IGHT

§
,F
a
o
L 3
~
>
~

WRIGHT-PATTERSON AFB
AFNAL-TR-88-3052

LABS

ADMINISTRAT ION/DEPARTMENT OF DE|

AERONAUTICAL
A D SHANSON J

UNCLASSIFIED

N P )

|




-.-hv\-DI-\.ll-\ |I
---\ ni.\lﬁ«r.‘
- f\r.fh,t# “~i

5 EEEE
4 Paag o
MFC..._H._ H.:.

I.I
—
——
—
—
—

T "l
PRt Ty (P T I T I B9
.0
—
——
—

Rtyhaitr




li*loﬂli. n- ) M.- .., e g R L Priy - .l-'ﬂ~ |~“ - I - unu-\.{-.u.‘-c\f ﬁfff..f‘.‘..-- vsl.:.,u. 2 £ \..m..&....-.-q.\--- Py . ..

C S .umf“..m-....wvmf....d 82 Mv.ﬁvﬁmw \H&f.u..M....h».mmW. llh...o\\..uu s @), ..Mﬂ.ﬂ\ A .Pr....”....\.w...w....\...... ) N.......\......\.... v @y . LKA ® fx.u. .\.”\.”\ .\.u... o JWA- f..v -M\. ._.\... )
. L .....-.m xR Yol ‘ na E (oL : O XA A ARA AR R KA S oh . .

o L e A A (A A AN I I o AN N N A A XA WO AR o i X PYYAXA

s e %
L'
A

s

~
w ~ o
153 0 ]
— o )
o3 P &
- 3 2 z 9
Ve
| o) =
Z a = Am
5 3 . 3
b o
- 25 z 2]
3 9 [ [ [#4] :/H
o 2 : 57
- & - Z 2
)
— | =] = (@]
[ el M =
[&] 13 o ja ol
< 3 £ g °
— £ = n M -
K ] Q o - m
DR o - : 5 2
Ry o P .n M m
=~ <& 4 o ~ 8 2
. o £ o — o EERAQ
jom} [ ] (] [olge) =4
' = N> © — H<qgO
s S =73 3 & =&5a™
-~ 4 [ I =] I O M O m
e I o w [ 3] BECI
Lo %] [ ] [=9 i < <
-~ [=Jr = o] — -1 [72)
o~ ) o m E = L0 TMN
e V) [®) w N o o ] w T (o]
P o [«4 [ o I o Y A QU =W
(2] £ @ o D - X
- [ =z 3 >0 & = MWYE
e o (@) n ~ - o) (% ]
- o &) —~ 0 o) (™ W =
o a S0 d o & g RO
= o j N [o) ~ (1 [~ -
) o [ JFSRre] — > HOOK
.M ~ [T SIS — o j= o3 TR C. o}
< = 33 ] « r (4] [T
£ 2 TLE K 5 HEED
< z < w0 =y <A 2y RAAW




- el . g . . v, - - K - - -, g - - Al
0 et S LN T T YO N S M T A T R T SO PO YO T A - ato mA A Y aNava" [N

UNCLASSIHIED

SECURITY CLASSIFICATION OF THIS PAGE H D/ ’ / 99 (/ I
Form Approved
REPORT DOCUMENTATION PAGE OMB No 0704-0188
Ta. REPORT SECURITY CLASSIFICATION Tb RESTRICTIVE MARKINGS
Unclassified
2a. sscxmrv CLASSIFICATION AUTRORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
N/ . . . .
2b DECLASSIFICATION / DOWNGRADING SCHEDULE Approvgd.for public release; distribution
N/A is unlimited.
4 PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

AFWAL-TR-88-3052

6a. NAME OF PERFORMING ORGANIZATION 6b O;FICE/'SYISIB)OL 7a. NAME OFf MONITORING ORGANIZATION
Flight Dynamics Laborator (¥ applicable
ght Uynamic y AFWAL /F IBG
6¢. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)

Wright-Patterson AFB OH 45433-6553

8a NAME OF FUNDING / SPONSOR'NG 8b OFFICE SYMBOL | 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
8c. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
i PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO NO NO ACCESSION NO
62201F 2401 04 32
11, TITLE (Include Security Classification) ‘__,«-""
NASA/DOD CONTROL/STRUCTURES INTERACTION TECHNptﬁGY - 1987
.
12 PERSONAL AUTHOR(S) //’
Compiled by Lt Andrew D. Swanson .
132 TYPE OF REPORT 13b TIME COVERED / |14. DATE OF REPORT (Year, Month, Day) [15 PAGE COUNT
Final rrROM 17NOV87 1o 19NOV87 | 1988 June 523 N ®
16 SUPPLEMENTARY NOTATION i, s
N
. S N
Spacecrat = o
17. COSATI CODES 18 SUBJECT TERMS (Continu€ on reverse if necessary and identify by block number) - t.‘-
ELD GROUP SUB-GROUP . . . .
0 ¥ active control, large space structures, passive damping .
T7 control structure;’interlction. vibration control. ,.. % L
- NS
19 Av RACT (Continue on reverse if necessary and identify by block number) AN ‘-‘_.:-:.:-_. )

"
o
e

]

A l,'

This report is a compilation of 32 technical papers presented at the Second NASA/DOD )
Control/Structures Interaction Technology Conference, Colorado Springs, Colorado,

17-19 November 1987. The conference was sponsored by the Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base, Ohio and hosted by the Air Force Academy.
The emphasis of the second CSI conference was the marriage of control system design and
strUftura] implementation, especially in the areas of system analysis, hardware, and
testing and validation techniques. The conference consisted of five sessions on integrated
controls and structures: (1) Design, Hardware. and Testing for CSI Technology;

(2) Control of Flexible Structures (COFS); (3) Design and Analysis: (4) Hardware:

and (5) Testing and Validation. ’

by

-f./l
RS
A
A

.

'

- RARE
o ,'l n !
ERRAS ]

5,;,:,

20 DISTRIBUTION / AVAILABILITY OF ABSTRAC! 2} ABSTRACT SECURITY CLASSIFICATION e '-"._J_
K uncLassiFeDUNLIMITED [T SAME AS RPT O omic LSERS Unclassified . :~f_~.';-.:-_
22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPRQNE (Include Area Codey | 22 OFFILE SYMBOL SN

Lt Andrew D. Swanson (513)255-5236 AFWAL/FIBG e

DD Form 1473, JUN 86 Previous edfitions are obsolete ___SECURITY (LASSIFICATICN OF THIS FAGH ::::;-"J- \
o \

UNCLASSIFIED AN
N ]

1y

MO AT "4‘:}‘;‘\

'y L -
IO %‘f:,

. i
M e M N




* - - - - - o A .
~ \\‘-\ DAL R EGEA LA VA YA At LN S (UL LV R Y P W Wy -y Wy -

PREFACE wn

0y

The Department of Defense and the National Aeronautics and Space Administration
are cooperating in the development of a validated technology base in the areas of con-
trol /structure interaction, deployment dynamics, and system performance for large, flexible
spacecraft. The development of these technologies is essential for the successful operation
of new classes of spacecraft whose missions require unprecedented performance, reliability,
and low cost. To fulfill these goals. the Air Force Wright Aeronautical Laboratories and
the NASA Langley Research Center have agreed to sponsor alternately a series of annual
control ‘structures interaction technology conferences.
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ASPECTS OF THE INTEGRATED DESIGN OF CONTROLLED
FLEXIBLE SPACECRAFT
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Brantley R. Hanks
NASA Langley Research Center
Hampton, Virginia
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INTRODUCTION

As spacecraft become larger and performance requirements more stringent, an expected future
trend, it becomes more difficult to assure structures sufficiently stiff that control-structure
interactions are avoided. Furthermore, even if it were not difficult, doing so may be undesirable
from standpoints of required control forces and energy as well as launch weight. Using the
potential capability of the control system to damp flexible motions may prove the most efficient
approach. The relative importance of these factors is not well understood, however, owing
primarily to a separation of the structures and controls functions during design. A major hurtle
in overcoming this separation is the development of a common mathematical formulation for
design purposes and subsequent applications to candidate systems.

This paper discusses the concept that the design of controlled flexible spacecraft is amenable
to an integral formulation in which the structure and control system are both modeled in the same
way. Basically, structural elements are considered to be special cases of control devices and all
controls, including rigid-body controls, are modeled in closed-loop form. Linear Quadratic
Regulator theory is interpreted in physical terms as an aid to choosing weighting matrices and
interpreting results. An alternate, quick, approach for obtaining an initial system design is
offered which is amenable to trading off mass, stiffness and damping. Guidelines are presented
for configuring initial designs to obtain good performance characteristics.
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TYPES OF SPACECRAFT STRUCTURES

Different types of spacecraft present different challenges from a standpoint of flexible
structure control design. Methods which are successful for one type may iaii for another,
Spacecraft with a few highly concentrated masses connected by low-mass structure are best
controlled by devices located directly on the masses. This is the case for the Space Station and
most current-day interplanetary and communications spacecraft. As the number of masses
become larger, control actuators on each mass become impractical and all significant responses
cannot be controlled directly. This situation is at worst in spacecraft with highly distributed
mass, such as antenna dishes and solar arrays. In these cases, the control difficulty can be
reduced by extremely stiff structure, provided such structure can be designed and put into orbital
operation at a reasonable cost.

A third type of spacecraft control problem is that in which subsystems must be isolated,
pointed and/or shaped with precision in the presence of disturbances or operations elsewhere on
the spacecraft. This problem is made less difficult if the structure to which the subsystem is
attached is massive and stiff relative to the subsystem.

Future spacecraft may include combinations of the above three types. A question of growing
importance is how to trade off structural stiffness and mass against control complexity and
operational cost in spacecraft design.

o CONCENTRATED MASSES WITH LOW-MASS CONNECTIONS
o AREA-TYPE WITH MASS DISTRIBUTED OVER ENTIRE STRUCTURE

o LOCAL COMPONENTS ATTACHED TO MASSIVE SUPERSTRUCTURE

REQUIREMENTS FOR PRECISION, Rl*',Sl’()NQ"SFi ll’\ll AND .l')‘l"(':\.\"k"li“l{\“l‘li
GENERALLY DIFFER FOR EACH TYPE. 'll‘H", ‘( (‘)a\ IROL-STRUCT )
DESIGN PROBLEM ALSO DIFFERS.

Figure 1.
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BASIC CONTLOL DEVICE FUNCTIONS AR
SO
. . . . . . -7 .v':'r‘ R
There are three basic control device functions in spacecraft. Each is a variation on the NS
fundamental function of sensing an output and applying a force in proportion to it. They differ AR
only in the physical location of these actions. In the simplest case, the device senses the state at AR
one point, operates on that signal, and applies a force at another point in proportion to the

]
“»
]

operator output. Special cases of this function include sensing and operating at the same point,
i.e. grounding, and dual cross-coupling of state and force between two points. These forms are
equally valid as passive or active devices; and springs and dampers, as well as structural
elements, may be considered as subsets of the latter two cases.

In the general case, where the operation is applied to combinations of state measurements at
multiple locations, and the operator output controls several actuators, the distributed control ®
problem reaches its greatest complexity. However, for purposes of design, structural members
and passive dampers may be considered as simple control devices in even the most complex .
systems. Ay
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VISUALIZATION OF RIGID-BODY CONTROL AS MECHANICAL LINKS ":}:‘_ t
" - A

o

The control of a spacecraft or component in free translation or rotation, i. e. rigid-body :':f_‘
motion, is generally perceived in design as a process of applying external forces to achieve some i
SRS,

desired state or trajectory. For conceptual purposes, however, an alternate view is useful in
which the measurement reference against which the control system compares its error, and the
control forces proportional to it, in effect act as mechanical links. This is implied by
requirements of observability and controllability of rigid body modes in the design analysis.
These in effect say that such a linkage must be possible in the closed-loop system in order for a
stable solution to exist. The foregoing concept does not change or improve the control design
problem, it merely clarifies the similarity between the functions of structure and control. The
mathematical effect of either is similar although the mechanization is quite different.
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MOMENTUM EXCHANGE IN CONTROL

The crucial difference in spacecraft control and in most earthbound control/structures
problems is in the control of rigid-body motion. The control system cannot actually complete the
virtual force loop suggested in the previous figure. There is no earth, atmosphere, water or other
sink against which to push in reacting forces. Therefore control forces must be reacted by
changing the momentum of some mass, such as by expelling gases or accelerating/decelerating
masses. For rigid motion control, the motion of the momentum sink, in opposition to the
application of a control force/moment to the spacecraft, is usually of little concern. The sink
mass is allowed to move at will, within the mechanical limits of the hardware (saturation).

For flexible motion control, except by gas jets, the momentum remains on board and the
direction of momentum transfer reverses with each cycle. The vibratory inertia of the sink
becomes integral to the system dynamics and must be retained in the design analysis.

In the special case of linear momentum exchange devices, sometimes used for vibration
control, the vibratory component is key to ihe device’s operation. The momentum exchange
facilitates dissipation of energy as heat rather than storing energy as momentum in the device.
These devices are not appropriate for controlling rigid-body modes and eliminating the
rigid-body mode of linear momentum exchange devices by use of a centering mechanism is
necessary. Including its dynamics in tiie design analysis is absolutely necessary.
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ACTUATOR TYPES AND APPLICATIONS

The choice of actuators in flexible spacecraft control is not a simple one. Basically, any
device capable of transferring and/or dissipating momentum in order to oppose motion 1s
candidate. This chart shows some popular choices and their applications. Passive structural
members and dampers are included here in a departure from general practice. In keeping with
the concepts of Figure 2, the design of integrated structures and control systems can best be
accomplished by treating both in the same mathematical format. The important point of this
figure is that the choice of actuator type is not simple but neither is it completely arbitrary. In
cases where structure can substitute for active control, or vice versa, an integrated design
approach is needed to make the most beneficial choices.

APPLIC.

RIGID RIGID DAMP STIFFEN | ISOLATE | RECONFIGURE
TYPE SLEW | TRANSL | (FLEX)

. o

WHEELS X X 2 X ARTIC/POINT
LIN. MASS X ? X
ACTIVE STR X X X X T
JETS X X X ? ARTIC/POINT
PASSIVE* X X X

* INCLUDES STRUCTURAL MEMBERS, DAMPERS, SPRINGS, ETC

Figure 5.
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DYNAMICS AND CONTROL FORMULATIONS

The three basic formulations the equations of motion of linear dynamic systems shown here
represent the primary approaches to dynamic system redesign. They are shown in full-state,
physical coordinates but are also frequently transformed to other spaces or projected on
subspaces.

The ultimate purpose of a dynamic redesign is to determine system changes (controls) which
improve some measure of performance (objective function). In the Newton-Lagrangian formula-
tion, usually used in structures, changes are sought in the stiffness, mass and/or damping
matrices, or their modal equivalents, to produce the desired performance.

In control theory, two types of formulations are usually seen. The first, the Lincar Quadratic
Regulator, assumes complete feedback of all the system states. Projection to subspaces. is
usually carried out before the control gains, P, are computed and physical changes are then
inferred from the resulting controls. In the Output Feedback formulation, physical connections
where changes/controls will be placed are assumed and the gains, G, to produce the optimal
dynamic system are then computed

All three formulations result in a revised linear set of mass, stiffness, and damping matrices
which may include active (powered) and/or passive changes to the system.
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TIME-INVARIANT LINEAR QUADRATIC REGULATION
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The solution of the design problem of the previous figure is usually accomplished differently
in structures and controls designs. In structures, hundreds of degrees of freedom are required and
permissible changes are highly constrained. Solution of the design problem is generally by
constrained nonlinear search of the design space. Controls hardware, on the other hand, allows
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considerable implementation freedom and, until receatly, required only a few (10-30) degrees of :::‘;\.":“."; '
freedom in the equations. Connections among measurements and actuators are assumed to occur J-}'.-‘;_}::.e
in a computer and any combination is theoretically possible. “ ~::'_-.j;~. »

The hypothetically perfect control is given by the Linear Quadratic Regulator solution shown PN
here. The system equations on the first line of the figure are the equivalent of the regulator FIAEW

equations on the previous figure where the vector zT=(x x)™. The revised system equations are

M
1

shown on the last line where the matrix BG contains the effective changes in the mass, stiffness, - ':"'-"w-
and damping matrices. The solution is exact, when it exists, and is given by the relatively LA
complicated Riccati Equation shown on line four. Difficulties arise in applying this solution to NN,
physical systems for several reasons too complex for discussion here. However, the first is in AN
choosing the arbitrary weighting matrices, Q and R, which quantitatively set the objective IRCNTAT )
"potential” and the relative change which will be allowed in the system in achieving this . ®
objective, respectively. Both ener into the optimal solution and, hence, the initial assumption NN
governs the resulit. MAONSW,
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COMPATIBILITY CONSIDERATIONS
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The terminology of the previous figure causes much confusion in applications where the
problem solved must represent a physical system. Numerous or inexplicable choices of R, in
particular, are frequently used and the resulting solution, though exact, may not be as good as
that produced by a nonlinear search or other inexact techniques.

Investigation of the dimensions of the LQR equations of Figure 7 by imposing the dimensions
of the equations of motion, Figure 6, on the solution provides some physical intuition in
choosing Q and/or R. Figure 8 shows that five relationships occur containing six undefined
terms. (The term BTRB repeats in all five relationships and will carry the dimensions shown for
R if B is not dimensionless.) Note that Q and P in Figure 7 are 2n by 2n matrices where the
mass, stiffness, damping, Q,, P, and R matrices here are n by n.

¢

CLOSED-LOOP SYSTEM:
T
J = E() +/ [.E’ .’E']

. }z [M“K

FIVE DIMENSIONAL RELATIONSHIPS:

(Qi2 + P B'R™'BPyy)

(Qu1 + P1aB'R™'BPyy)
(Q22 + PaaB'R™' BPyy)

(Q21 + P12B'R™1BPy,)

— B'R BPy; M~I'C - B'R™'BPy,

Q12:P12B'R™'BPy, Qo2; P B'R™' B Py

M7 'C:B'R™'BP»,

Q1:P12B'R™'BPy
M—lK;B'Rbprgl

SiX UNDEFINED TERMS:
R, Qi1, @12, Qa2, P12, o2 (B ASSUMED DIMENSIONLESS)

ONLY ONE OF THESE TERMS CAN BE FIXED ARBITRARILY
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SOME DIMENSIONALLY-COMPATIBLE CHOICES IN WEIGHTING MATRICES

Choosing a form for any one of the undefined terms in Figure 8 fixes the form of all the
others. Choosing a form for more than one implies adding constraints among the others. The
table shown in Figure 9 gives some combinations which can result if B is assumed dimension-
less. Various forms of quantity being minimized can be recognized among them including strain
energy, kinetic energy, velocity, displacement, acceleration, etc. Interpretation of the meaning
of these terms is assisted by remembering that K/M is related to natural frequency squared and
KM is related to critical damping squared. By inspection of the first row, it is seen that if total
energy is minimized (i.e., Q,,=K and Q,,=M), then C is constrained to the form KM and modal
damping must occur as the optimal solution form. The sixth row shows this constrained set and
the seventh row shows the constrained set which results when the often-assumed case of a unity
Q matrix is considered.

Q 11 Qt2 ng R P12 P22 Comment

kc'lwe 1 1 | micilkme] me

1 ek |k IMK] MK IMCoK®

K/M |[KC/M i C/M ° 1 KM | C/M Pij same as A matrix terms

K C M MZ/K M MZ/C Implies C’~ KM Constraint

1 1 1 M/KT M| mc Implies K~ C Constraint

Figure 9.
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BASIC EQUATIONS

As mentioned in the discussion of the previous figure, choosing Q to be the sum of kinetic ¥
and potential energies requires C? proportional to KM and constrains Q,,to be a damping term. It N
is well known that the integral of the sum of kinetic and potential energies is minimized by the
standard equations of motion as shown in this figure provided the damping is of so-called
proportional or Rayleigh form; that is, C is diagonalized by the eigenvalues of the undamped
system. The same can be easily shown for the integral form shown where the energies are
coupled by a dissipation term. The equations of motion can be directly derived from dV/di=0.

Thus proportional damping makes the coupled energy quadratic an extremum over the entire
trajectory, no matter what its magnitude. An infinite number of solutions exist and this
corresponds to the infinite number of arbitrary values of the weighting matrix R in the LQR

solution. A more precise approach to guide design is needed. o ,j\:
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ALTERNATE FORMULATION

An alternate approach to making the integrand of the objective function an extremum is
shown here for the energy formulation. It produces critical damping as the solution in this case
but can be applied to other formulations. The solution shown is not unique. It satisfies the
equations of motion independently of the other two equations. Other possibilities include
satisfying each equation independently and all simultaneously.

[ e

L4

J IS ALSO MINIMIZED IF E =0, i.e.

0 K C/2 T
2 #)| K (C'+¢)y2 M |{z%=0
C'/2 M 0 i

THIS CONDITION IS SATISFIED BY THE EQUATIONS OF MOTION

AND THE CONSTRAINT
C'M~C =4K
e
FROM WHICH oy
C/2 = VMVK = (¢7)"'Q"! A
PN
Figure 11.
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¥ W
A A quick approach to implementing the result of the previous figure to obtain the basic form of “‘j‘
an optimal dynamic system design is shown in this figure. It consists of choosing the ,
Y, closed-loop system parameters such that the quadratic to be minimized has the property shown. X
N The rank of the overall Q matrix is reduced, i. €. eigenvalues of the closed-loop objective ,ﬁ
I function become non-oscillatory. Several variations are shown in the figure including an f;_ﬁ
output-feedback form which has very promising properties, as will be shown later. The most )
recognizable form is that of minimizing the energy (also directly transformable to modal
coordinates) which produces a ratio of critical damping as the optimum solution. The rank of the &
e, energy matrix is reduced from 2n by 2n to n by n. It is clear in the physical energy form that ? <
“- locating controls at the points of maximum product of mass and stiffness is likely to be the best I N
N initial assumption, :. <
K The key advantage of the proposed approach is that it gives a unique answer for any Q matrix. W
~ In output feedback form, it has the additional property that, given any two of the mass, stiffness o s
= or damping matrices, a unique physical solution is found directly. Reduction of gains to fit wu
=il practical constraints is also direct as is computing the resulting effect on other parameters. The fd
¥ sub-optimal problem where desired gains cannot be achieved at desired locations will be RN
I discussed in a later paper. < o
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OPTIMAL DAMPING - 2 DEGREE-OF-FREEDOM SYSTEM

The results of applying the approach shown in the previous figure is illustrated by the simple
2-mass system shown in this figure. Given masses M,=1 and M,=2 and springs K ,=1.586,
K,=1.414, and K =0.586, respectively, the optimal solution given by the root matrix form is the
damping matrix shown. It results from 3 dampers with damping values totalling 5.97. The
response, as indicated by the displacement and velocity curves, is highly damped, permanently
falling below 10 percent of the initial in about 6 seconds.

7-% r T T T I T I T
0 :[3.3333 -11381J 7
—-1.1381 3.
. 5 | . 81  3.7712
t: -
8 4. K C —
- N
w 3. ) D C=597 A -
= X2
3 2. “
— M
S
& o
g ; |
a -1 x2 -
S -
-2 v ]
- X1
-3
—4 L ] ] ] 1 | N |
0 1 2. 3 4

Figure 13.
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OPTIMAL DAMPING - 2 DAMPER SIMPLE SYSTEM

The results of a slightly different approach to the same problem as shown in Figure 14 is
illustrated in this figure. Using a variation on the output feedback approach in which the system
is decomposed such that G is diagonal, the optimal solution given by the root matrix form is the
damping matrix shown. It results in only 2 dampers (to ground) rather than 3 and the damping
values total 5.00, about 16 percent less than in the previous case. The response, as indicated by
the displacement and velocity curves, is again highly damped, permanently falling below 10
percent of the initial value in about 4 seconds, or 33 percent faster than in the previous case.

The two results to the same problem differ primarily in that the higher frequency response
component is less damped in the second case but settles within the response time of the first
mode. A more significant fact is that the second solution was quickly calculated by hand. A
linear regulator analysis would require solving a 4th-order Matrix Riccati Equation, possibly for
several values of the R weighting matrix. A nonlinear search would require several iterations,
depending on the accuracy of the starting parameter assumptions. Not obvious here, but clear in
the calculation process, is that rate feedback to ground will always be the most important control
component even for flexible modes. Taking advantage of this approach and supplementing it
with passive dampers to assure stability of high frequency flexible modes is recommended as the
best initial design assumption.
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DESIGN GUIDELINES FOR FLEXIBLE SPACECRAFT CONTROL. N

Key results of the design approach of the previous 3 figures are summarized in this figure '*.,‘-f‘\} )
with some elaboration which follows from the earlier discussion. With design guidelines such as %’\
these, initial designs which have a high potential for success can be formulated. In addition, a 4
basis for trading controls and structure in the same design process rather than by passing data
between two separate design processes is a direct result. Treatment of non-symmetry and
instability was not discussed but is a straightforward extension of the same approach.

o CONCENTRATE MASS IN AS FEW LOCATIONS AS POSSIBLE

o APPLY HIGHEST STIFFNESS AT LOCATIONS OF HIGHEST MASS .
\E.-'_‘:-r

o APPLY DAMPERS (RATE FEEDBACK CONTROL) AT LOCATIONS OF NS
HIGHEST PRODUCTS OF MASS AND STIFFNESS (PROPORTIONAL e
CONTROL) SV

- B

PSR 4
o CONTROL LOWEST FLEXIBLE MODES WITH RIGID-BODY CONTROLLER RN
AND USE FILTERS AND PASSIVE CAMPING TO AVOID EXCITATION S
OF HIGHER MODES R

o KEEP MASS & INERTIA AS LOW AS POSSIBLE AND SET FIRST MODE e
FREQUENCY SUCH THAT CRITICALLY-DAMPED TIME CONSTANT RS
EQUALS REQUIRED RESPONSE TIME RN
RN

' .

Figure 15. NS
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SUMMARY

This paper has discussed the concept that the design of controlled flexible spacecraft is
amenable to an integral formulation in which the structure and control system are both modeled
in the same way. Basically, structural elements can be treated as special cases of control devices
and all controls, including rigid-body controls, are modeled in closed-loop form. An approach
for obtaining an "optimal"” initial system design is offered which is amenable to trading off mass,
stiffness and damping. Figure 16 lists some of the inferences which can drawn from the results
of this approach.

0 STRUCTURES AND CONTROLS ARE AMENABLE TO
THE SAME ANALYSIS/DESIGN TECHNIQUES

o DESIGN OF BOTH IN THE SAME PROCESS IS NECESSARY Y
: ™
o THE SOLUTION DIFFERS FOR DIFFERENT TYPES OF MASS o
DISTRIBUTIONS ’.
PEATRS
o USE OF RIGID-BODY ACTUATORS AND PASSIVE DAMPERS B
TO CONTROL FLEX!BLE MOTIONS IS RECCMMENDED el

Figure 16.
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TASKS UNDERTAKEN

of

test verification anu validaticn

To evaluate ground test opportunities,

i: SDI and NASA systems were studied in detail. SDI systems specifications and

: requirements were identified. The information was combined with our existing .
extensive NASA database, and system comparisons were made. Numerous sources were LS

T utilized for this study, including the NASA Space Systems Technology Model (S3STM), A

the Air Force Military Space System Technology Plan (MSSTP), and a variety of SDIO
basic material from unclassified sources.

classes were determined and testing issues .

With these data, mission

: explored. Ground test and other prelaunch verification limitations and benefits .;?
. were identified. Effects of the earth environment were also studied to determine oo
’ impact. -
. e
b Some recent ground testing experience was studied to 2id in devising and :fn-
P evaluating future test scenarios. Although ground testing with its inherent 3}*}
s limitations may not provide 100% confidence, it will remain the most feasible '{5:
method for prelaunch verification for future SDI missions. Therefore, it is .}?\

a

5

important that the advantages and limitations of scaled, artificially suspended
test articles be thoroughly understood.

?

SURVEY ALL SDIO SYSTEMS TO ESTABLISH PERFORMANCE REQUIREMENTS
AND COMPARE WITH NASA GOALS.

ESTABLISH CATEGORIES OF VERIFICATION REQUIREMENTS.

DEVISE AND EVALUATE TEST SCENARIOS WHICH CAN BE USED TO ME:~
VERIFICATION REQUIREMENTS,
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NASA MISSIONS

The planned future c¢ivilian space systems where structure/control
interaction is important may be divided into three categories: optical systoems,
large platforms, and antennas. This figure shows a NASA mission from «azh of
these classes. On the left is the Large Deployable Reflector (LDR), whi~h will b
a dedicated observatory to explore the far infrared/near millimeter wave spectral
regiorn which is meshed by the earth's atmosphere. The baseline concept consiats
of a Cassegrain telescope with a segmented, actively controlled 20-m primary
reflector. Active control of the optics will be utilized to control whe position
and orientation of each optical segment. Alternate schemes are in develcpment as
well, utilizing reimaging approaches where all of the wavefront correction is dore
onoa small reimaged system. The central picture shows the proposed 5Space
Station, typical of a large multibody platform system, The Internaticral Spacne
Station (ISS) will be 189 meters in length. The growth version is expected to Le
over 320 meters in length. Structural models of these systems predict fundamerntal
modes belcw 1/4 Hz, Current analysis estimates indicate marginal freedom from
struycture’/control interaction, but whether the future extensions to the Jlarger
platform have these properties remains to be seen. The third picture indicaves i
generic large NASA antenna. These are encountered in many communications,
radiometric, or actively transmitting formats, and at the typical sizes of <0 m
arnd up will be expected to exhibit needs for active surface control and flexirle
tcdy pointing.
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MAJOR CLASSES OF NASA SYSTEMS

These three categories of space missions show distinct structures, dynamiz,
and controls issues. Testing and verification requirements also differ among the
classes, The optical systems are spacecraft which support a large precision short
wavelength sensor. Several proposed NASA missions, such as the Infrared
Interferometer and the Thinned Aperture Telescope, fit this category. Thir:
antéennas are long wavelength systems used for communication and radar. Th:
Gravity Wave Interferometer and the Very Long Baseline Interferometer are goC.J
examples of this class. The platform systems are large, mostly “planar’
structures, including Space Station, Geostationary Platform, and Earth-Observing
System.

The optics require extreme pointing stability and accuracy. Although  toac
svructural frequencies are higher than the other two categories, control/structire
interaction and control of a flexible structure is still a major concern., Tne
large size of these systems may require on-orbit deployment. The main test
requiremnent is the demonstration of precision pointing, stability, and figure
control in the 0-g space environment.

The antennas are characterized by very low structural frequencies. Although
polnting and stability requirements are not very stringent, some systens wmay
require control of the antenna mesh, On-orbit deployment of thnexse lignv.oo, o

wemdrane structures is a primary concern. Validating this deployment i3 « ma; r
test issue,

The platforms are also expected to have low structural fregion~ico-
systems  are characterized by multibody dynamics, which is a prims sy o
verjfication area.

SYSTEM TYPE } EXAMPLES i KEY FEATURES IN STRUCTURES, } MAJOR VIRIFI AT
DYNAMICS AND CONTROL AND TUST NEED®
PRECTSTON SHORT LOR. AXAF, POINTING STABILITY AND ACCURACY | POINTING STABIL[TY &y |
WAVELENGTH SENSORS INFRARED OF FLEXIBLE CONTROLLED STRUCTURE:} FIGURE COnTHY I
f(uwrlﬁAL TELESCOPESY INTERFEROMETER | FIGURE AND ALIGNMENT CONTROL /{RO-G
‘ COSMIC, TAT DEPLOYMENT OF PRECISION
STRUCTURE: LOW TO MEDIUM
STRUCTURAL FREQUENCIES
vArob COMMUNTCATINON| VLB, SURFACE QUALITY MAY REQUIRE SURFACH &t oY s
AN RADAR ANTENMAS GRAVITY WAVE CONTROLLED MESH. AUTOMATIC JERG-G, FR AT
(LUNG WAVELENGTH) INTERFEROMETER., DEPLOYMENT A MAJOR CONCERN. MODAL PRUFLHT 7,
SETI VERY LOW TO LOW STRUCTURAL DEPLGYMENT ot Fhe
FREQUENCIES
i ARSL LONSTRUCTED SPACE STATION, MULTIBODY DYNAMICS WITH FLEXTIBIE ML Tt
C - PURPOSE EARTH-DBSERVING] FLEXIBLE COMPONINTS AND BEHAY TR, Dy AT
FLALE IRMS SYSTEM, GEO- ATTACHED PRECISION STARTL Y, i
P s i Y MANNED) STATIONARY POINTING EXPERIMENTS UNYTRONMI T 8
PLATFORM VERY 10W 10 1L.OW STRUCTURAL EXPERIMEY, . 8
FREQUENCIES CoMstaares
DURTHS Sy
22
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) MAJOR CLASSES QF SDIO SYSTEMS
N L .
& The SDI classes of systems are very similar to the NASA systems. Many of
P the same issues exist in the areas of structures, dynamics, controls, and test
] verification. One of ¢the major differences 1is the extremely large internal
; disturbances which will act on the optical and platform systems.
In addition to precision pointing, figure control, and stability, the
Q' optical systems must provide isolation of the disturbances. Tes%ing requi~ements
E include demonstration of precision slewing, system-level isolation, and structural
Z control in the 0-g space environment.
)
4 The features and test needs of the large antenna system miriror those of NASA
systems. Very 1low structural frequencies will dominate these very large,
Ex lightweight systems. Deployment validation will be a major challenge.
)
3‘ The SDI platforms also have many of the same features as the NASA platforms,
I Multibody behavior may be significant. 1In addition, large disturbances mast be
o isolated.
-
W SYSTEM T“Pe EXAMPLES KEY FEATURES IN STRUCTURES. |[MAJOR VERIFICATION
DYNAMICS AND CONTROLS AND TEST NEEDS
I
=y
B PRECISION SHORT SBL. GBL POINTING STABILITY AND SYSTEM-LEVEL ISGLA-
WAVELENGTH OPTICAL SURVEILLANCE| ACCURACY OF FLEXIBLE CON- TION AND STRUCTURAL
= SYSTEMS IR TROLLED STRUCTURE: FIGYRE CONTROL IN 0-G3; FIG-
b AND ALIGNMENT CONTROL: MAJOR |URE AND WAVEFRQNT
) ISOLATION OF DISTURBANCES: CONTROL IN 0-G: PRE-
, PRECISION ASSEMBLED STRUC- CISION SLEW IN O-6:
> TURE: MODERATELY HIGH MULTI-BQODY BEHAVIOR,
" FREQUENCIES; MULTIBODY
CONFIGURATIONS.
LARGE ANTENNAS SURVEILLANCE| BEAM QUALITY MAY REQUIRE CON-{SURFACE QUALITY AND
RADAR TROLLED SURFACE: ALIGNMENT CONTROL IN 0-G: CN
] AND BEAM POINTING (?) CONTROL|ORBIT MODAL PROPC®
3] AUTOMATIC DEPLOYMENT A MAJOR [TIES: 0-G DEPLODYMLNT
. CONCERN; VERY LOW STRUCTURAL
y FREQUENCIES.
F LARGE 1-DIMENSIONAL NPB ALIGNMENT MAY REQUIRE CONTROL |ON-ORBIT MODAL PRu -
- PLATFORMS KEW POINTING AND SLEW WITH FLEX- |PERTIES: MULTIBODY
23 IBLE STRUCTURE: SIGNIFICANT |BEHAVIOR: POINTING,
2 ULSIURBANCES: ON-ORBIT OE- AND ALIGNMENT STa
5 PLOYMENT, ASSEMBLY OR CON- BILITY.
> STRUCTION: MULTIBODY POSSIBLE
.ﬁ ]
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ANALOGOUS MISSIONS

»
Yk

The features, issues, and concerns of these mission categories exist in both

NASA and SDI systems.

o,

This chart shows the missions and categories previously

2
LA

A

described, grouped according to class and government agency.
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STRUCTURES, DYNAMICS, AND CONTROL VALIDATION/DEMONSTRATION ENVIRONMENTS

N

There are several methods to validate a space structure prior to mission

operation.

These vary in complexity,

expense,

combination of these six may be required for each system.

undergo analytical modeling to test performance and specifications.

and level ¢f confidence.

Some

Every spacecraft will

allows relatively inexpensive investigation of a wide variety of parameters.
major drawback is in modeling phenomenologies which are not fully understood.

Ground testing,

during testing

The main disadvantage is the effect of the earth environment,

of hard

either full or reduced scale,
and

ware. Power

data

thermal and atmospheric test tanks and suspension systems.

factor is large.

very expensive.

retesting.
may be required.
cyecling,

expected,
power,

testing is
constrained,
are of concern.

A NS
g

dampirg, tolerances,

flyer test sends a

computation,

LS S S \.'.\' AL Y Y
P Y e T

SNV VAN
mjn NI

The en

to

navigation,

and nonlinear joint effects.

occurs at the end of the development schedule.
space verification test process often uncovers design and manufacturing problems.
A discovered anomaly may require
In the case of a shuttle-attached experiment,
is quite good--zero gravity,
but the dynamics are not truly free due to shuttle attachment.
very close copy of the
the cost is quite high and the experiment/test must provide its own
The obvious advantage {s the

vironment

Shuttle testing

redesign,

and communication.
truly free dynamics in an identical operational environment.
similar
some human modifications may be possible,

retrofit,

in that the

processing

repair,

intended system

dynamics
and human safety factors

TYPE OF TEST

ADYANTAGES

DISADYANTACES

FULL -SCALE GROUND

® UNCONSTRAINED POMER, DATA PROCESSING
& QUICK MODIP{CATIONS POSSIBLE

® ZERO-GC SUSPINSIONS DIPFICULY
@ IERO ATMOSPHERE LINITED BY TANK

REDUCED-SCALE
GROUWD

b—

® AS 1M FIAL SCALE, BUT EASIER
S om ZER9-C

AND VACUUM TANKS
® MUCH CHEAPER THAR FIRL SCALE

@ SCALE EFFECT PHENOWEWA: JOINTS, OANPING
® MEEDS WEDUCED-SCALE ACTUAT"HS, ©.50AS
1f SCALE PACTOR TOO LARGE

ANALYTICAL/
CompLTatIoNAL
[ShTTie-atTacwsn
EXPENIMENT

® STROWC COST ADVANTAGE
# OPPORTUNITY TO EXPLORE PARAMETERS
ru MANWED PAESENCE 1N SPACE
EXPEAIMENT - LIMITED MODIFICATIONS
® ZERO G, ZERO ATMOSPMERF 8UT
WITH SOME LIMITATIONS
® SOME LIMITED COMSTRUCT1IM
POSSIBLE

® LIMITED TO PHRNOMENOLOGIES PULLY
ORSERVED, UNOEASTOO AND MODELABLE

" "Te SCAt wusT 8L arPROPRIATE 1O

SHUTTLE PERFORMANCE
® ALL COMPORENTS MUST BE MAN-RATED
o EXPONSIVE
® LIMITED POWER, PROCRSSING
® NOT TARY FREE DYWAMICS
® ENVIROMMENT HILDLY CONTAMINATED

FREE-FLIER TEST

BASED TESTING

o TRy vhEx omanics

o COMPOMENTS WEED WOT BE MAN-RATED
® SCALE - SHOULD BE LAUNCHABLE

® REQUIRES OWM POWEN, COMPUTATION,
NAVIGAT (O ANO COMMA(TCATION

@ TEST AMTICLE LESS OF LIMITATION
» MANWED PARSENCE--MAMY MOOLF [CATIONS
® LARGE POVER. CONPUTATION
® POSSIBLY CHEAPER THAN SKUTTLE
OR FREE-FLYER
® LONG-TERM TESTS POSSIALE

I

& MURE COMSTRUCTION POSSIALE

@ SAFETY MAT LIMIT SOME TESTS
® DYNAMICS STILL COMSTRAINED

v
‘-‘."- ‘P\ Jl\

26

This method

The

allows human modifications
capabilities

are
unconstrained by weight and volume in contrast to flight experiment limitations.

which requires

Reduced-scale models

Experience has shown

vacuum,

that

are usually less expensive, but have the difficulties of scaling phenomena such as
This scaling leads to a reduced
confidence when transferring results to the actual system, especially if the scale

Flight experiments yield the highest confidence of mission success, but are

Space tests are feasible only for flight-ready hardware, which

the

and subsequent
scaling and man-rating

thermal
A free-

into space.

As

Space Station based
slightly

are
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FULL-SCALE SYSTEMS TESTING - OPTICS

Full-scale ground testing for prelaunch verification of large optical
systems may be limited by existing c¢ryovac facilities. For a complete
demonstration of pointing accuracy and stability, thermal and atmospheric control
is required. This limits the testable size to 5 - 10 meters. Gravity off-loading
is not a major concern for these relatively stiff structures. For some system
validation, scaled and component testing may prove adequate. Wavefront and
pointing control may be validated through scaled subsystem testing. Isolation
control may be limited to a planar demonstration in the earth environment.

LARGE QPTICS

® 570 10 M WITHIN CURRENT CRYOVAC CAPABILITIES

@ NATURAL FREQUENCY > 10 H2Z
® STIFF STRUCTURE, LITTLE OR NO SUSPENSION NEEDED

@ CLOSED-LOOP PERFORMANCE
@ GRAVITY LOADS ON ACTUATORS ARE SIGNIFICANT - SOME RELIEF MUST BE INSTALLED

CONTROL REQUIREMENTS

® WAVEFRONT CONTROL - SUBSYSTEM SCALED TEST
@ POINTING CONTROL - SUBSYSTEM SCALED TEST
@ ISOLATION CONTROL - 2-D ONLY

® VIBRATION CONTROL - FULL SCALE ONLY

27
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FULL- SCALE SYSTEMS TESTING - ANTENNAS L

Full-scale, full-fidelity ground testing of the very large antenna systems 'f".r"’r
proves to be difficult, if not impossible. The 50 - 200 meter diame%ter systems :{:’:”
exceed existing and proposed facilities and will require suspension systems to 'f”.f:\‘;r
off-load gravity effects. Careful analysis must be conducted to avoid interaction SOC
between the suspension and structural modes. Control verification most 1likely
will have to be conducted on scaled models. N

:."‘f )
ARGE_ANTENNA ;;Q;Qj.

@ 50 70 200 M EXCEEDS EXISTING AND PiKOPOSED FACILITIES

@ NATURAL FREQUENCIES << 1 Hz
@ FLEXIBLE STRUCTURE. SUPPORT IN 1-G NEEDED, SUSPENSION WILL INTERACT WITH MODES
O FLEXIBLE NON-LINEAR JOINTS MUST BE TESTED

S

n’,;

® CONTROL REQUIREMENTS
® SURFACE CONTROL - STATIC POSSIBLE, DYNAMIC OIFFICULT
@ ATTITUDE CONTROL - NOT TESTABLE AT FULL SCALE
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SCALING CONSIDERATIONS

Dynamics problems have three independent dimensional variables--length,
mass, and time. If one chooses to reproduce the prototype at a reduced model
scale but with the actual prototype materials, these three independent scale
factors have already been determined. Obviously, if the same materials are
utilized, the elastic modulus of the model, Ep, must equal the elastic modulus of
the prototype, Ep. Therefore, the scaling factor Fgp must be 1. Likewise, the

specific mass of the model, GM, is equal to that of the prototype, Gp, and scaling
factor Fy must be 1.

Since these variables represent three independent relationships involving
all dimensional variables, no other choices are pessible and scaling is reduced to
one scale factor, FL' This form of scaling--replica scaling--preserves much of

the behaviors that are unscaleable, such as strain, damping ratio, and angular
motion.

® DYNAMICS PROBLEM HAS 3 INDEPENDENT DIMENSIONAL VARIABLES
- LENGTH, MAsS, TIME

® BY SCALING LAWS (BUCKINGHAM T LETC) CAN CHOOSE 3 DIMENSIONALLY INDEPENDENT
RELATIONSHIPS BETWEEN THEM

® IN PRACTICE, ONE IS LIMITED BY REAL MATERIALS AND NEEDS TO REPRODUCE
NONDIMENSIONAL VARIABLES SUCH AS
- STRAIN, DAMPING RATIO. ANGULAR MOTION

® INVARIABLY ONE IS THUS LED TO REPRODUCE THE PROTOTYPE AT REDUCED MODEL SCALE
BUT WITH PROTOTYPE MATERIALS

® LENGTH Ry = FL X Rp (DIMENSION L)
O ELASTIC MODULUS Ey = FgEp (DimensIon ML™1T72) Fe = 1
® SPECIFIC MASS Gy = FyGp (DIMENSTON ML™3) Fy = 1

@ OSINCE THESE REPRESENT 3 INDEPENDENT RELATIONSHIPS INVOLVING ALL DIMENSIONAL
VARIABLES. NO FURTHER CHOICES ARE POSSIBLE
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SCALING CONSIDERATIONS (CONT.)

Once the scale factor 1is chosen, other replica scale factors may be
determined from nondimensiorial equations of motion. These additional scaling laws
are listed in the figure below.

@ THUS SIZE RATIO (F ) IS THE ONLY VARIABLE LEFT, HENCE BY INSPECTION
LENGTHY = F| X LENGTHP ELASTIC MoDy = 1 x ELASTIC MoDp
DISPLACEMENTY = F| x DISPp STRESSESy = 1 X STRESSESp

SPEC MASSy = 1 X SPEC MASSp

MASSy = FL 3 X Massp

CAN FURTHER DERIVE
- - -1
TiMey = F x TIMEp FRE@y = F 7 X FREQp
- - -1
VELOCITYy = 1 X VELOCITYp ACCELY FL X ACCELp

ForcEy = F © x FORCEp TorauEy = F_ 3 x ToRQUEp

AREAy = F 2 X AREA, INERTIAy = F ° X INERTIAp

= F 3
VOLUMEy = F|° X VOLUME
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SCALING CONSIDERATIONS (CONT.)

From the scaling laws on the previous page, it 1is shown that frequencies
shift proportionally with the scale factor. Joint stiffness, damping, and
tolerances require precise modeling, and the actual damping phenomenology may
change at reduced scales. Decreasing fabrication tolerances with scale may result
in unrealizable miniaturization.

Several controls issues arise with model scaling. The system bandwidth
increases with scale, and other relationships such as force imply that the scale
model may require different sensors and actuators from those of the prototype.
This may also introduce new uncertainties in noise, quantization, and device
dynamics.,

Multibody dynamic interaction and scaling present unique problems. Since
rigid-body and elastic phenomena will be present to interact nonlinearly, and
control devices will need to be included, a truly scaled multibody test is
somewhat difficult. The important rontribution of multibody ground testing, when
it can be arranged, is to verify the validity of analytical tools which then can
be used to predict on-orbit behavior.

® STRUCTURAL BEHWAVIOR
® FREQUENCIES SHIFTED PROPORTIONALLY TO LENGTH SCALE
® JOINT CHARACTERISTICS (STIFFNESS, DAMPING, NONLINEARITY) REQUIRE PRECISE
MODELING
@ DAMPING PHENOMENOLOGIES MAY CHANGE
E.G. FORCE SCALING FOR COULOMB, STRAIN RATE/FREQUENCY FOR VISCOELASTIC
® USEFUL DATA POSSIBLE WITH CARE EXERCISED

® CoNTROLS TESTING
® SYSTEM BANDWIDTH INCREASED WITH SCALING
@ SENSOR., ACTUATOR : RANGE AND RESOLUTION TIGHTENED WITH SCALE
® QUANTIZATION, NOISE, CONTROL DEVICE DYNAMICS REQUIRE SCALING AS WELL

@ MuLTIBODY TESTING
® IF STRICTLY SCALED THEN OUT OF THE QUESTION
® CONFLICTING SCALING LAWS ON FORCE, TORQUE., MASS. INERTIA,
VELOCITY, ETC.
® POSSIBILITY EXISTS IF WILLING TO DISTORT CERTAIN VARIABLES
O VERIFICATION THEN ONLY OF ANALYTICAL TOOLS
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ACTUAL SUSPENSION ISSUES

All of the large antenna systems and many of the platform systems will
require some type of support system to off-load 1-g effects. An ideal suspensicn
system would eliminate the gravity-induced stresses in a test article. in
addition, it would support the model in a way that permits rigid body motion by 1)
simulating free-free boundary conditions, 2) allowing unrestrained motion in all
six degrees of freedom, 3) adding no weight to the model or changing the modal
mass, and 4) creating no dynamic structural interaction with the test specimen.

Actual suspensions fall into two broad categories: 1) stiff, rigid cabies
and 2) flexible, soft cords. Stiff cables permit small rigid-body motion in the
plane parailel to the floor only. Vertical motion 1is restrained by the catle
stiffness. Pendulum and string modes may be present and can couple or interact %o
cause additional vibration, Flexible, soft cables permit large motion and
therefore become quickly limited by the size of the test facility [Hanks, 1985;
Hanks and Pinson, 1983; Venneri, Hanks, and Pinson].

o STIFF CABLES PERMIT SMALL RIGID-BODY MOTIONS
IN THE PLANE PARALLEL TO THE FLOOR ONLY.

o CABLE STIFFNESS RESTRAINS VERTICAL MOTION,

] .
A RO, ® PENDULUM MODES MAY BE PRESENT AND CAN

COUPLE WITH SYSTEM MODES.
PENDULUM SUSPENSION IN A GRAVITY

ENVIRONMENT
® STRING MODES MAY CAUSE CABLE VIBRATION.
o FLEXIBLE CABLES QUICKLY BECOME FACILITY LIMITED
BY DEFLECTIONS.
son Je IO’
s i 1]
/ suspension 1" oEnLCTIoN
STATLC e M
sruciion. ¥
Mnes
3 -
sy smucrat “iu W

FIiST STROCTURAL
W SOMANCE,
w

SOFT SUSPENSION IN A GRAVITY
ENVIRONMENT
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FREQUENCY VS. CABLE STRAINS - FULL AND QUARTER SCALES

A first-order, lumped-mass model analysis for 4 suspension system was
conducted. The equation for the ratio of the lowest system structural frequency
t0 the lowest structural frequency of the cable plunge mode was derived. In order
to ensure no interaction between the structure and suspension, this ratio should
be 5 or greater. By setting the ratio equal to 5 and assuming available cable
length, the limiting system frequency as a function of cable strain was calculated
and plotted.

The low frequency of the antenna systems falls below all curves, and this
class will not be able to utilize soft suspensions. Model/suspension interaction
will be & problem if fundamental structural frequencies drop below 1 - 5 Hz.
Clearly some missions can be tested this way, and others not.

Q
)
o _ LEGEND
min cable length(4), full scale
~.max cable length(38), full scale
o ..min cable length, quarter scale__
™~ max cable length, quarter scale
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15-meter hoop/column antenna.

15-METER HOOP/COLUMN ANTENNA

Some recent experience has been gained from studies of the NASA/LaRC-Harris
This structure is intended %to everntually be flown.
representative antenna structure, the hoop/column 1is relatively large,
) extremely flexible and lightweight, and the structural dynamics are dominated by
the joints. Dynamic tests were performed both in air and vacuum to assess the
effects of atmospheric damping.

. / COLUMN
////’/ § *§§s vPPeR :S::;nr CABLES

4

v TRIPOD SUPPORTY

LOWER HOOP
SUPPORT CABLES

DEPLOYMENT AND TESTING OF A REPRESENTATIVE JOINT- DOMINATED. LARGE. FLIXIBLE.
LIGHTWEIGHT SPACE STRUCTURE

STATIC AND DYNAMIC TESTING WAS PERFORMED TG VALIDATE THE STRUCTURAL MODELS.
MEASURE DAMPING. AND EVALUATE THE IMPACT OF TESTING IN AIR
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15-METER HOOP/COLUMN OBSERVATIONS
Some important discrepancies were found between the analytical mudel and the
test results, Differences were attributed to unmodeled phenomena, especially
joint characteristics. A further analysis was conducted incorporating %test data
to modify stiffness. With this test-in-the-loop analysis, correlation hetween

analysis and test was quite good. However, this implies that without structural
testing, good dynamics predictions are difficult to obtain.

® EXPERIMENTERS CONCLUDED THAT JOINT UNMODELLED CHARACTERISTICS  CAUSED
SIGNIFICANT DIFFERENCES BETWEEN ANALYSIS AND TEST

® "REFINED ANALYSIS" USED STATIC TEST DATA TO MODIFY STIFFNESS TO MATCH TEST
RESULTS: GOOD CORRELATION RESULTED

® AIR DAMPING WAS NOT FOUND SIGNIFICANT

CONCERN
¢ STATIC GROUND TESTS BECOMING PART OF DYNAMIC MODELLING

@ IS THIS A FORWARD OR BACKWARD STEP FOR ZERQ-G DYNAMIC PREDICTION?
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SUMMARY AND CONCLUSIONS

Several SDI and NASA missions have similar requirements and specifications,
Both agencies anticipate missions in the three categories described--opticsa,
antennas, and platforms. Since Dboth groups share interests in  technology
development and verification goals, joint programs could reduce costs and shorten
schedules,

Ground testing will continue to be the main process to ensure mission
success. In most cases, flight tests are prohibiilively expensive and pure
simulation is not regarded as proof of success,

Several issues need to be addressed and resolved for each main class of
future space systems. The earth environment, existing test facilities, and tes%
setup interactions all affect ground testing confidence. Further detailed study
is required to fully ensure successful transition from ground test to mission
operation of future large, lightweight, flexible spacecraft.

¢ SDI AND NASA MISSIONS GREATLY RESEMBLE EACH OTHER

0 GROUND TESTING WILL REMAIN PRIMARY METHOD OF ENSURING SUCCESS

- SIMULATION NOT ACCEPTED IN PLACE OF TESTING

=
A,

- FLIGHT TESTING TOO EXPENSIVE FOR MOST SYSTEMS Y

\’*ﬁ

A L]

@ FEARTH ENVIRONMENT AND FACILITIES LIMIT BEHAVIOR PREDICTION NP
- ANTENNA CLASS MOST SENSITIVE TO GRAVITY, ATMOSPHERE, THERMAL CYCLING "'~.-

W

¢ TEST MODELS SIZE LIMITED BY EXISTING FACILITIES ]
- SCALING REQUIRED FOR ANTENNAS AND PLATFORMS ":’

At

AN

]
f S

O SUSPENSION SYSTEMS MAY ADD SIGNIFICANT DYNAMICS TO MODEL

521‘_ b

»
¥

- LOW-FREQUENCY ANTENNAS MOST AFFECTED
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SUMMARY

A group of 140+ 1international scientists and engineers
representing five countries convened at the Embassy Suites Hotel
in Arcadia, cCalifornia, 11-3 September 1987, for a three-day
intensive workshop on Multibody Simulation. Jet Propulsion Lab
hosted the meeting under joint SDIO/NASA sponsorship.

The workshop devcted sessions to applications, formulation
methods, existing codes, model reduction and validation, and
computational methods and architecture. A substantial amount of
time was also set aside for open discussion and these discussion
periods were rich in ideas and information exchange. For many
they constituted the highlight of the workshop.

Prior to the workshop a Steering Committee, chaired by Dr. Peter
Likins, President of Lehigh University, was selected and charged
with focussing workshop technical discussions, establishing
community consensus where possible, and issuing a recommended
course of action for on-going activity in the field. The salient
recommendation was for the institution of a national code
evaluation program to compare current and future NASA and DOD
space mission requirements to existing simulation capability.
The most promising technical paths for improving upon the current
state-of-the-art were also identified and highlighted.

SUMMARY

® WORKSHOP HELD SEPTEMBER 1-3 IN ARCADIA, CALIFORNIA
@ 140+ ATTENDEES FROM FIVE COUNTRIES

@ HOSTED BY JPL

@ SPONSORED BY SDIO AND NASA

® SESSIONS
® APPLICATIONS ® MODEL REDUCTION AND VALIDATION
® FORMULATION METHODS ® COMPUTATIONAL METHODS AND

ARCHITECTURE
@ EXISTING CODES

® PRINCIPAL STEERING COMMITTEE RECOMMENDATION:

@ INSTITUTE A NATIONAL CODE EVALUATION PROGRAM
TO COMPARE CURRENT AND FUTURE NASA/DOD SPACE
MISSION REQUIREMENTS TO EXISTING SIMULATION CAPABILITY
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WORKSHOP OBJECTIVES

The workshop had three primary objectives: (1) provide a window
into current SDIO and NASA multibody simulation research and
development by allowing prominent researchers in the multibody
simulation field to exchange ideas on the correctness,
efficiency, and usability of current multibody codes: (2)
identify important issues and unsolved problems of current
interest which <can be dealt with by possible future
SDIO/NASA/Industry/University combined efforts; (3) recommend
actions that should be undertaken (if any) to verify current
capabilities and to extend the state-of-the-art.

WORKSHOP OBJECTIVES

® EXCHANGE INFORMATION

@ STATUS OF SDIO/NASA APPLICATIONS

® STATUS OF MULTIBODY RESEARCH AND DEVELOPMENT

® ESTABLISH COMMUNITY CONSENSUS ON

IMPORTANT UNSOLVED PROBLEMS

® |[SSUE RECOMMENDED COURSE OF ACTION
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® NASA SPACECRAFT

® SDIO SPACECRAFT

® ROBOTICS, MANIPULATORS

MULTIBODY SIMULATION APPLICATIONS

Galileo is an example of a NASA spacecraft for which multibody
simulation programs have been used. DISCOS was used extensively
to verify the scan platform pointing control design. DISCOS was
chosen because of its ability to simulate the dynamics of
interconnected flexible bodies. This was a necessity for Galileo
due to the flexibility of a number of spacecraft sub-bodies.

The Space Relay Experiment spacecraft represents a design concept
for use in an SDIO laser beam relay proof-of-concept experiment.
With two independently articulated two degree of freedom gimbals,
each supporting a magnetically suspended mirror, there 1is an
obvious need for multibody simulation capability for control
design and verification.

Robotics, manipulators, and mechanisms represents another area of
application for multibody programs. The figure depicts a
teleoperated grappling application that would be extremely
challenging to simulate since it not only involves multiple
flexible bodies but also time varying dynamic constraints that
change as the workpiece is grappled and released.

MULTIBODY SIMULATION APPLICATIONS

AND MECHANISMS
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WORKSHOP TOPICS

One of the sessions at the workshop was devoted to formulation
methods. Topics covered included: methods for handling
nonlinear geometric effects such as spin induced structural
stiffening; continuum methods vs discrete methods; flexible
body dynamics for control design (as opposed to control
verification); deployment dynamics: and equation formulation
for computation. The topic of geometric nonlinearities, in
particular, generated varying points of view and would seem to
represent a fertile area for future research. It was not clear,
however, the degree of practical importance that ought to be
attached to this subject.

Another session was devoted exclusively to multibody simulation
codes that currently exist and are in use, either in the public
domain or on a proprietary basis in industry. Presenters were
asked to concentrate not on the theoretical foundations of the
codes but on user issues such as runtime, portability,
interfaceability, support, types of problems handled, user
interface, and so forth. Presentations were given on the
following programs: DISCOS, CONTOPS, ADAMS, DADS, SADACS,
DYNACON, MEDYNA, SD/EXACT and SD/FAST, LATDYN, AUTOLEV, and

WORKSHOP TOPICS

FORMULATION METHODS
@ METHODS FOR HANDLING SPIN STIFFENING EFFECTS

® CONTINUUM METHODS
® FLEXIBLE BODY DYNAMICS FOR CONTROLS DESIGN

® DEPLOYMENT DYNAMICS

® EQUATION FORMULATION FOR COMPUTATION

EXISTING CODES
®DISCOS, CONTOPS, ADAMS, LATDYN, MEDYNA....
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WORKSHOP TOPICS Cont.

Model reduction and code validation were the subjects of another
session. Much of the model reduction discussion centered around
the distinction between system model reduction and component
model reduction. The former addresses the situation where a
system level structural model is available and only small
displacements, both elastic and articulation, are anticipated.
There are several approaches that exist for addressing this class
of essentially linear problem, although further work is certainly
warranted. By far the lesser explored problem is that of
component model reduction which comes into play when a structural
system consists of several flexible components, each of which can
be articulated through large angles relative to the others. The
question arises: how to reduce the model order of each component

body for input into a multibody code such that the overall system NG}
will retain its proper modal characteristics in every possible TR
system configuration. Experimental facilities capable of doing S
validation experiments of mutibody codes were also discussed. Teana

e

Two facilities, one at Marshall Space Flight Center and the other

at the University of Toronto, were identified as having the sty
capability of carrying out such work. _’,'.:Er_:‘_‘,."_‘-
AN

The workshop's final session was devoted to computational methods ::ﬁ-f\‘;ﬁ-
N,

and architecture. Topics covered included: symbolic
manipulation, parallel preccessing, high speed algorithms, user
interface, data handling, and numerical considerations.

WORKSHOP TOPICS Cont.

&

o’

'y

MODEL REDUCTION AND VALIDATION
@®SYSTEM AND COMPONENT MODEL ORDER REDUCTION

fa e
OVERIFICATION/VALIDATION- APPROACHES AND FACILITIES ’_:-";:‘it
COMPUTATIONAL METHODS AND ARCHITECTURE

O®SYMBOLIC MANIPULATION ® PARALLEL PROCESSING .:;"é
:;A '’

@ ORDER N ALGORITHMS ® COMPUTATIONAL ASPECTS i::-f':-":-‘
:?. ~
@ USER INTERFACE ® DATA HANDLING ' e
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PRELIMINARY STEERING COMMITTEE RECOMMENDATIONS

The recommendations are preliminary in that the workshop final
report is still under review by the members of the steering
committee. Nevertheless, the overriding concern identified at
the workshop was that the realm of applicability of existing
codes has never been properly established. To remedy this
situation the steering committee will recommend that a national
technology assessment program for multibody simulation codes be
undertaken. Such an endeavor should start with a careful
definition of the mission and simulation requirements that flow
from the target SDIO/NASA mission set. A set of test problenms,
both mathematical and experimental, that spans the requirements
space should then be developed and these tests should be executed
and evaluated. The mathematical models developed for exercising
thae simulation codes should include both simple and complex
cases. Experimental work should include both ground and flight
tests. At the end of the effort a final report documenting
multibody simulation technology readiness should be prepared and
disseminated. Jet Propulsion Lab was chosen to lead the planning
and coordination of this national effort.

PRELIMINARY
STEERING COMMITTEE RECOMMENDATION

CONCERN

® THE REALM OF APPLICABILITY HAS NOT BEEN ESTABLISHED FOR
CURRENT TOOLS
OPPORTUNITIES
@ INSTITUTE A NATIONAL TECHNOLOGY ASSESSMENT PROGRAM FOR
MULTIBODY SIMULATION CODES

® REQUIREMENT DEFINITIONS- MISSION AND SIMULATION
® TEST DESIGN

@ SIMPLE AND COMPLEX MATHEMATICAL MODELS

©® GROUND EXPERIMENTS

@ FLIGHT EXPERIMENTS
@ TEST EXECUTIONS AND EVALUATION

® JPL WILL LEAD THE PLANNING AND COORDINATION OF THIS EFFORT
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o TECHNOLOGY DEVEILOPMENT OPPORTUNITIES :
). A
U {
iy A workshop consensus also developed around another pervasive 3:‘,’:
Y, concern, namely that current tools represent a limiting factor in .‘_‘-«"'
i\ today's control design and verification process and are likely to P
{ Y p s
be wholly inadequate for future needs. However, several very byt
promising research areas are maturing rapidly, each one of which o
" has the potential to offer order of magnitude improvement in s
3 simylation runtime. These areas are component model order o
o raduction and synthesis, recursive algorithms, concurrent o
g processing, and symbolic manipulation. In concert these oy
Y techniques might well enable real time simulation of complex, :‘;}
. flexible, multibody systems. The advent of this capability would 3
- greatly enhance engineering productivity. It would also enable R
N man-in-the-loop simulations and thereby potentially revolutionize 2o
- the davalopment of telerobotic and related systems., oy
» v
o N
B N
= TECHNOLOGY DEVELOPMENT OPPORT :
: UNITIES ?
1 S
i 2N
e CONCERN
A 'l ' 4
) i
R ©® CURRENT TOOLS ARE A LIMITING FACTOR IN TODAY'S CONTROL ®
;‘; DESIGN ANALYSIS, AND ARE INADEQUATE FOR FUTURE NEEDS oo
% .‘1‘:.:
o OPPORTUNITIES =
.O ‘-‘;"-
j ® SEVERAL TECHNOLOGY DEVELOPMENT AREAS OFFER ORDER OF MAGNITUDE ;ﬁ
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MAST FUGHT EXPERIMENT FUGHT SYSTEM CONCEPT

C‘-.. i
The Mast Flight System provides a research tool for space experiments which is needed to t:: :
build and utilize the next generation of space structures. In so doing, it will bridge the gap }:'_C
between current design practice and planned large space system applications. @
v
The Deployable Mast Subsystem (DMS) is the primary subsystem in the Mast Flight \'_; )
System. The other subsystems interface the DMS 1o effect the experiment. The DMS consists of '2-!‘ ‘
a 60 meter joint dominated graphite epoxy and titanium deployable truss beam assembly. '-f_: ;

B

Integral to the beam assembly are actuators, sensors and associated electronics which provide
excitation damping and performance measurements for the system. The beam structural

characteristics can be varied via the Parameter Modification Device which is installed at the tip Sy
of the beam. All data including sensor outputs and actuator commands are transmitted along the -';e';
beam on a standard 1553 bus. Experiments are controlied by the Modular Distributed i
Information Subsystem (MD!S) which functions as the bus controller. The MDIS includes two :{-::

Sy

1750A computers o provide redundant safing. Excitation and control algorithms reside in the

Excitation and Damping Subsystem (EDS) computer which is available to the experimenter. e

The Mast interfaces the orbiter through the STEP pallet and the Mast Support system. The rf:-':.

physical relationship of the Subsystems is shown below. "\,-,
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MAST FLIGHT SYSTEM BLOCK DIAGRAM
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The block diagram shown below illustrates the primary elements of the system and
provisions for commands and data gathering. The mission specialist interfaces the system from =
the orbiter aft flight deck through the DDCU. All experiment commands including beam
deployment, retraction, excitation and control are executed through this interface. In addition to
a baseline damping algorithm, which is to be used for checkout and for damping between

e
5%

experiment modes, basic commands such as sine excitation, random excitation, PMD position and W A
experiment setup will be available for the experimenter's use. 0 s
-

All experimental data is passed through the HRM to the high rate link through TDRSS to Dy
the ground where it is stored for post flight analysis. A limited amount of selectable data can be WO

reviewed on the ground in near real time. 3
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