufficient notices will
be provided prior to any briefing.
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1.3.2  "VCOSS" TASKS/TECHNICAL REQUIREMENTS

Task -5 - Develop requirements for LSS models: Determine system characteristics.

Assimilate the system level requirements into a format and set useable by a T
;(r{ Structural Analyst to provide the basis for an accurate and reliable ctructural -?
' model . ;

]
Develop derived control system requirements. Structure the system level i
requirements in the form of derived requirements as viewed by a Controls o

Analyst. This shall include, but not be limited to, the specification:of
potential sensor and actuator locations and the Timitations on the structural
natural frequency, if any.

Determine the form of the structural models. Review the requirements
developed above, both system and derived comtrol, and determine the
appropriate technique to be applied to the models. A Lagrangian approach ;
shall be investigated. It may not be used if, when compared with other o ’d
techniques, it proves to be inferior in terms of taking full advantage
of modern high speed computer technology and maximizing the degree of
understanding and "feel" of the expected results.

Task 6 - Develop "stiff" structural model: Develop mass and stiffness matrices. 'ﬂﬁi
Develop mass and stiffness matrices for the candidate structure using the

techniques and procedure in Task 5. Develop a model witi sufficient degrees
of freedom and fideiity to meet contemporary LSS specifications. - 'J

ﬁ! Develop structural characteristics. Derive the structural characteristics

(eigenvalues and eigenvectors) for all significant modes of the required
model. Develop the structural gains at all possible sensor, actuator, and
disturbance locations. If multiple paths are required (as in multiple
reflections of mirror surfaces), then the modal gains associated with
these shall also be developed.

Task 7 - Develop "flexible" structural model: Develop mass and stiffness
matrices. Develop the mass and stiffness matrices for the candidate structure

using the technique and procedure determined under Task 5. Develop a model

with sufficient degrees of freedom and fidelity to meet the contemporary LSS
specifications.

Determine eigenvalues and vectors. Derive the structural characteristics q

(eigenvalues and eigenvectors) for all significant mods of the required model.




Develop the structural gains at all possible sensor, actuator, and disturbance
locations. If multiple paths are required, as in multiple reflections off
mirror surfaces, then the modal gains associated with these shall be developed.




1.4 SCHEDULE

The original scheduled duration of the contract was the twelve month period
beginning 15 April 1981. As a result of ..2 VCOSS modification, the VCOSS
Final Report (incorporated within this Final Report) was delivered (with an
oral report) prior to 30 December 1981. The AC0SS-15 Final Presentatfon was
delivered to LTC Herzberg (DARPA) and Mr. Carman (RADC) on 28 April 1982

in Huntsville, Alabama. A compilation of due dates and deliverable items
comprises Table I. ‘
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TABLE 1I.

DUE DATES AND STATUS OF DELIVERABLE ITEMS

DATE
1 June 1981

July 1981
August 1981
September 1981
October 1981
November 1981
December 1981
January 1982
February 1982
March 1982
April 1982
May 1982

*

* % % *

ITEM
R&D Status #1
ACOSS 15 Schedule
AC0OSS 15 Milestones/WBS
R&D Status #2
R&D Status #3
R&D Status #4
R&D Status #5
R&D Status #6
R&D Status #7
R&D Status #8
R&D Status #9
R&D Status #10
R&D Status #11
R&D Status #12
Final Oral Presentation

Final Technical Report
Abstract of New Technology

~



- 1.5 CONTRACT IMPLEMENTATION

Dr. Seltzer was the Principal Investigator for the AC0SS-15. He also performed
the Task 2.

Dr. Worley and Dr. Glaese performed the main effort performing Tasks 3, 5, 6,
and 7.

Dr. York performed the main effort concerning Task 4.
The effort associated with Task 1 was deferred for performance under ACOSS-17.
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2.0 VCOSS FLEXIBLE APPENDAGE MODELING

Tasks 3 ("Flexible Appendage Model"), 5 ("Develop requirements for LSS
models"), 6 ("Develop ‘stiff' structural model"), and 7 (‘Develop 'flexible’
structural model") are reported upon in one cohesive appendix. This
appendix is a report entitled "“DARPA-WPAFB VCOSS Dynamic Model" and was
presented to DARPA and Wright Patterson AFB personnel (as well as Lockheed
and TRW ACOSS contractor personnel) on 1 October 1981.

The report presents analysis results applied to a model developed for DARPA
by the Charles Stark Draper Laboratory. The analysis technique embodies a
combination of finite element modeling, closed-form solutions of contimnuous
beams, and modal synthesis. The advantages of this approach are that
detailed modeling can be applied where necessary while still retaining the
ability to make modifications and changes with a minimum of effort and

elapsed time.

10




3.0 DEVELOPMENT OF DIGITAL CONTROL ANALYSIS TECHNIQUE

The purpose of this section is to describe an integrated analytical approach
to the development of digital control systems. This philosophy includes the
dynamic effects of sampling phenomena early in the design development. Further
it attempts to enhance computer simulation efficiency by incorporating
analysis tools to prescribe numérical values for system parameters and to
predict simulation results. The main body of this section was presented

at the IEEE EASCON in Washington, D.C. on November 18, 1981.

The design philosophy espoused in this section takes advantage of high-fidelity,
high-order digital simulation tools coupled with low order analysis techniques
that permit mathematical tractability. After describing that philosophy, the
major por;ion of the section is devoted to a description of three'analytical
digital design tools and how they can be used in concert. These tools are:
(1) the Systematic Analytical Method (SAM) which is a method for obtaining
mathematical relationships between desired system inputs and system outputs;
(2) the Cross-Multiplication Method which provides a means of obtaining the
time-domain response from the system closed-loop transfer function; and (3)
the Digital Parameter Space Method which permits one to examine and specify
the dynamics of a system. The use of these tools together is demonstrated i

in a simple example.

i

Since the preponderance of control system theory has been developed from the
standpoint of linear and continuous systems, the design analysis process usually
starts with the assumption that the system is continuous and not digitally
sampled. Thus, the intrinsic quality of digital computation, namely sampling,
tends to be ingnored until the last design step at which point one:typtcally
says, "Well, we'll simply sample 'fast enough' so that it doesn't make

any difference". However, as the control system becomes more complex and
additional requirements arise, the capability to sample "fast enough" may not

be available. In addition, the designer must answer the question, "What is

fast enough?"

In this section it will be demonstrated that the sampling phenomena can be
included in the early stages of the design process to yield valuable
information regarding not only control system design requirements but
vehicle confinguration requirements as well.

The desfign philosophy may be described graphically in Fig. 3-1.
Each block of the figure will be described below.

n
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3.1. REQUIREMENTS AND SYSTEM CONCEPT

First, the requirements for the digital control system must be clearly set
forth. This trivial and innocuous-appearing step is often overlooked or

poorly performed, contributing to great quantities of subsequent pain

(to the designers) and sometimes poor performance. After the requirements

have been specified, an overall control system concept is developed. At

this point in time, two paralled approaches may be initiated: The high-fidelity ]
simulation approach and the conceptual development approach. .

13
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3.2. HIGH-FIDELITY SIMULATION APPROACH

This usually begins in the form of a finite element model of the overall
system. The outputs of this model are usually in the form of eigenvalues

and eigenvectors. [The real part of each eigemvalue represents the square

of the respective modal frequency (in units of rad/s), and the corresponding
eigenvector represents the modal displacement for each of the included degrees
of freedom (normalized to a unit generalized mass)J The outputs of the finite
element model, i.e. the modal descriptions, are then used in the development
of a high~fidelity, high-order computer simulation. The simulation can be
all-digital or can begin in that form and evolve to a simulation that

includes hardware-in-the-loop!.

14
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3.3 CONCEPTUAL DEVELOPMENT APPROACH

In this approach, the system concept is simplified into an analytically
tractable model. This model is then analyzed to gain an understanding of
its dynamics in detail. It also has the purpose of providing numerical
values for system parameters (e.g., control gains, sampling periods, etc.)
to use in the high-order computer simulation. Once these initial goals have
been achieved, the fidelity (and complexity) of the model is gradually
increased. Ultimately, the dynamic performance of this model is icompared
with that of the high-order simulation to predict the latter's character
and hence assist in the "de-bugging" the program. If dynamic agreement
does not accrue, then the order of the simplified model is increased
further until agreement is achieved.

Concurrent with the development of the simplified analytical model, a
simplified structural model is developed. The purpose of this structural
model is to provide the simplified analytical model developer with modal
characteristics in a timely manner. Of course, if it is felt that modal
characteristic will be forthcoming from the finite element model in a
timely (with respect tothe control system designer's simplified analytical
model needs) manner, then development of the simplified structural model is
not needed. (In the author's design experience, this timeliness has never
been demonstrated.)

Once the simplified models have been completed intergrated, they are used in
the development of a time-response computer model. The purpose of this model
is to verify the overall flow and compatibility of the control system
concept. Since time-invariant coefficients are assumed in the differential
and difference equations used when the simplified analytical design tools are
applied, the simulation provides a valuable check of the validity of these
assumptions during simulated operation.

15




-z 3.4 INTEGRATION OF THE TWO APPROACHES

5

§;§ The overall control system concept is the point of initiation of the two ﬁ;:ﬁ

e approaches, which are developed in paralled. As numerical values are
~

h developed for system parameters in the "Conceptual Development Approach,"
- they are integrated into the "High-Fidelity Simulation Approach" develop-
ment. Further, the dynamic response and performance determined by using
the simplified models are then compared with the responses of the high-
order simulation (and its various subordinate portions) to assist in _ﬁ_,_‘
"de-bugging” the simulation.

16
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3.5 SIMPLIFIED DESIGN TOOLS

The primary design tools used in the “Conceptual Design Approach” are:

* The Systematic Analysis Method (SAM). This is a method for obtaining
mathematical relationships between desired system inputs and system

outputs. These relationships may then be used to investigate and prescribe
desired transient and steady state system performance characteristics (by
applying, for instance, the Digital Parameter Space Method and the Final

Value Theorem). They may also be used to determine the system response in the
time-domain (by applying, for instance, the Cross-Multiplication Method). The
SAM technique is described below.

* The Cross-Multiplication Method. This is a technique for obtaining the
response of a digitally-controlled system from its closed-loop transfer
function. Since this technique has already been described in a similar
IEEE conference, it will only be described herein.?

* The Digital Parameter Space Method. This technique may be used to examine
and specify the dynamics of the digitally-controlled system. Briefly it
permits one to map the locations of the roots of the system characteristic
equation into a space whose coordinates are the system's free parameters.

It is similar to a multi-dimensional root locus plot. This method (or any
other method the control system designer chooses) is used to determine the
system parameters and digital computer sampling period. Because the technique
is described in the literature, it will only be summarized in this paper.?

17
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3.5.1 SYSTEMATIC ANALYTICAL METHOD (SAM)

SAM is implemented by performing the following four steps. If the equations
resulting from the .first three steps are placed in a table of three columns
(one for each step), they are easily manipulated to perform the fourth and
final step.

1. Step No. 1 Obtain "System Equations"

First one selects as unknowns the variables at the inputs to each of the
samplers in the system. The original equavions describing the system are
rewritten in the Laplace domain and tabulated. If the system is already
described by a block diagram, the "system equations" may be written upon
inspection.

2. Step No. 2 Obtain "Modified System Equations"

If any of the "system equations" contain terms that consist of the product
of any unsampled system variable and an unsampled transfer function, they
must be modified by substitution to eliminate the unsampled variables. For
orderliness, these modified equations are also tabulated (in the same rows
as their respective original equations).

3. Step No. 3 Obtain "Pulsed System Equations"

Pulse transforms are now taken of each side of the "modified system equations,"
yielding "pulsed system equations." If the asterick (*) is used to denote

the ideal impulse sampiing phenomenon, then the transformation into the sampled
domain is performed acccording to the relationships,

(R) * = R* (I11-1)
(RG) * = RG* (I11-2)
(RG*) * = R*G* (111-3)

4. Step No. 4 Obtain Desired Input/Output Relationships

A1l system variables, both pulsed and continuous, may be found in either the
"system equations" (Step No. 1) or the “"pulsed system equations" (Step No. 3).
The desired output(s) may be solved for by solving the appropriate ‘“system"
or "pulsed system" equations, substituting as necessary.

The pulsed (starred) forms of the variables and transfer functions may all be
transformed into the z-domain by noting that the z-transform of the variable
(or transfer function) C*(s) is merely C(z), using standard digital

18
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nomenclature.* (Recall, z=eST, where s is the complex Laplace operator and T

represents the digital sampling period.) If it is desired to find an output
expression in modified z-transform form (so that the system response ultimately

can be determined at any instant of time), that may also readily be accommodated.

Suppose a pulsed variable, C*, is equal to the product of an unstarred quantity
(such as a transfer function), A(s), and a starred quantity (such as an input

variable), B*(s), i.e. C*(s) =A(s,m) B(s) (111-4)
where A(s) or B*(s) may be equal to unity. The modified z-transform may al-
ways be obtained from Eq. (ITI-4) by performing the transformation:

C(z,m) = A(z,m) B(z) (111-5)
where A{z,m) represents the modified z-transform of the quantity A(s), and
B (z) represents the ordinary z-transform of the quantity B(s).* This technique
appears to be an attractive alternative to obtaining modified z-transforms
through Signal Flow Graph techniques (which may of course be done).

19
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where coefficients aj and by represent the system parameters. As demonstrated

in Reference 2, the procedure for finding the response, C, in the time domain

merely consist of three steps. First one crossmultiplies the numerators on each
side of Eq. (III-6) by the denominator. Then each term of the resulting .
expression is divided by the expression, szN, Finally, the Real Translation ~ﬂ
Theorem* {s applied to that result, yielding values of the desired response at
each sampling instant nT, i.e.

N

&

"'-.

L —
b .
& 3.5.2.4  SYSTEM RESPONSE BY CROSS-MULTIPLICATION METHOD 2 o
" Lo
L& Once the relationship between the desired output and the desired input has been o
;{:; established (e.g. by Step No. 4 of SAM) in the pulsed (starred) form and trans- § J
- formed into the z or modified z-domain, that relationship may be expressed as a Lo
E;'g; ratio of two polynominals in z (or modified z, if desired). For example, if the f._.‘:j-::
b desired output is denoted as C(z) and the desired input is denoted as R(z), R
- their relationship in the z-domain may be written as ) "_
s ¢ (2) E a,2d

Lﬁ ik e (111-6

- o b@

=

M N
F c(nT) =1 2 agr (n-N+J§)T -1 bye (n-N+Kk)T (I11-7)
bn | §=0 k=0

where j,k,M,N, and n are integers.

;‘ If it is desired to find the intra-sampling response, it may be accomplished
. by applying either the Submultiple Method or the Modified z-Transform Method.
Both techniques are merely modest extensions of the above-described Cross- g ,
Multiplication Method and are described in Ref. 2. 1

20




3.5.3 DIGITAL PARAMETER SPACE METHOD®

‘ Briefly, the method permits one to map the locations of the roots of the
n systems's characteristic equation onto a plane (or three-space, if desired)
- whose coordinates are the system's free parameters. In addition to the
characteristic root locations, such things as contours of constant relative
- damping ratios (g} and specified expanential time constant may be ‘portmayed
! as contours on the parameter space. Thus in a manner somewhat reminiscent
of the classical root locus method, a portrait may be presented of all
pertinent aspects of the system's transient response as functions of
several parameters (rather than the single parameter, open-loop gain).

21
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3.5.4 EXAMPLE

A simplified model of a typical satellite system is shown in Figure 3-2
The associated system equations of motion may be written in vector-matrix f”j!
notation by applying SAM. The unknowns are selected to be the inputs to the
samplers, i.e. e(t). Applyina Step No. 1 of SAM, the equations of motion
for these two unknowns plus the system output, x(t), may be written as:

X =G F Gy U* (111-8) o
U=DE* (111-9) o
| E=R-Y=R-CX (111-10) o

:!. Capital letters are used in Eqs. (III-8) - (III-16) to denote matrices and vectors, tiwj
o and asterisks (throughout the paper) represent impulse (i.e. ideal or perfect) -
- - sampling. These equations may be tabulated as the first column of the Table. S,
Qi- Next, Step No. 2 of SAM is applied to Eqs. (III-8) - (III-10) to obtain the
- "modified system equations", i.e.

X = Gp F Gho u* (i.e., no change) (111-8)

U =D E* (no change) (111-9)

E=R-Y=R-(C Gp F Gho) U+ (111-10)

Equations (III-8), (III-9), and (III-10) may be placed in column 2 of the Table.
Next Step No. 3 is applied to these equations to obtain the corresponding
“pulsed system equations”" (which may be placed in column 3 of the Table):

X* = (6, G Gy, )* U (111-12)
U* = D* E* (111-13)
E* = R¥ - Y% = R* - (C G, F Gy )*u* (111-14)

Finally, Step No. 4 may be applied to obtain the relationship between the ii‘
system pulsed output, X*, and the referenced pulsed input, R*, by substituting o
Eq. (III-14) into Eq. (III-13) and then substituting the resulting equation
into Eq. (III-12), ultimately yeilding

X* = ﬁ;?‘@;;} D* R* (I + D* ff?%;?jﬂ;;*)-l (111-15) fi

where I represents the identity matrix. The z-transform of each side of L
Eq. (III-15) may be taken to yield ©

X(z) = GoF Gy (2) D(z) R(z) [I + 0(z) TGF Gyol2)]™t (111-16) 3

p
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A digital proportional integral different{al (PID) controller may be postulated.
If the integration operation is approximated by the trapezoidal approximation,

T(z+1)
2(z-1)

0y(z) = (111-17)
The PID controller D(z) may be written as

U(z)
E(z)

D(z) = = Ky Bplz) + K0y’ (z) + k4 (111-18)

WKpT(2 1) + 1K T2 (2-1)% + Ky(z-1)?

(z-1)2

If one defines A, . as e
e A M ~ 4

d. d. d. I
Ag =" WKy A3, A = WKy TA, A =Ky TA (111-19) >

one may readily obtain the closed-loop transfer function described by Eq. C ]
(I11-20) and Table 3-1: o

2 S
) dg 23 1.\’

X(z) J=0 (111-20) BN

R(z) ) 3 ‘
) 95 2
J=0

Table 3-1: CLTF Coefficients
: J dj 9j
: 0 | -Ay A + dg - 1
¢ 1 Z(R{ - Aq) d +3
. 2 Ap + A+ Ay |dp -3
| 3 - 1
’ 24
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The closed-loop transfer function of Eq. (111-20) can now be used to
determine both the steady-state and the transient behavior of the sys tem,
Further, the Cross-Multiplication Method may be applied to Eq. (III-20)
to determine the time-domain response of the system.

The form of the controller selected can be checked, in a coarse sense, by
determining the system steady state response to an expected form of disturbance.
This can be done by applying the Final Value Theorem to Eq. (III-20) after sub-
stituting the z-domain version of the reference input into that equation and
solving for 6. If a typical reference input is a unit step function, for
example, then

6.(2) = 2/(2-1). (111-21)

Substituting Eq. (III-21) into Eq. (I1I-20), solving for 6(z), and finally
applying the Final Value Theorem® to the result, one obtains the steady state

value for 6(t):

lin 8(t) = 1in (12718 (2))(B(2)/B ()} =1 (111-22)
to0 2>

Not unexpectedly, this is the desired value in the steady state.

One may now solve for the time response of the system by applying the Cross-
Multiplication Method to Eq. (III-20), yielding

(Ap*A; )6 (k-1) + 2A;8 (k-2) |
c(2A;-2A#3)8(k-2) + (A-Ag-Ag+1)8(k-3) )
where the symbol 6(k) represents the value of 8(kT) at the kth value of T,
i.e. at the time instant k=kT. Note that the difference equation (III-23) can
admit any initial conditions and that the form of the reference input, éc(kT),

need not be specified except at the sampling instants (i.e. it can be complicated
in form or even irrational).

Finally, the numerical values of the control system gains and the sampling

period, T, may be specified with the aid of the Parameter Space Method.

Because it has been amply described n the literature, only a final form

of a parameter plane is shown. An example of the use of this technique fis

briefly shown. The denominator of the closed-loop transfer function, Eq.

(I11-20), becomes the system characteristic equation when set equal to zero.
25
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The stability boundaries from the z-domain are mapped onto a selected par-
ameter space in Aps Ap. Ar; the plane of the paper defines the Ap - Ap space :
(see Figure II1-3). The z=+ boundary is defined by the plane Ap=0, and - i
the z=-1 boundary by the plane Ap=2. The z=ei"'nT boundary is a surface, '
the contours of which are defined by curves designated by their associated
numberical values of A; (as Ay varies from 0 to 1.4).

Contours associated with various values of damping ratio (g) are then mapped onto ,
the same space (Figure I1I-4), as are lines associated with various values of ‘
real root locations (5). Since the characteristic equation is third order, one
would expect the space to be spanned by intersections of contours indicating
locations of three roots. For example, at the suggested design point, one pair
of complex conjugate roots has a damping ratio of 0.707 and the real root is
located at approximately 0.1. From this frequency domain information the system
dynamics can be deduced in terms of the system gains (parameters) and sampling
period (T). The actual time domain response is then found by using the Cross-
Multiplication Method to produce and appropriate difference Eq. (I111-23), in-
serting the numerical values associated with the candidate design point

selected on the parameter space. Using this equation, the system response to
various forms of reference inputs can then be determined explicitly for various
choices of gains of sampling period.
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4.0 STABILITY OF LARGE SCALE SYSTEMS

4.1 INTRODUCTION

The problem attacked in this section {s to develop a method to determine stabi-
CT 11ty regions of feedback control gains for a large scale DARPA type system, such
as that described in Section 2.0. The approach {s to extend the parameter space
technique for discrete control systems to permit inclusion of an arbitrary number
of bending modes. The large scale system will be represented {n modal coor- ""f

e gl

. "
FOve |

b

!! dinates, and the discrete feedback controller will employ both attitude (o) and

attitude rate (8). The problem will be to find the respective control gains Kp

and K4 (see Figure 4-1) that will fnsure stability. The resulting algorithm to

yield the required form of the system characteristic equation must be suitable i
" for computer implementation and simulation. j

It is assumed that the digital onboard controller will be of the
position/derivative of position (PD) form. The two parameters selected for
portrayal on the parameter plane are Kp and K4. For the simplified example, only
one sensor and one torquer are used, and colocation is not assumed.

- 4

4.2 PARAMETER SPACE METHOD

Based primarily on the work of D. D. Sﬂjak.1 the parameter space method is an
analytical tool developed for use in control system analysis and synthesis.
Briefly, the method as developed by S. M. Seltzer,2 permits one to map the loca-
tion of the roots of the system's characteristic equation onto a plane (or three-
space {f desired) whose coordinates are the system's free parameters. The
characteristic equation must be of the form,

DO <

[A; kg + By ky + Fy] 2! (4-1)
1

o
™
"

[T e B -

i

The plane {s readily divided {nto regfons identified with system stability and

instabflity. The method can then be used to provide a graphical display of sta-

bility regions for two specified parameters, such as ky and k. The free parame-

L ters need not be gains but just as well could be other system parameters. In o
addition to the characteristic root locations, other factors of interest

such as constant damping ratios and specified exponential time constant may

29
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be portrayed as contours on the parameter space. Thus in a manner somewhat remi-

niscent of the classical root locus method, a portrait may be presented of all
pertinent aspects of the system's transient response as functions of several
parameters (rather than the single parameter, open-loop gain), and as a function
of the independent argument, wT, where w is the system damped frequency and T is
the digital sampling period. An automated generation of the arrays A, B, and F
for an arbitrary number (M) of bending modes is highly desfrable, where

A= (Al
B = {B;}, (4-2)
F={Fl.

4.3 MODAL TRANSFORMATION
The orfginal system may be described by the vector-matrix equation,

[m] X+ (k] x=F (4-3)
where [m] is the mass matrix; [k] is tie stiffness matrix, F is the force/torque
vector, and X is the system state vector.

Equation (4-3) may be transformed into modal coordinates (n) using

X=1Qn, (4-4)
with Q the modal matrix composed of the normaljzed eigenvectors.
Substitution of Equation {4-4) into (4-3) yields

§+[®ln=0q F=T1. (4-5)
The torque, Tc, is of the form

Te =Ky 0 + Ky b, (4-6)

P
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where 8 and 6 represent angular and angular rate displacements. It is assumed
that the rate, 5, is measured directly and that

4.4

é'-'sznj.

GENERAL FORM OF CONTROLLER

(4-7)

The large scale system represented by Equation (4-3) or (4-5) is to be controlled
by a conventional rate (8) Plus position (8) controller. Knowledge of the
damping ratio ¢y and frequency wy of each of the modes is assumed. The general

form of the PD controller used is shown in Figure 4-1.

DIGITAL COMPUTER

r(t) X 1) K
T p
u(t)
X _8(t) Ky | ,45_ X
T i u*(t)
N KpD(Z)

LT e(t)
I",S ===
|
i
PLANT I
f ] .
Gp —» 6(t)

FIGURE 4-1. PROPORTIONAL (8) - DERIVATIVE (é) CONTROL LAWS
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- 4.5 PLANT DESCRIPTION

{‘ . Each path shows the transfer function, “j”c' and the overall transfer function

“ of the plant, 8/T., is given by: ,

k‘, i A

"

P - N O

3 (s) = 1L ¢njls) (4-8) o
T(s)  §=1 Tcls) .

"

This plant is portrayed graphically in Figure 4-2.
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FIGURE 4-2. PLANT DESCRIPTION
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4.6 DERIVATION OF THE CHARACTERISTIC EQUATION J

Usfng standard feedback control simplifying techniques, one can show that the
transfer function corresponding to the control system shown in Figure 4-1, is
given by

é:__ Kp Gp* (4-9)
P 1+ Ky + KDy (2)]Gp*
where
N
Gy(s) = 1 ¢4v4Py(s), (4-10)
i=1
Gp*(z) = Z[Gpols) Gyls)] (4-11)
S
P"(S) T ¢t s 2Lqwys + wiz (4-12)
T(z+1) (4-13)
KA PTPRY
1 - -Ts 4-
Gho(S) _l-e (4-14)

with Yi» 94 denoting the slope of the ith mode at torquer, sensor (respectively),

and ¢y, w; denoting the damping ratio, natural frequency of the ith mode. The
sample time is T.

33
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Notation: The following, frequently appearing quantities in the derivation are
represented by the given symbol:

ay = 5wy

wi[l‘Cizlw

B4

cos 84T ‘ (4-15)

¢4

sS4 sin 81T

a: T
e i

&4

Before deriving the characteristic equation, three lemmas will be stated which
V 4
simplify the derivation.

Lemma 1.

2[Gpols) G(s)] = Z[(1 - e7TS) G(s)/s]

= (1 -2z1)7] 6ls)/s] (4-16)
Lemma 2.
2 b . . zeMsinbT (4-17)
(s+ta)® + b° ) 2* - 22e73Tcos b T + e-287
34
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Letma 3. If w # 0, then

" 1 .= 1
o2+ 2tws +w> 1 w(l - g2) R
(4-18)
. z e““T;sin[w(l-cz)LQT]
2 - Zze“‘“Téos[w(l-;z)LQT] + @2t
Proof:

(First complete the square of the denominator, then combine the 1inearity of the
Z transform with Lemma 2 to obtain the stated result).

Restating Lemma 3 using the notation in Equations (4-15) yields

1 , = 1. esz (4-19)
sz+25ws+w2 ) B 22 - 2ecz + e2

7

Finally, if w = 0 , then

Lemma 4.

—t
fl

Tz ' (4-20)
s (z-1)?

Note: Lemma 4 can be shown to be the 1imiting case of Lemma 3 as w+0 using
L'Hospital's Rule.

With the aid of the above 1imits, the characteristic equation can now be derived.
Equation (4-13) will replace D,(z), but the expression for Gp*(z) will have to be
found.

35

L ., N PP Si

.
E




Lt o
AR

C

——

G008 e s e o

g

F

6*(2) = ZGpols) Gy(s)] .
= (1-z1) 7 Gy(s)/s ] , by Lemma 1 (4-21) ’-'- *i
N [
= (1—2-1) 2 ¢1 Yy Z[l/(52+ 2;1wis + w12)]
i=1

N
R L A 1
(z-1)% i=2 B3 2 - 2e4cqz + e,zl

-1

using Lemma 4 and 3.

t
H .
,;';“.

Next, substitute D(z), Gp*(z) into the denominator of the transfer function
o*/r*, i.e., Equation (4-9), to obtain the characteristic equation.

s oL LI
A 4 B .
. . -l
. : PO
FRPTN TR

T z+l z-1 Tz
1 + K + K o = g —m——— o —
[ d P 2 2z ] z [¢1 N (2_1)2

N (4-22) L
+7 by €iciz ]=0 . ‘ﬁ
i=2 Bi Z2 - 2e1ciz + eiz ili
Cancelling and multiplying by z-1 yields ’-:‘
T T ]

1+ [Ky(z-1) + Kp 5 (z+#1)] ¢ 1M1 5 L
- 4

; ${Y§ eySy I
2 71=0.
§=2 By 2z - 2e1c1 Z+ ey

L . K". .
il
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Finally, we obtain the C.E. in polynomial form by combining the finite sum
inside brackets into a single fraction and mu tiplying through by the denomina-
n tor. Let
s eqc
R Hy = UG s, L, (4-24)
: g
then
T
woz N AP - (4-25)
0*  (z-1)2 =2 Z - 2e4C4z + ey
Combining yields
N
N = [0111T e m (£ - 2eqcyz + e,z)
D* i=2
N N (4-26)
+) Hk(z-l)2 en (£ - 2e4c4z + eiz)]/D* e
k=2 i=2 . vfu:j
i*k o
where
b N kS :
t“ p* = (z-1)? 1 (£ - 2e4c4z + eiz) (4-27) T d
‘ i=2 o
r -‘. .
Substituting and multiplying through by D* gives the C.E. in polynomial form ) q

(albeft not the most convenfent form): L

D* + [K4(z-1) + Kp * ET-(zﬂ)]N* = 0. (4-28)
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(z-1)° 1 (2 - 2e4cqz + e4") + [Kqlz-1) + K , (z+1)] .
1=2
N
ERR! (% - 2e4c4z + e12) (4-29)
i=2
N hYLeLs N
+ ) —51§_5_5.(z-1)2 n (2 - 2eqcqz + eiz)] = 0.
k=2 K 1=2
i$k
4.7 ALGORITHMIC DEVELOPMENT OF PARAMETER PLANE FORM OF C.E.

For the parameter plane analysis, let kg, k; be the two parameter of interest.
Then, the characteristic equation must be in the form

M
C.E. = I (Ajkg + Bjky + F{)zi . (4-1)
i=0

For this application,
ko = Kq » k1= Kp . T1/2. (4-30)

The objective then will be to develop an algorithmic approach that will trans-
form the characteristic equation given in Equation (4-15) into the form of
Equation (4-1), that is, generate the arrays A, B, and F.

The following algorithm for multiplying polynomials will be instrumental in
achieving the above goal. As can be seen from Equation (4-29), the polynomfal
product
N
Pon(z) = I (2% + agz + by) (4-31)
i=1
38
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occurs quite frequently. Suppose that the resulting polynomial is of degree m.
Let Pm, 3 denote the coefficient of the 2 term in this polynomfal. For example,

. if N=1, then : 4
g PZ(Z) = pz'zzz + pz’ll + pz’o (4-32) :.:
- where ]
. P2= P 1=2a.Ppo=b - (4-33) .J
N 1

ALGORITHM P: Let N > 2 be specified. Then the coefficients of the polynomial,

N
Poy (2) = I (£ + ay z +by)
i=1
can be determined recursively by

/

P2m,0 = P2m-2,0 Pm

Pom,1 = P2m-2,1 Pm * P2m-2,0 3

P2m,i = P2m-2,1 Pm * P2m-2,i-1 2m * P2m-2,i-2

* for 1

P2m,2m-1 = P2m-2,2m-2 2m * P2m-2,2m-3

2,3, ..., 2m - 2. L

P2m,2m = P2m-2,2m-2 (4-34) - ‘

e !",'-".',

where m= 2, 3, ...N

Notes: 1. A1l intermediate products are avaflable as well as the final polyno-
mial - the order of calculation is

P T
{
!
4

Po(z) given, the Py(2), Pe(z), ..oy Poylz).
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2. Although it is possible to derive closed form expressions for the
coefficients of Pyy(z), the above recursive approach is more
accurate computationally.

Proof:

The proof is a standard application of the method of mathematical
induction.

The desired form of the characteristic equation, Equation (4-1), can now be
obtained from Equation (4-29). The goal will be to generate polynomials D(z)
and H(z) so that the characteristic polynomial can be expressed as

D(z) + [Ky(z-1) + K © (2+1)] H(z). (4-35)
2

The general procedure is outiined ifn Figure 4-3. Note that D(z) and H(z) have
degree 2N and 2N-2, respectively.

Each step in the procedure is discussed with computational efficiency in mind.

Step 1. The polynomial

D(z) = Dpy(2) (4-36)

can be obtained using ALGORITHM P with initial values of

=1, dy=-2, dg=1. (4-37)
E . Notation: Let c; denote the coefficient of z in polynomial C(z), i.e. for D(2)
E of degree 2N, obtained in Step 1,
e
‘e D(z) = dyy 22N + doy g 2N L ¢ L 4 gy 2P 4y 24 g (4-38)
3
[  Step 2. Obtain the coefficients of G(z) from those of the previously calculated
- D(z). Since
4 2
o 0(z) = (2" -2z +1) - G6(2), (4-39)
g 40
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2N, 2
1. COMPUTE D(z) = (z-1) 1II (27 - 2e4cqz + e4")
=2
N2 2
2. COMPUTE G(z) =1 (Z° - 2eqciz + ei")

1=2

l

3.

COMPUTE

N
£(K)(z) = (z-nzin2 (z* - 2eqcqz + ef’)

ik

l

N
8. COMPUTE H(z) = ¢qvp T+ G(z) +) HVkekSk | glk)(z)

k=2 Bk

|

5.

Lastly, express A, B, F in terms of elements of D(z), H(z)

FIGURE 4-3.
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multiply out the right-hand side, equate coefficients, and solve for the coef-
ficients g;, 1=0, 1, 2, ..., 2N-2 to obtain

goN-2 = 2y
goN-3 = dan-1 *+ 292n-2 (4-40)

IoN-2-1 = GoN-1 * 202N-1-1 - 92N-{
for 1 = 2. 3, cc oy 2“’20

Step 3. Express the coefficients of E(K)(z) in terms of those of D(z), K given.
To do this, let

N
D(z) = (z-1)? 1 (2 + a; z + by)
i=2
N (4-41)
= (22 + a z +by) [(z-1)2 n (2% + ag z + by)]
i=2
{#k

= (22 + a z +by) - E(k)(z)

where (referring to Equation (4-15)),
a, 2 - 2eic,, b1 = e.,z (4-42)

As done above in Step 2, multiply out Equation (4-42), equate coefficients, and
solve for coefficient e;(K)(z), 1=0, 1, 2, ..., 2N-2 to obtain
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e(K) b2 = don
v e®hona = doyor - 3 el¥ly (4-43) _J
emzn-z-i = doN-g - By emzu-i - ¥ e(K)ZN-l-i

for 1s2, 3, ..., 2N-2. —d

STEP 4. Adding corresponding terms yields for H(z), o

Y ES
h'l = 01Y1T91 "’Z _k__k_.k__k_ e“.‘).l (4-44)
k=2 Bk

for 1=2N-2, 2N-3, ..., 2, 1, O. R
Step 5. With H(z) and D(z) obtained, the characteristic polynomial becomes - T'QH
b
D(z) + [Ky (2z-1) + Ky T (z+1)] + H(z) . (4-45) ]
> 3

With ko s kl being the two parameters of interest as given in Equation (4-30),

f the arrays A, B, and F can be obtained. For example, the coefficient of z is
z given by
! )
. dz"‘Kd‘h1+Kp’lh1-hz‘Kd+KpThz. (4-46)
{ 2 2
i Collecting the appropriate terms as shown in Equation (4-1) yields
Az’hl-hz,Bz’hl"'hz, F2=dz (4-47)
The complete arrays are given in the following Table 4.1. g
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21 ) A By Fy
z2N 0 0 don
22N-1 han-2 haN-2 d2n-1
22N-2 han-3 -hzN-2 han-3 +haN-2 d2n-2
22N-3 han-4 -h2p-3 hon-4 +hzp.3 d25-3
22 hy -ty hy + hy d2
21 hg - hy hg + hy dy
20 -ho +ho do
TABLE 4.1. TWO PARAMETER FORM OF CHARACTERISTIC EQUATION

(ARRAYS A, B, AND F)
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4.8 VERIFICATION

In previous contractual work on large space structures, the parameter space
approach was employed with one bending mode. Subsequently, a second bending
mode was added. The results obtained with the new algorithm that is designed to
handle an arbitrary number of bending modes are in agreement with those of the
previous work.

4.9 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

The development of this algorithm removes a serious drawback in the application
of the parameter plane approach to the problem of discrete control of large
space structures. If the number of desired bending modes exceeds two, then the
task of obtaining the necessary form of the characteristic equation becomes
extremely complex. Once the modal representation is available, the automation
of the generation of the needed arrays A, B, F eliminates this drawback.
Previous work by Asner and Seltzer had extended the parameter plane approach to
arbitrarily, high order continuous control systems. It is anticipated that this
algorithm will now be employed in conjunction with the modal representation of
the DARPA flexible large scale space structure developed by Control Dynamics.

Several areas of possible extension of this work follow:
1) Include sensor, torquer dynamics
2) Allow for more than one sensor, torquer pair.

3) Include structural damping at the start, rather than introducing it
later into the modal representation.

4) Introduce a second integrator into the feedback loop with a
corresponding control gain. Preliminary work indicates that the
same line of development can be used and that the needed arrays A,
5, C, F can be generated by the computer.
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5.0 CONCLUSIONS

With the exception of Task 1 (Investigation of Structural Damping Models),
all remaining six tasks were completed on time and within schedule. The
development and prescription of an orderly approach to the implemen+ation
of the developed digital control analysis techniques was performed under
Task 2 and reported upon in Section 3.0. Closely associated with the work
under Task 2 was the extension (to the digital domain) of the decomposition
principal (Parameter Space). This was reported upon in Section 4.0. All
modeling tasks (Tasks 3, 5-76) are reported upon in Section 2.0. The unique
analysis technique, embodying a combination of finite element modeling,
closed-form solutions of continuous beams, and modal synthesis, is reported
upon in Section 2.0. This work (Tasks 3, 5-7) presents a means of better
understanding the actual dynamics of the resulting mathematical model.
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ABSTRACT

This report presents analysis results of future Large Sopace Structures (LSS)

that can be used by VCOSS Contractors in their control system analyses. The

data is presented in the form of modal data for two different "configurations"
of a candidate LSS. The analysis technique utilized is a combination of finite
element, uniform beam theory and modal synthesis. The modal was developed to

be not only representative of LSS characteristiés but also to be readily amenable
to modification and adjustment as required. The model used in this analysis was
derived from a model presented in DARPA Report #R-1404 "Active Control of Space
Structures Interim Report" by the Charles Stark Draper Laboratory, Inc.
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1.0 INTRODUCTION

The purpose of this report is to present the results of an analysis activity
undertaken to develop detailed structural models of two candidate LSS models
labeled Stiffness and Strength. The analysis procedure is presented in an
overview format. A later technical report is planned to cover in detail the
technical drivation. Results are presented in the form of modal deflections
for the optical structure and the equipment section independently, in addition
to coupled mode shapes for the complete structure. These uncoupled data are
presented in this manner to facilitate analysis by the VCOSS contractors.
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2.0 LSS QUALITIES/REQUIREMENTS

What is a Large Space Structure? A question that appears to have an obvious
answer -- A large structure in space. However, a more careful examination re-
veals that the answer is too simple and does not get to the heart of the matter.
The space program has spawned a number of "Large Space Structures" in the past
if size is the only criteria. The Saturn class of launch vehicles weighed over
5 million pounds, and the Skylab weighed almost two hundred thousand (200,000)
pounds. Both programs were very successful in the 1960's and early 1970's. Thus
mere physical size is not enough to completely describe LSS even though it must
be an ingredient. What then are the appropriate characteristics? It is out
opinion that an LSS is characterized as follows:

SUMMAT ION OF :
LARGE DIMENSION
LOW STIFFNESS
PRECISION POINTING REQUIREMENTS
HIGH MODAL DENSITY
LOW FUNDAMENTAL FREQUENCY
DISTRIBUTED ACTUATORS AND SENSORS

However, to this list a very important ingredient must be added. It is important
to realize that we are trying to extend the cabability of control systems to as
high a degree as possible. Therefore the characteristic that makes an LSS unique
is the fact that it includes, in addition to the above,

STATE-OF-THE-ART CONTROL SYSTEM TECHNOLOGY !

It is through this added ingredient that the full dimension of LSS is ‘obtained.
It is, therefore, incumbent on the structural analysis to develop a model that
not only has large dimension, etc., but also has the ingredients that cause a
control system designer difficult. The purpose of this report is to present the
results of an analysis activity undertaken to accomplish that task.
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3.0 VCOSS ANALYSIS DESCRIPTION

The VCOSS model is derived from a previous model developed for DARPA by the

Charles Stark Draper Laboratories (CSDL) and is presented as model)ed by Control
Dynamics in Figure 1.
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We have undertaken an analysis of this particular structure with the viewpoint

of developing a model of a large space structure that would be of sufficient
detail and complexity to challenge the capability of control systems designers
while retaining management flexibility. The techniques utilized embody a com-
bination of finite element modeling, closed form solution of continuous beams

and modal synthesis. Since the 1ight path is of crucial concern in this analysis
we have developed an accurate model of the motion of the central ray as a function
of the motion of each of the elements in the optical path. In addition, we have
constructed our model so that the isplation section stiffness can be readily mod-
ified as requirements dictate.

OQur analysis procedure will be to employ modal synthesis. This technique has
been employed successfully in the past on a number of proarams ranging from

the Saturn 1 and 1b to the Space Shuttle. It has the distinct advantage in this
application in that detail can be applied where necessary and still retain the
advantage of being able to make modifications and changes in a minimum of effort.
Since the optical truss is the most critical structure, it was modeled in detail
as a truss with rigid optical elements. The solar arrays were modeled as con-
tinuous uniform beams. The equipment section lenqth was assumed (in that no

data was given) and modeled as a uniform beam with equal properties in each
direction.

It was required to develop two different models with the same general character-
istics in order to illuminate features of the control system design. These two
models were termed STRENGTH and STIFFNESS. Their definitions are as follows:

STRENGTH MODEL

The structural characteristics of this model were envisioned to be representative
of a class of vehicles that would be designed on the basis of being as light as
possible and just being strong enough to withstand the launch environment. Thus
the strength model should present low frequency modal data.

STIFFNESS MODEL

The structural characteristics of this model were envisioned to be as stiff as
possible. Therefore, high frequencies are to be exnected.

It is obvious, certainly, that these two definitions are not only not very ore-
cise, but are also rather arbitrary. Therefore, it is very important that the
developed structural model not only meet the spirit of these requirements, but

q
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also be readily adaptable to fine tuning and adjustments as

required. The Control Dynamics Model meets both of these requirements .

The various elements of the Control Dynamics model are contained in the following
sections.

i aela. .4

~s A




3.1 OPTICAL TRUSS

The optical structure is designed to be both stiff and accurate in order to

maintain the critical dimensions and spacing of the optical elements. The study

:! model consists of 35 nodes and 117 members. The optical elements contain the R
most significant mass of the structure and are modeled as rigid bodies suspended

on special kinematic mounts attached to the structure in such a way that no

3 structural loads are carried through the mirrors. More will be said on this

b later. Y

There are 4 elements in the optical path. These are called the primary, sec-

ondary, tertiary and focal plane assembly respectively. Since all the mass is

concentrated in the optical elements which are modeled as rigid bodies, this .
“ system has 24 degrees of freedom. Since there are 35 nodes for which 105 coor- - q
dinates are required to specify the configuration, there are 81 coordinates e
that must be eliminated from the model description. Because of the rigor re-

quired in this elimination, it was considered important to include a detailed

derivation.

The positions of the nodes are known from the structural definition. The rigid
body coordinates can be expressed in terms of the nodal coordinates. To do this
we must first look at the supports for the optical elements. They are assumed
supported at three points identified as A, B, and C for convenience. The support
at point A is considered to have translation stiffness which acts in the three
coordinate directions. At point B the support is considered to have stiffness
in only two directions and provides no stiffness along the line connecting A and
B. At point C the support has stiffness only in the direction normal to the
plane containing A, B, and C. Since any or all of the support points can occur
at points other than node points of the structure, it may be written as a linear
combination of positions of adjacent nodes. The positions of the support points
can also be expressed in terms of the rigid body translation and rotation of the

optical elements.

The transformation between nodal and rigid body coordinates can be expressed as

follows:

PX=0QR, (1)

where

P - matrix to combine nodal displacements as required where attach points
are located at points other than a node.

3
1
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X - vector of nodal displacements
Q - matrix relating rigid body motion to nodal displacements

R - vector of rigid body motions of optical elements

Since many of the nodal displacements do not directly figure in the rigid body
motion of the optical elements, the size of the structural analysis problem can
be significantly reduced by eliminating these coordinates. This is most easily
accomplished by first arranging the massless nodes to be the first (or topmost)
elements in the nodal position vector for the system. The massless nodes must
be at all times in equi]ibrium so that we can write the force vector in a par-

titioned form:
| K (x“ -° (2)

T
ke | Ky LXL FL

The vector X, represents the displacement vector for the massless nodes. In our
model 78 nodal displacement components do not directly affect the position of

the optical elements. This leaves 27 that do. Since the 4 rigid bodies require
only 24 components to completely specify their positions, we can perform a second
reduction step by eliminating these. The first reduction step requires calcula-
tion of the inverse of the upper part of the structural stiffness matrix Ky.
Since this is a 78 x 78 matrix, this step promises to be an expensive step. This
process can be simplified by taking advantage of the symmetry and spareness of
the matrix K,. Since K, is part of a structural stiffness matrix it is non-
negative definite. This means that the diagonal elements are nonnegative and

are in fact zero only if the node is completely decoupled from the rest of the
structure in that dimension. That is, if a diagonal element vanishes the whole
row and column in which it lies will also vanish. It is relatively easy to con-
struct a lower triangular matrix Q which converts K, into a lower triangular
matrix such that Q K, QT is the identity matrix. If we define a new vector Xj
such that

X = Q7 X (3)

We can solve for X{ and eliminate it from the force equation and determine an
effective stiffness matrix.

ke = K - K Q' ek (a)

With this effective stiffness matrix we now wish to reduce the size of our system

A-7
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to the minimum and convert from nodal displacements to rigid body motions in-
volving translations and rotations of optical elements. The reduction process
L(* is similar to the above in that we select a subset of the 27 coordinates to
‘ eliminate and call them X,. We must solve for the X, in .erms of the remaining T
coordinates and substitute for them in the equations (1) and (2) to arrive at a )
transformation expressing the remaining nodal variables in terms of rigid body
coordinates. This transformation must then be applied to the reduced, effective

stiffness matrix. The mathematics involved in this process is straightforward, Y
although tedious, and will not be presented in detail in this report. The re-
sults of this last step, though, is to produce and effective stiffness matrix
in terms of rigid body motions of the four optical elements and the stiffness
properties of the truss structure.

| ’r."“
i

Before presenting results for the optical structure, one further observation

- must be made. It is noted that the focal plane is mounted in such a manner as
L'- to allow essentially free motion along the 1ine of sight of the optical truss. -
E This is considered an unsatisfactory design feature and therefore was selected T
as a candidate for added stiffness for the stiffness model. We, therefore,
selected to differentiate between our Stiffness model and our Strength model

by the stiffness of this section. The truss itself is efficiently designed to
carry the loads and no appreciable weight savings are expected to accrue through
reductions in the truss elements. The modal data for the optical truss section
is presented in Table 1 for the Stiffness model and in Table 2 for the Strength

model.
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® 3.2 LIGHT PATH ANALYSIS

The light path analysis was accomplished by considering the mirrors as thin
spherical mirrors with all centers of curvature on the optical axis. The
: light ray configuration is given in Figure 2 and is based on the referenced
!: CSDL report.

- PRIMARY TERTIARY

FOCAL PLANE

\— SECONDARY

Figure 2

The geometry considerations utilized in determining the effects of flexibility
motion and rigid body motion at each of the optical elements on the 1ight path
is given in Figure 3. We analyzed each mirror under the assumptions as given
and as illustrated in the Fiqure. The vector equation was processed for each
mirror taking the object of each mirror as the image of the preceeding mirror
in the chain (except for the first mirror where the object was assumed to be at
infinity). The result of this analysis was programmed so that we could easily

The result is that for each mode shape there are three values (x, y, z transla-

tion at the focal plan) that represent the contribution of that particular mode
to the error in location of the image. These three error numbers are presented

with each mode in the appropriate section of this report.

develop the effect of each mode shape on the 1ight path error (or apparent error).




LIGHT PATH ANALYSIS
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3.3 EQUIPMENT SECTION

The equipment section is composed of solar arrays and equipment module as given
in Figure 4.

26

Figure 4

Tne solar arrays are treated as uniform beams commencing at 2 meters from the
centerline and extending to 26 m on either side in the + X directions. The mass
of each array is 360 kg. The material and section properties are as stated in
the DARPA reports with E = 1.24 x 1011N/M2 | A = 9,407 «x 10'4 MZ,I = 1.874 x
10'5 Ma. The central module of the equipment section is modeled as a uniform
beam extending 4m along the negative Z direction starting at the origin of coor-
dinates as shown in Figure 4. It has a mass of 3500 kg. The rigid body proper-
ties of the equipment section are a mass of 4220 kg and moments of inertial of
Iy = 589 kg m2, Iyy = 188069, I;, = 185680. The three uniform beams are com-
bined through the process of modal synthesis to form the equipment section model.
This results in mass and stiffness matrices as shown below

[y 0 1 (fEdm) .
R N R (I
(Joanfi (1580 1 -
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: K = |’ T --------------
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. H % ) K
3 0 { 0 e 0
| o T

The nodes that make up the input to the model are developed as so-called
cantilever modes having one end clamped and one end free. Notice that all
coupling is through the mass matrix. Each of the three cantilever beams of the
model is truncated after the first 2 bending modes in each of the two transverse -
axes. Thus the equipment section model has a total of 18 degrees of freedom.

The material properties of the center module are EI = 1.788 KI0® N/Mg which
yields a first bending frequency of .5 Hz. The solar array first bending
frequency is .38 Hz. This model as defined constitutes our Strength Model. To
generate the Stiffness Model the structures are stiffened by a factor of 10 with-
out changine the mass. The modes of the equipment section are shown in Tables 3

and 4.
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3.4 COUPLED ANALYSIS

The development of the coupled model at this point involves the generation of
coupled mass and stiffness matrices form the developed components. The stiffness
matrix takes the form as given below:

COMBINED SYSTEM STIFFNESS:

ro O n
94& E o
°...4 T NS | T 4T
Ko |ovoaa +----. « &K ordba [¢°i =¢. ]
4 zo ' -¢.]
0 w.i P
| o ]
b'i
where o
”;i - eigenvalues (natural frequency) of the optical truss e
”éi - eigenvalues of the equipment section
¢oi - eigenvector of the optical truss
°ei - eigenvector of the equipment section

It is noticed that the effect of stiffness changes in the equipment section
readily implemented in that one would only have to change the value of the eigen-
values, since the eigenvector is not changed. In addition, the coupling between
the equipment section and the optical truss is apparent in the coupling terms in
the stiffness matrix. Since the modal synthesis in this case is acting on
uncoupled free-free modes, there is no coupling in the mass matrix.

We therefore have all the information that is required to develop the detailed ' i
coupled model. We have supplied the intermediate steps to facilitate others o
who might 1ike to couple these two sections together differently. The coupling
was formed using the form of the isolator section as given in the referenced
model by CSDL. That is, the isolator springs were considered to be attached at
three points on the equipment section and the optical structure.

The result of this coupling operation is presented as modal data in Figures §
and 6. The modal data is presented in Table 5 for the Stiffness model and in

Table 6 for the Strength model. ;

A-13
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4.0 SUMMARY /CONCLUSTONS - -3

We have presented a detailed structural model of two forms of future LSS. The
form of development of both of these structures enables rapid and efficient
alterations of these models in the future if conditions and requirements warrant.

It is thought prudent at this point to present these models for review and com- A

ment by the VCOSS contractors and others. The data can be quickly changed to '
emphasize characteristics of LSS that are not sufficiently covered in these

current models. .
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The following table dierlave modal disrlacenments.

18 &5 shown.

MODE = N

X Trancslation
Y Transletion
Z Translation

MODE = 1
MODE = 2
MODE = 3
MODE = 4
MODE = &

TAERLE 1

(zerc freauerncy modes omitted).
All oierlacemente are in meters.

Modec .are normalized to

JOINT 4
FREQ

e ’ e 4
Fe MHHHKK
.

Mo 1

IYIREYEVES .
e HUUHKHNNR

FREQ

~0.005477
0.0000¢94
-0.000321

FREQ
~0.025537
-0.000570

0.000023
FREQ
0.,0019351
-0.003154
0.005143
FREQ
0.008534
0.000464
0.002317
FREQ
0.001441

-0.0093¢5
-0.012824

"

n

JOINT 3 JOINT 6
X XXXX HZ

’ .
30 SMMHK

S0 MMM
N AN

. YR Iv Y EY)
P MMM HN
.. (VXY AXE YA YA
I AL T T

e (YRS Y YRV A e [YEYEY YR Y LY
3 MMM e WMHMHM K

2.,2092 HZ

0.002359 0.002%566
-0.003218 0.00358°9
0.015413 -0.016527

3.5895 HZ

0.051599 0.0518232

-0,033888 0.033106
0.000°5¢4 ~0.0007¢e8
5.6413 HZ
-0.00554¢ -0,002902
-0.002510 -0.0017%4
0.0057¢7 0.005326
9.7876 HZ
-0.012636 ~0.012658
0.009080 -0.007722
-0.001327 0.00243%
10,4198 HZ

-0,002024 ~0.00238¢8

-0.00708é ~0.011950
-0.0012%4 -0.000018
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MODEL ERENDING MODES OF OFTICAL STRUCTURE

unity serieralizers maes.

The formet

LOS ERROR

. w2
-~

u

« o o
o NP Ne
XX

e N

.
X

-0.1279&¢
=0.005440

0.073843
0.0064625
-0.001663

~0.004677
0.1908¢80
0.0054¢%1

-0.033210
-0.013211
0.0009¢2

-0.006785
0.123783
0.004621




-

[ ] —
} k|
i MODE = 6 FREQ = 11,8606 HZ

-0.021381 0.03809€E 0.038327 -0.006059
h! 0.001019 -0.024827  0.027090  0.000001
_ -0.002751 0.007606 -0.008909  -0.004296 -1
E}' MODE = 7 FREQ = 18,3524 HZ -5
-0.001181 0.005561 0.005063 -0.011199 <
-0.000207 -0.002376 0.001783 0.015729 =
-0.004042 -0.001821 0.003761 0.004589 _—
Lo
MODE = & FREQ = 19,0918 HZ )
0.000851 -0.010937 -0.009135  0.039565 fon
0.002901 0.006764  -0.000437  0,040702 .
0.015063 0.003554 -0.000746 -0.025179 |
MOLE = © FREQ = 23,7055 HZ o
~0.007240 -0.004564 -0.004179  0.019475 .'f
0.001101 0.003056 -0.000954 0.072887 .
0.001115 -0.000186 ~-0.004018 -0.032830
MODE = 10 FREQ = 24.4272 HZ :ﬁﬂ
-
-0.000569 -0.007718  -0.007326 0.,034363
0.003696 0.006760 0.000474 0.063261
0.008617 -0.004458  -0.0103%%  -0.,039389 |
MOLE = 11 FREQ = 20.5696 HZ ;‘ﬁ
0.026150 -0,057293  -0.059287 0.,051965 o
0.009622 0.051865 -0.034757 -0,054568 ]
-0.021006 -0.005163  -0.005754 0.003104 s
MODE = 12 FREQ = I2.5465 HZ -}1
~0.005105  -0.005037 -0.004503 0.037886
0.004906 0.004444 0.004884 -0,297196
0.004028 -0.0073&3  -0,014295 0.035855
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MODE

MODE

MODE

MODE

MOLDE

MODE

13

14

16

17

18

FREQ

-0.004611
~0.00561¢
0.016966

FREQ
0.042057
0.0088%1
0.029311

FREQ
0.015749
0.000231
0.038447

FREQ
0.020971

-0.03987¢9
-0.019135%

FREQ
0.,03%¢134
0.02592¢6
0.006234

FREQ
0.03¢327

0.016169
-0.062904

"

[}

34.0537 H2Z
0.013281 0.0120446
-0.0095¢&9 -0.000164
0.0112R6 -0.007370

52,3519 HZ
0.028234 0.025860
0.017854 -0.,001896
-0.09%348 0.07178B8B

66.7940 HZ
-0.013148 0.016127
0.040765 -0.,128205

71,6937 HZ

-0,002474
-0.046%37
0.148159

83.0792
-0.,01£030
0.03410¢6
0.045%947

§86.3105
0.030580

0.007441
-0.074182

-0,031321
0.117787

HZ

-0.01202¢8

0.0170%50

-0.,001235

HZ

¢.040541
0.030574
~0.084852

Orticel Structure Rigid ERodye

Frorerties
Macs
Ceriter of mécss

Irertia Matrix
about Mass Center

~e

= 5000.0 ks
= (0 v 1.5 » 14 ) m
640500 0
= 0 20000
0 ~-10000

A-17

¢
-10000
210500

0.07¢£989
~0.008782
0.0055¢1

~0.6339¢4
~0.067880
0.039530

0.604286
-0.232495
0.041542

0.107122
0.704694
-0.008513

0,21850¢
0.13017¢%
0.015092

-0.008927
-0.3%92105
-0.05727¢

ba(m¥x2)
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- TARLE 2

STRENGTH MODEL RENDING MOIIES OF OFTICAL STRUCTURE
(zero frequency modes omitted).,
All dierlacements are in neters.
Modes are riermalized to unity denerxlized mess.

The following table disrlave modal disrlacements., The format
is 8s shown.

JOINT 4 JOINT 3 JOINT 6 L0 ERROK
MONE = N FREQ = X XXXXZ
X Translation HER ST SIS TSN Moe MMNMH
Y Translation Woa MM HRMK ¥ Mo MMHRKK =
Z Trancslation e MMM Mt ﬁ:;
MODE = 1 FREQ = 0.2494HZ f3;
0.QOOOO3 0.000022 0.000019 -0.000018 f’
0.001009% 0.001008 0.001008 -0.19329% ]
-0.004684 -0.007402 -0.0073¢%91 -0.004965% j
MODE = 2 FREQ = 2.1996HZ '
0.005536 -0.001941 -0.002220 0.128133
0.000102 0.003290 -0.003284 0.0025¢9
0.000165% -0.,01553& 0.01639% 0.0041230
MODE = 3 FREQ = 3.58950H7
-Q0.025527 0.05183¢ 0.052012 0.073452 )
-0.000414 -0.0337642 0.033270 -0.0008%52 §
-0.000244 0.C00712 -0,0010¢%1 -0.001%96% ‘q
MODE = 4 FREQ = ¢.7072H2Z )
0.008470 -0.012603 -0.012634 -0,033130
0.000716 0.009140 ~0.0076%8 -0.0148€12
0.0023£4 -0.00132% 0.002630 0.0008E%

A-18
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MODE

MODE

MODE

MODE

MODE

HODE

HODE

(]

10

i1

FREQ

0.0023¢8
-0.00%40C1
~0.0126420

FREQ
-0.021382
0.001101
-0.0030¢43
FREQ
0.002021
0.002119
0.004853
FREQ
-0.001950
~0.005643
-0.016733
FREQ
0.000465¢
0.003502
0.001082
FREQ
¢.000403
0.00592%
0.0069%¢
FREQ
-0.0104¢%¢C

0.005302
0.011924

10.5442H7

-0.002883  -0.003009
-0.007190  -0.01170%
-0,001341 0.000111
11.8486H7
0.038412 0.0384139
-0.024471 0.026781
0.007573 -0.008876
18,3176HZ
-0.005283  -0.005126
0.004958 -0,000702
0.002292  -0,003791

18.,7540H2

0.005435 0.005234
-0.009650 -0.001450
-0.002%80 -0.000298

23,46388H2

-0.00090¢ -0.00124¢
0.004307 0.00238¢9
-0.0C131% -0.005282

24,3000H2

-0.0011¢%1 -0.001862
0.00684¢9 ¢.004601
-0.005202 -0.,0055ER

28.45¢1H2

0.020314
0.039922
C.000668

0.051218
-0.02829¢
~0.003073

A-19

-0.007381
0.134121
0.005554

-0.006034
-0.0008446
-0.004644

0.017225
-0.010512
=0.009483

-0.03%037
-0.028064¢

¢.025622

¢c.018886¢
0.072333
-0.03&622%

C.02511¢
0.042542
-0.032489

-0.054870C
~0.0674%4
0.013215%




E‘ MOIE = 12 FREQ = J1.9966HZ 1
-
r - 0.017613 -0.0302%92 ~0,03355% 0.025628
- 0.016834% 0.041571 -0.010754 -0.,2452%50 o
i! -0.024793 -0.011680 -0,011282 0.027883 . :
3 - -4
r' MODE ~- 13 FREQ = 33.6805HZ .
PA‘ «
- 0.0171%54 -0.0089%7 -0.011581 -0.0&8269 .
h! 0.009036 0.020827 -0.0044618 0.171307 S
\ ~-0.025114 -0.004377 0.014303 -0.021296 —w-i
) [
MOE = 14 FREQ = $2.3323HZ
‘ 0.041874 0.030036 0.027123 -0.635257 )
h_ 0.009277 0.0183462 -0.001907 -0.063309 —u«‘
- 0.02¢92¢4 -0.094547 0,072900 0.03924¢21 4
: MODE = 195 FREQ = b66,6162HZ
;‘ 0.014681 -0.02244¢ -0.022208 0.590505 -mwi
{ 0.000174 -0.013301 0.016848 ~0.27432¢ )
. 0.03908E% 0.030709 ~-0.134377 0.042578 j
MQDE = 16 FREQ = 71.2296HZ
0.017704 0.001069 -0.000751 0.137403
~0.0395023 -0.046675 -0.031¢931 0.692212
~0,015041 0.150875 0.111313 ~0.006%27
MOLE - 17 FREQ = 78.294&HZ
-0.,0532130 -0.01¢447 -0.0116469 ~0.238157
~0,04012% -0.0464%8 -0.03205¢% -0,111584
0.005073 ~0.04%534° 0.007487 -0.00&84°9
MOI'E = 18 FREQ = 9S.8077HZ
. 0.03825¢9 0.03327¢ 0.042¢38 -0.02788¢

0.0151¢9 0.004422 0.0326356 -0.3%0524
-0.046658 -0.0759¢%8 -0.06245¢8 -0.058708

A-20
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Frorerties

Meacse
Center of mecs

Inertia Matrix
atout Mess Center

Orticel Structure Rigid Fody

5000.0 kg

( 0 ’ 1.5
640500
o]
0

y 14 Om
0 0
£30000 ~10000
-10000 210500
A-21
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X Translation .3
Y Translation »x.
Z Translation .3

MODE = ! FREQ =
0.01539272 0.G!S
0.00000000 0.0C0
0.0000Q000 0.09090
KODE = 2 FREQ =
¢.00000000 C.20C
Q.,Q1539372 ¢.01%
0.0000C000  0.000C
MOLE = 3 FREQ =
~0.,00000000 ~0.009
~¢.0G00C00C0 ~0.0GC
0,0153°372 0¢.01S
'@
t HODE = 4 FREQ =
0 L3000 0000 0.0C0C
-C"O:19A667 -C. O:l
. G.06514%49 -0.0eC
.
@

X Rotetiom
Y Rotation
Z Rotation

00,0000 HZ
IF3I73 0.01839373 0.01539372
00000 0.0000000C (0.00000000
00000 0.00000GCG C.000000CO
0.00000C00
0.000000600
0.00000000

¢.0C00 HT
0000C  C.0QCERQQ0  0.00000000
JeITI 0.015393I72 0.018539372

D000 0.OQ0CON00 0.0000GCCD

QeGQQCQO00
0.00030CC¢
0.G0CC0G00

O.3000 HZ
Q0QCC -C,CO000a0d =4, 00000000
QQCOC =C.QCOE0000 =G, 00000000
39373 0.01939372 (0.0153¢37:2

0.000000Q0¢C
¢.C0000000
0.00000000

0.0000 HZ
Ce00e 00000 MO0 0.00000000
1847 =0.02141847 -0.01013C32
1494 =0.04014%69  Q.00200000

0.01302°%4
0.00C00000
¢.0000Q000C

A-22
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E TARLE 3

) STIFFNESS MODEL EHKENDING MODES OF EQUIFMENT SECTION

X All AdAisrlascements are in meters.

JE Mocdes zre riormaliczed to unity gener2lized mzee.,

» The following table disrleys modal dicsrlacements. The format
is as shown.

h! JOINT 42 JOINT 4¢é JOINT 47 ACTUATOR SENSOR
MODE = N FREQ = X XXXX HZ

39373
¢.00000000
0.05000000
0.00000000
0.¢0000G00
0.00000000

C.01%

0.0o000000
0.015236373
0.00000000
0.,0000000C
0.050060060
0.00000000

SR elslalclelnle)
=0,0C000000
00153373
0.00000000

+00000000
F.OGOOOCOO

0,0CQ00CQ0
¢.00000000

Y TR Y e —

S
T
=




HODE

MODE

MODE

HODE

MQIE

MODE

~J

[

i¢

=0.000000C0
0.000006800

-0.01160244
=0.00000000
0.00000000

-0.00000002
C.00000GC4
¢.0013782¢

0.Q0020005

¢.00e25%548

Q.0005¢677
-0, 00000008
D,00000014

0,002946e3
0,00000009
-0.0c000GC018

.FREQ =

0.00382550
-0.,00000000
0.009223¢2

FREQ =

0.0116034¢
-0.,00928277
-0.0000G6000

FREQ =

-0.0006060002
0.000000Q03
0.601327€49

FREQ =

-2.0000000CE
-0.0041287¢
~-0.00E25549

FFED =

0.00004428
0.00C000014
¢.002328¢8

FREQ =

-0.002%4570°
0.00233°84
-0.: "0000C1

0.0000 HZ

0.00382550
-0.0000G0GC
=0.008223¢2

0.0000 HZ

0.011603446
0.00928277
-0.00000¢0C

1.2140 HZ

-0.00000002
0.0C000004
0.001378C°

1.,2238 HI

-0, 0030000€
-0.00412C88
-0.00825542

1.2472 HZ

0.0C0F662€
~0C.00000C2¢
=0 . 00232888

1.2477 M2

-0.00Z%4097¢
-C¢.00223948
¢.oc0000z0

A-23

0.001794630
-2.00000000
-0.,0200629200

¢C.0000CC00

0.00230290

2.00000000

¢.00000000
-0.000000%¢C
0.000060060
0.00000000
¢.90000000
0.0023204¢

0.00200042
0.00000101
¢.0R1Z7845%
-0.00¢004340C
¢.00C00244
0.00063000¢C

C.o0000022
-0.002&1920
0.00CC0001
0.,001314€°
=0.00000012
=C, 00000001

0L O0G32¢45
0. 00000013
¢ O0000003
-0, 00000081
-0, 00001432

-C.00000008

0L Q0CT0007
Q. 00000008
0.,030C00000
-0.o00 003
-0.000000C4
-0.000c29¢°4

-0.00523%812
0.000600000
-0.C0000000
0.000006000
0.002305%0
0.00000000

-9.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.0023206°9

0.C0000745S
-C¢.00001273
C.00137€4%
-0.0Q000925
0.0C000C4ES
0.,0000000CD

0. 0000000 E
C.001&0497
C. 00000001
0.00102282
C.0000C0C0SE

=0.00000001

-0.00304322
0. 00000240
0,0O000007
=0, 00000177
-0, Q0TI

~0.000C000S

0.C0CO002T
=0.00000018
C.o00C0000
-0.0000001 2
G.o2002C04a7
-0.00058¢5%4




@

j..‘,*

MOUE

MODE

MODE

L]
m

-----

MODE

i1

14

0.
-0.
0.00003241°9

n.00000899
0.0G0011003
-0.00152032

C.
-¢.00000022
0.0007154F%

6.00020448
0.
$.000002¢1

-2.00080411
2.00000006
2.00000304

FREQ =
00037809 0.00037808
00000262 -0.00000242

-0.0000802¢9

FREQ =

0.000008%9
0.00011003
0.00151923

FREQ =

-0.0000032¢8
0.0000018%
0.00071¢81

eNoQ0190

FFEQ =

0.00019031
0.00000&5
0.00048152

000G 001

FRED =

0.00C60T74¢
-0.00048837
00000973

FREQ =
0.00000002 -0.C0000002
2.00217¢2¢ 0. 0C217é:9

-2.00435272 0.00435287
A-24

1.5817 HZ

0.00037e0¢8
-0. 00000262
0.0000079%

1.9821 HZ

0.0000085%°9
¢.00011005
0.00152134

7.5861 HZ

-0.0000033€
-0.00000234
¢.C007203€

7.85875 HMZ

0.C0018CEL
-6, Q0000654
-0.00047620

T.E27¢6 MI

0.00060946
¢.0004R547
-0, 00000316

-0.07611€6¢13
-0.,0018172°
0.0000C001
¢.002342¢C¢
-0.,3501897¢%
-0,000000060

-0.00181123
0.07637052
-0.00000002
-0.350571479
-0,0083320°9
0.00000000

~0.00000133
-0.00000012
0.00071904
~0.00C0CC27
0.00¢000032
-0.00GQ00%3

¢.00015214
0.00000001
0.000002¢44
0.00000001
0, 0CC01372€
~0.00000164

£.0000C201
0.00000009
0.00¢00317
0.000CC0CT
¢.000n014
0.0001213¢

n,oocccao«
0.0Q2C&12¢
0.0u000007
~0.000052C2
-0.00000143
~0.0000G000C

W —w w7 —w o T, et e =

-4
-0.9964207
0.02322944
0.00000001
0.01748096 -
-0.73412872 -
-0.00000000 |
-C.02378733 * 4

-1.00141907
-0.00000002
-0.,72462784
~0.01746915

0.00000000

0.00000270
-0.0000005%9

0. JUJ71QO4
-0.00000041
-0.000006381 =
-0.000000S53

-0.00017924
0.000000C1
0.000002¢4
0.00000001 :
0.00C4057 3 o

-0.00000164 .

-0.00000309

NO00GCOLS
O C“n"u’\ }17
-O /'h‘)o n’\(’;ﬂ'-',
0.000
0-00v1213c -

i

-0.Q0C002¢%T
~0.00244C18
0.00C0000C7
-0. 00274875
S0, 000002301
-0.00000G00

o




17 FREQ =

-0.000212%%
-0.00000012
0.00000018

-0.0002125%%5
-0.,00000012
-0.00001¢42

18 FREQ =

-0.0000000¢6
0.0004233¢
~0.00062901

-0.0000G004
0.00042336
0.00063500

Equirnent Section

Frorerties !

Hese =

Center of mazs = ( 0 ,» 0

Irertie Maztiri: SESO
eonut Mees (enter = 0
o
A-25

9.9097 HZ

-0.000212¢%%
-¢.000C0012
0.00001¢07

9.9102 HZ
-0.0000000¢

0.0004233¢
0.00063901

Risid

0 0
1880¢9 ¢
¢ 1BIéEC

Bod

0.3475489¢
0.000092¢e¢
0.00000C00
0.0001321¢
-0.48742329
0.00000000

0.000092¢92
~0.34744578
0.00000000
-0.4978442¢C
=0.0001330¢
=0.0000000C

o

Fel(nxst2>

-0.999%417
-0.00026724
0.0¢0000%00
=0.00027221
1.01€880¢82
0.00000000

-0.00024672¢
1.000174695
¢.00000000
1.,0185¢95°9
0.00027240

=0.00000000

)

A

a2 A .. ... 'A




a

The followine

18 &5 shown.

MOIE

X Translation
Y Trenslation
Z Translaetion

HCIDE

MIDE

MODE

A
TARLE 4
STRENGTH MODEL EBENDING MODES OF EQUIFMENT SECTION

All disrlacemerts are 1n meters.

Mccdes are mormalized to wurity sereralized mecss. t
tahle dierlave moadal msres-lacements. The formet

JOINT 42 JOINT 44 JOINT 47 ACTUATOF SENSOR ;wi
N FREQ = X XXXX HZ )

)

Y3
5

e e
PREX AN

0.01539372

0.00000000

0.,000C00000C

0.00000000
0. 01538273
0.050600080

-0 00000000
-0, 00000000
0.01535373

D,00000000
-0 0218614647
D.,065014096°

FREQ

0.01535273
¢.0000000C0
0.00C00000

FREQ =
2.,000C00C0

0.0153¢373
CLECROC000

FRED =
-2.00G0000C

=0.00000000
0.01339373

FREQ =
$LE0000C00

-0.02161¢47
-0, 06814945

A=26

X Fotation
Y Rotstion
Z Rotation

0.0000 HZ
0.0153¢373

0.00000000
0.0000000Q0

C.0000C00G
0.,018539372
0,000CCCC0

¢.0000 HZ

<0L 00000000
~0.000000C0
0.01535373

¢.0000 HZ

Q.00000000C
=0.C21616¢7
-0.,04631494°

0.01539272
¢.00000¢000
¢.00060C00%
0.00000000
¢.00000000
0.00000000

£.0000C00¢C
0.01530373
C.00CCo000
¢G.0CQ000000
0.000C0CG0
0.00000000

-0, 0000000C
-¢.0002COC0
0.01539373
¢.0000CC00
0.000000C0O
0.000Q0000

¢.00000000
-0. 01018022
$L.000LC000
0.013029¢%4
Q. 00000000
0.00000000

J.01336373
0.00000C0C
G.00000C0Q0
0.00000000
0.00000000
0.00000000

VR

0.,013309273
CL.oeCo o0
Q.R0CoCT00
Q.00 00
00000000

=3 COEQaeQQ
0.C153e3272
0.0GQQ0000
0.04000000
C. 00000000

C.LatH000¢C
0.03C50308
0.00C500C0
0.01202994
0.00C00000C
0.00000000

N




R T

MOUE

MODE

MONE

MODE

MCDE

MODE

L)

(€]

2

10

¢.00382550
~0.00000000
D.00000¢00

~0.0114034¢
~0.00000000
0.00000000

-0.00000012
¢.o0000022
0.00137800

-¢.00002014
C.004128€3
=0.00B25554

=2.000988¢7
-0. 00000008
G.00D0G00¢

~C.Q02%F490
-0.00200017
0.C00000322

FREQ =

¢.003829%0
=0.00000000
0.009227¢2

FREQ =

0.0114034¢
=0.0092e277
-0.00000000

FREQ =

0.000000Q03
0.00000017
0.00127¢c8¢C

FREQ =

0.00C¢9¢C011
¢.00412873
0.QCEDSE36

FREQ =

~0.00¢9442¢
~0.0000017¢
-0.0023289%

FREQ =

0.00295041
-0.00235954
0.00000130

A-27

0.0000 HZ

¢.00382550
=0.00000000
-0.009223¢2

0.0000 HZ

0.01160344
0.00928277
-0.00000000

0.281¢% HZ

3.,00000003
0.00000029
0.¢0137901

0.3870 HZ

~0.0009&43°
0.00000166
¢.00222e5¢8

0.00295041
0.002359¢%°
=0.0000020¢

0.00179620
“0.0000600¢C
=0.0000¢C00¢C

0.00000000

0.00220590

0.00000000

0.00000000
-0.00000000
0.00000000
0.00000000
0.0000000C
0.0023204°

0.00000008
-0.00000037
0.00137845%
0.000060179
0.00000328
0.00000001

¢.000020%4
0.00281¢1°9
=0.00000008
=0.0013140%
0.00000012
0.00000002

-0.000323I82
-0.0000012¢
=0.200000Cé&
0.0000081¢&
Q. 00002038
0.00000043

0. 00000060
-0.00000044
-0.000000C3

0.0Q00Q01¢48

0.0000006¢2
0.0005pSc4

-6.00339R12
0.0000000¢0
-0.00000009
0.000000¢0
0.00230590
0.00000000

-0.00000000
0.00000000
0.C¢0000000
0.00000000
0.000000600
¢.0023204°%

0.0000¢893
0.00000584
0.00137845%5
0.00¢0042¢
.07 J0R04a12
0.000000012

0.000000ES
=0.00140293
-0.00C0000E
~0.0010210°¢
0.0020G2¢@
0.00000002

0.C03GE00Y
0.000014¢4
=0.00000C06
¢.Q00010C58
C.000¢eeesT
0.00000043

2.00000074
0.0000042¢
<0.00000C03
0.00000333
0.0000022¢
000058794




HODE

MODE

MODE

MODE

HODE

11

13

FREQ =

0.00027217
-0.00000089
-0.0G00%441

0.0003781%
-0.00000088
0.0000122¢

FREQ =

0.0000020%
0.00011007
0.00152032

0.00000302
0.00011008
-0.00152070

FREQ =

-0.0000001%9
-0.00000005
-0.00071%930

0.000000¢43
-0.00000023°
-0.00071828

FREQ =

0.0001E991
0.00CGQ0&E°
C.00047569

0.0002¢7C8€
¢.00000002
¢, 00800076

FREQ =

0.000409&0
-0.0004€53¢1
0.020005%4

-0.0004039€
-0.00000018
-, 00000012

FREQ =

0Z -0.0000000%
26 ~0.00217622
$2 -0.00435247

0.50C2 HZ

0.0G0378
-0.00¢000
0.000031

0.5003 HZ

0.¢00003
0.000110
0.001521

2.3989 HZ

-0.000000
-0.0000900
-0.000720

2.3994 HZ
0.002189
-0.0C0008
-0.0G0478

2.39%94 HZI

0.00Q409
0.0004€S
-0.000007

2,4042 HZ

=0.¢o000¢C
-0.0Q02176
-0.004352

A-28

17 =0.07¢13716
€7 ~0.000¢1613
?2 0.00000001

0.00282°C!

-5, I5007R00

Mt e e v -

0.00000000Q

05 -9.00061272
09 €.0743897¢6
10 0.00000001
=0.35065913
-0.002826448
0.00000000

19 -0.00000119
72 -0.000000%¢€
3% ~0.000719G¢
-0.00000021
0.0000016&¢
-0.0000000¢

gt 0.00015235
g% 0.0000000%
&2 0.00000080
0.00000000
G.o0013480

-0.000C0172

&0 0.00000171
28 -0.60000022
¢l -0.0000004¢€
-0.00000004
0.0C000213
0.0001213¢

0%  0.000C00071
3¢ -0.002¢C&118
67  0.000GC0O13
Q0.000092CS
-0.00000110
-0.00000001

-0.999893%¢
0.0080802%
0.00000001
0.005927S4

-0.72432106
0.00000000

-0.00806775
-1.00167036
0.00000001
-0.73481214
-0.005922446
0.00000000

0.00000243
0.000G0140
-0.0007190¢
¢.00000127
-0.0000CC341
-0.000600008

-0.90018037
~0.000G001°
0.000020080
~0.00000016
0.00040¢11
-0.00000172

-0.00000245
0.0000004¢
=0.020000480
0.0Q0C 0041
0.00C0039¢

0.0001213¢

¢
00343588
0.00000C13
0.00294R42
0.0000C201
-0.00Q00001

-0.0000022¢
o)

vy —v— > w--~

-

A ..

a aa
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HODE

MODE

17 FREG =
0.0002125% ©.0002125S

~0.00000048 -0.000000¢8
0.C0000102 €.00001523

18 FREQ =

0.000060024 ¢.00000034
0.00042336 0.00042234

P R —

3.1337 HZ

0.00021255
-0.000000¢48
-0.00001727

3.1239 HZ

0.000

00034

0.0004233%

-0.00063901 ©€.00063903 0.000
Eauirmert Section Rigid
Frorerties ¢
Mess = 4220.,0 ke

Ceriter of mass = ¢ 0 » O + =1.¢

Irertia Matriy Te?o 0
sbout Mase Center = 0 188049

0 «

A~29

63898

Bogw

)
¢
18%¢8e¢

~0.2475¢€8¢3 0.999918¢0¢
0.000287%S ~0.0016071¢
C.00C0C0CO  £.0000C000
C.00079C7¢ -0.00146343:
0.49262210 -1.01880670
0.0000G00G0  0.00000000

-0.00055803 0.C0160501
-0.34744537 1.00017500
¢.00000000 0.00000000
-0.49784374 1.,0185681¢
0,00079879 -0.001463589
0.00000000 0.00000000

bg(mes2)

3
R

-
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STIFFNESS MODEL EHENDING MODES OF COMEINED SYSTEM MODEL

TABLE ©

(=ero freauency modes omitted).
A1) disslacements 1In meters.

Modee ere normalized to

The following table disslass

is 3¢ shown
ACTUATOR

MODE = N

¥ Translation
Y Tramsletion
Z Translation
¥ Rotation
Y Rotation
Z Rotetion
MODE = 1
-0,003212
-0.000005%
0.000014
-0.000000
-0.002108
0.000074
MODE = 2
-Q.0N2e20
-¢.000002
-0.000021
-2.,000002
-0,00012¢
0.001823
MODE = K
-0, 000007
C.00108%
0.010924
0.00:1403
2.0230000
0.000002
MQLE = 4
~-0,000027

0.007635
-0.00257%

-0.000221
-0.000003
-0.000001

FREQ

FREQ

FREQ =

FREQ =

FREQ =

SENSOR LOS MOTION

X+ XXXX HZ

= 0.1772 HZ
0.0027¢4 -0.000001
-0.000003 0.0002%4
0.000002
-0.002112
0.000074
0.35852 HZ

-0.000010
0.000005
0.00C01E

-0,00273¢
-0.00000°
-¢.000071
-0. 000002
-0.000218
0.001622

0.4040 HZ
-0.00000¢2 0.000098
0.010924 -0.00000
0.001226
'00000001
0.000002

0.5804 HZ
-0.00002¢% -0.,00%480
0.004916 0.001432
~0.002%7% 0.000747
-0.001100
-0.000006
«0.,000001

A-30

gnity gdererzglized mese.

mosal disrlzcements, The format
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o MODE = S
MODE = 6
L"
v
L MORE = 7
}A
MODE = e
MODE = ®

¢.008122
0.000021
-0.000004
0.000000
0.001025
0.000435

FREQ =

0.005431
0.000021
-0.000004
-0.000004
0.001941
0.000435

FREQ =
-0.000000 0.000002
-0.000898  -0.00111¢
-0.000361  -0.000361
-0.000141  -0.003883

0.000001 0.000001
0.000000 0.000000

FREQ =

-0.000060  -0.00060¢S
0.000127  -0.000154
-0.001487  -0,001487
~0.000093  -0.000201
-0.000002  -0.000003
0.000000 0.000000

FREQ =

-0.00041€ 0.002853
0.000000 0,000002
-0.000000  ~0,000000
0.000001 0.000003
-0.0000%0 0.000529
0.000058 0.000058

FREQ =
-0.000140  -0.000007
0.000000 -0.000000
-0.000000  -0.000000
0.000000 0.000000

-0.0000872
-0, 000620

-0.000107
-C.000420

A-31

PO ——

0.6196 HZ

-0.001432
0.001054
¢.000000C

0.009431
0.000021
-0.000004

1.2144 HZ

-0.00000p
-0.,124%940
-0.001087

1.2480 H2

0.000002
-0.00008%
c.c00C1E

1.249%¢ HZ

-0.00027)
-0.00003¢
-0.000001

:
A M



MODE = 10
MODE = 11
MODE = 12
MODE = 13
MODE = 14

-0.000001

0.000294
-0.001087
’Ot°41142
~0.000003
~0.000000

~-0.076121
-0.000274
-0.000001
0,00123¢9
‘00350286
0.000001

~-0.000270
0.077243
0.000172
-0.348482
-0.00124%
0.000000

-0.00001%
0.000029
0.000012

-0.000049

-0.0000¢3

-0.000012

0,000184
-0.000007
0.000001
0.0000C3
-0.000144
Q.00005S

FREQ =

-0.00000¢€
-0.124940
'00001087
-0.0993222
-0.000007
-0.000000

FREQ =

-0.999901
0.003533
-0.000001
0.002%587
-0.734339%
0.000001

FREQ =

-0,003552
-0.994330
0.000172
-0.728201
-0.00260°
0.000000

FREQ =

-0.000056
-0.0001862

0.000012
-0.000111
-0.000110
-0.000012

FREQ =

-0.000245
0.00000¢
0.000001
0.000005

-0.000250
0.,00005%

A-32

1.4901 HZ

-0.0054€E0
0.001432
0.000747

1.5817 H2Z

-0.000190
-0.000297
-0.000325

1.5846 HZ

0.000000
0.000000
0.0006000

2.2282 HZ

0.009431
0.000021
-0.000004

0.000001
0.00052°9
¢.000058




'1 MOIE

MODE

MODE

MODE

MOLE

it

L]

f#

15

16

17

18

19

-0.000010
0.00000%
¢.000018

-0.000027
¢.000004
-2.000001

=0.000001

-0.000002
0.000720

-0.000001

-0.000000

-0,000001

¢.000152

~0.000000
0.000003
-0.000000
0.000137
-0.00000¢6

0.000¢08
¢.000000
0.000004
¢.000002
0.0006005
0.000121

0.0900001
0. 007112
C.000004
-0.00012¢
=0.000002
¢, 000000

FREQ =

0.000003
-0.000085%5
0.000018
-0.,000001
-0.000001

FREQ =

0.000001
-0.000003
0.000720
-0.000001
-0.000004
-0.000001

FREQ =

-0.000180
¢.000001
0.000003
0.000001
0.00040%5

-0.00000¢

FREG =

-0.000014
-0.000001
0.000004
=0.000001
¢.000019
0.000121

FREQ =

=0.¢00008
-0.003616
0.000004
~0.002048
0.000002
¢.000000

A-33

9.643% HZ

0.000000
0.000000
0.000000

7.5861 HZ

©.000003
-0.000085
0.000018

7.587% HZ

-0.,000001
0.00001¢9
0.000121

7.5877 HZ

0.000000
0.000000
0.000000

7.6035 HZ

0.00054¢
0.004521
0.005404

.. A, . -




A-34

i
}»
: 20 FREQ = 9.7917 HZ
2 0.00009¢8 -0,000271 0.003720
. 0.000011 -0.000036 0.010713
4 -0.000001 -0.000001 0.011700
[ 0.000015% -0.00003%
{ -0.000136 ¢.00026&2
q 0.000002 0.,000002
[
F! 21 FREQ = 9,9097 HZ
i -0.247569 0.999%41 6,283185
: -0.0000%54 0.000154 0.000000
2 0.000000 0.000000 0.000000
Y 0.457623  -1.018807
4 0.000000 0.,000000
-
_ MORE = 22 FREQ = 9,9102 HZ
b 0,000054 -0.00015% 0.000000
! -0.247462 1.000165% 0,000000
0,00C000 0.000000 724,752747
-0.000077 0.000157
0.000000 0.000000
23 FREQ = 10,4229 HZ
0.000000 ~0.000004 0.000001
0.0CG0010 -0.000077 ©.000000
-0.000004 ~0.000004 0.,000000
0.000013 -0.000061
-0,000000 <0.000000
24
~0.000002 0,000031 0,000000
-0.000000 0.,000002 0.,000000
-0.000001 -0.000001 0.,000003
-0.000008 0.00000%
0.000004 0.000004

L '
N S R S
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A o g

Combirned

Frorerties !

Mess

Center of masse

Inertis Matrix
about Mass Center

Model Rigid ERodu

9220.0 ke

¢ 0 » 0.81345
1212690
0
0
A-35

14 é0833

0
1279220
-63753

)

m

0
~63753
401329

be(mrx2)
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TARLE ¢

STRENGTH MQOIDEL MODES OF COMEBINED SYRUCTURE MDIEL
(2ero frecuency modes omitted).

All dissleacemente &sre

Modzce ere normelized

The following table disrlavs model dicrlacenmente.

i€ az shown,

ACTUATOR SENSQOR
MOLE = N FREQ =
X Trznslation
Y Tranclatiorn
Z Trenslation
X Rotetion
Y Rotation
Z Rotnrtion
MOLIIE = 1 FREQ =
-0.004151 0.002514
~0,001615 -0.,001423
-0.001004 -0.001004
0.000041 0.000211
-0.002154 -0.00218%
g.00008% ¢.00008%
MODE = 2 FREQ =
TLO00001 ¢.00C198
0LO0008B0 0.000322
G.00412¢ 0.004125
0.000080 0.00002%
-0,000037 -0.000020
0.000144 0.000154
MQLE = 3 FREQ =
0.00235¢ 0,002212
-0.,0014¢&5 ¢.000850
-0.002432 -0.002&22
0,000482 0.001872

0.00115% 0.002432
-0.000989

A-36

irn meterc,
to unity cenercliced macs.

LOS MOTION

X XXXX HZ

’

0.170¢& HZ

~0.042006
-0,063311
¢.000425

0.2342 HZ

-0.00G00C]
-0.000017
C.00GT33

0.34827 H2

0.004484C
~0.3473¢%1

C.000C02

The format

A
..
.."“

-l




Ad MOIE =
g
3 MODE =
L
E MOLE =
!
F.
T‘: MOTE =
i
MODE =
[e
L
be
r.

o

FFEQ =
0.000510 0.001425
0.000775 -0.000984
0.00045¢ 0.0004%¢
~0.000547 -0.00133e
0.00024¢ 0.00073¢9
~0.000009 ~0.00000Q5
FREQ =
-0.00015¢ ~0.000429
-0.000404 0.000624
0.000138 0.000138
0.000335 0.000910
-0.000104 -0.000226
"C‘oOOOOOl ‘04000001
FREG =
=0.000031 0.004777
~0.0CC244 0.000431
=0.00014¢ -0.000140
0.000218 0.000497
0.000320¢F 0.001428
~0.000047 -0.000047
FREQ =

~0.001448
0.0024R¢

-0.0043¢41
-0.0087CO

Q.002¢ 0.003202
-0.003%4] ~0.009122
-¢.0013219 =0, 002492

C.O001072 ¢0.C01072

FREQ =
0.Q04185 0.01200¢

0.008542
0.005290
-0.0128¢9¢
t.000348
-0.000&30

-0.03132¢
0.0053%0
-0.028668
0.0112¢42
-0.000820

A-37

0.3816 HZ

0.006990
0.0068¢2
¢.001328

0.3826 HZ

~0.002310
-0.00164¢
0.0022¢%2

0.3967 HZ

-0.000429
0.000624
0.00013¢

¢.4120 HZ

-0.352454
0.821527
0.000425

0.4251 HZ

0.00C002
-0.000024
0.000722

(YT

14

AAeias cAnad.




~———p—

R

= Y

MODE

MODE

MODE

HODE

MODE

it

]

L}

-0.0436%1

0.,0421¢40
-0.000373
-0.1%32041
-0.291711
-0.000021

-0.04200¢
-0.063311
0.000625
0.291072
-0.19355%
-0.000027

0.000219
-06.,002G00
0.0086237
-0.022774
-0.003222
-0.,000046

-0.005229
-0,000241
0.001141
C.001&28
¢.01013¢%
-0.000562

0.000020
-0.,0141¢1

-0.,0011°2

0.016¢774
-0.,006014
D 0('("(:"-’.\:ﬂ

FREQ =

-0,B832899
-0.551320
-0.000373
-0.4044670
-0.611541
-0.000021

FREQ =

-0.552454
0.831537
0.000625
0.610114

-0,4057¢8

-0.000027

FREQ =

-0.008563
-0.071448

0.006337
-0.0479¢45
-0.00&774
-0.000066

FREQ =

0.022999
0.004777
0.001141
0.002940C
0.020957
-0.000562

FREG =

-0, 000622
0. CS006L
-0.00:192
0,033236
-0.000021
0.000003

¢.3%001 HZ

~0.013364
0.,999932%5
0.000003

+ 5002 HZ

0.00£990
0.006882
¢.001338

0.5426 HZ

-0.000045%
-0.000078
-0.000227

0.000000
0.000000
0.000000

1.4667 HZ

-0, 000429
0.000404
C.00013E




ACOSS FIFTEEN ¢(ACTIVE CONTROL OF SPRCE STRUCTURES) (U>- 2,2
CONTROL DYNANICS CO HUNTSYILLE RL 5 SELTZE ET AL.
0CT 82 RADC-TR- 32 -198 F30682-81-C

UNCLASSIFIED F/G 2272 NL
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nOtE te

H.%7%3
n.60000)
0. 660000
“.600e%9
TN
0.660000

noBE = 9

¢.00800%
0.3e23)9}
¢.06000)
«0.492858
«0.00660e%8)
<0.0000600

"L 2

=0.00002)
- 0.00000
=0.000002
0.000012
¢.00018”
6.00005S

“0PE e e

- 0.000004
0.000000
N, 000001
~L,0000¢ 8
- L0080 000
SRR

(& ]
(2]

nODE =

R ol o |
¢.000003
Q.00C00s
C.000004
¢.0C0000
G000

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

..........

ago =

~0.99¢%8e9
“6.61330)
*0.000000
~0.003e10

1.01071¢
~0.000000

*0.0333¢0
0.99993S
0.00000)
1.01830¢
0.01341¢

=0.000000

FatO =

0.60044Q
0.01¢01 4
=0.005202)
0.000006
-0.00002¢
¢.00005%

FRED =

=0.000092
0.¢0000S
0.00¢00)
0.000002
0.¢00012
-0.090002

FEEQ =

¢.000000
0.000042
0.000004
¢.000025
-0.000002
¢.000000

3N W2

0.00¢374
6.003162
0.006420

3.333% W2

0.00022
0.000930
0.012930

3.72%72¢ M2

6.20318%
0.000000
0.000000

e.7914 M2

0.000010
0.000000
224.752747

10.5475 H2

0.000000
0.000000
0.000000
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MODE = 24 FREQ = 11.8791 HZ
0.00000& 0.0000¢3 0.0¢0000
0.000002 ~0.000004 ¢.000010
~0.000001 -0.000001 0.000011

-0.00000¢ -0.000000
0.000000 -0.,000028
0.000¢004 0.000004
Combired Model Rigid Rody_
Frorerties ¢

$220.0 ks

Mass

( 0 » 0.8134S5 +» 6.823 ) m

Center of macss

Irrertiz Matrin 1212690 0 0
about Mzes Center = 0 1279220 -63753 be(m¥x2)
0 -63752 401329

A-41
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Attn: Dr.N. K. Gupta and M.G. Lyons

151 University Avenue, Suite 400

Palo Alto, California 94301

Boeing Aerospace Company 1
Attn: Mr. Leo Cline

P.0. Box 3999

Seattle, WA 98124
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TRW Defense Space Sys Group Inc. 1
Attn: Ralph Iwens

Bldg 82/2054

One Space Park

Redondo Beach, CA 90278

TRW 1
Attn: Mr. Len Pincus

Bldg R-5, Room 2031

Redondo Beach, CA 90278

Department of the navy 1
Attn: Dr. K.T. Alfriend

Naval Research Laboratory

Code 7920

Washington, DC 20375
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Airesearch Manuf. Co. of Calif. 1
Attn: Mr. Oscar Buchmann

2525 West 190th St.

Torrance, CA 90509

Analytic Decisions, Inc. 1
Attn: Mr. Gary Glaser

- 1401 Wilson Blv.

- Arlington, VA 22209
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Ford Aerospace & Commnications Corp.
Ors. 1. P. Loltahow oo P. Saren, W5.C0O
99 radfen

Palo Alto, Califernis 94304

Center for Mmatysts
Ata: W, Jim Justice
13 Corporate Plazs
Newport Beach, CA 92480

Geners) Research Crop.
Attn: Wr. C. 0. Curry
P.0. Box )87

Santa Bardbara, CA 93108

Geners) Mesesrch Corp
Attn: Mr. Thomes 2akrzewshs
7655 014 Sprd se Roed
Mclean, YA 22101

Institute of Defense Melysis
‘Agn: Or. Hans No)fard

Navy Orive
Arli:;gn. VA 22202

Karman Sciences Corp.

Attn: Or. Malter €. Mare
1500 Garden of the Gods Moed
P.0. Box 7463

Colorade Springs, €O 80933

"m' ’"C.
10400 Eaton Place
Suite 300

Fairfax, va 22030
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MHoneywell Inc. 2
Mtn: Or. Thomes 8. Cunninghas

Mta: Or. Wichae! F. Barrett

2600 lur.y Porkway W 17-2378

Wisseapolis, M 55413

NASA Marsha) Space l‘\igt Center 2
ta: Or. J.C. Blair EDO1

Nesry 8. Waites

Marshal Space Flight Cester AL )S812
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