95 685 DMICS OF ARTICULATED AEROSPACE STRUCTURES(U) IOMA
I0MA CITY CENTER FOR COMPUTER AIDED DESIGN
mue 22 APR 88 AFOSR-TR-88-8670 RFOSR-OG-..Oz
UNCLRSSIFIED G 20/11




B
EFEEEE

3
o
o

EI‘FE

|||I

||||| Y

s
§

.

‘.,h- NS
A ."-'
* \\K"‘.‘-

c‘- W ‘n'.'a!. W} n’.w (ORI c"'o‘. L ‘- W, 0'- l' WA Gl 0N

.‘|, (LN '!.I.Q



v I S LS L T LT LS TSP R L LI LY doe et YRTANREL RILR I\ U O VY YT W EN X A dav &y 0,

* fied - “‘l ﬂLE GO%) &’ .:

REPORT DOCUMENTATION PAGE ‘

1b. RESTRICTIVE MARKINGS '
AD-A195 685 ;
{
3. DISTRIBUTION / AVAILABILITY OF REPORT :o
2b. DECLASSIFICATION / DOWNGRADING SCHEDULE Unrestricted .
4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
4 »
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL | 7a. NAME Of MONITORING ORGﬁlngomu 6 70
Center for Computer Aided Desig (if applicable) ’f\‘
The University of Iowa AFOSR DA
6¢c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code) o R LEL'
Iowa City, Building 410 FoaT la'e)
TA 52242 Bolling AFB, D.C. 20332 %, ,3\.)\.0‘\'\g
8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT lDENT!FIC%‘
ORGANIZATION (f applicable) %
SN AFOSR/NA AFOSR - 86 -
8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
AFOSR PROGRAM PROJECT TASK WORK UNIT ,
Building 410 ELEMENT NO. NO. / ACCESSION NO. X]
A N
Bolling AFB, L.C. 20332 L(g//c@t ,93(19. 5 .
11. TITLE (Include Security Classification) %,
)
Dynamics of Articulated Aerospace Structures A
12. PERSONAL AUTHOR(S) ":
Haug, Edward J. A
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) |'S. PAGE COUNT L
Final FROM1/12/85 T1030/11/87 1988, April 22 8 %.-
16. SUPPLEMENTARY NOTATION 8
)
"
17. COSAT! CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number) ‘:
FIELD GROUP SUB-GROUP . \
.articulated structures . " . _ -~ W
’ ‘ :
19. ABSTRACT (Continue on reverse if necessary and identify by block number) !
> A unified variational approach to dynamics of flexible multibody systems has been n
developed and demonstrated on several test problems, including a deployable space 0y
structure, flexible manipulators with feedback control, spinning blades, impacting elastic ,
bodies, and a variety of mechanisms. A new recursive formulation was developed for 3
dynamics of flexible multibody systems. This new formulation demonstrated in excess of an .:x
order of magnitude*speed up in computation, compared to the Cartesian coordinate approach, '
. with comparable accuracy and improved stability. A substructuring formulation that v
4

accounts for geometrically nonlinear deformation effects in spinning blades and large
space structures was developed and demonstrated, using both the Cartesian coordinate and \
recursive relative coordinate formulations. The substructure technique was further N

extended to account for contact-impact effects between structural components. A new h
formulation of translational joints between flexible bodies was developed, to account for A}
deformation due to sliding contacts. -:, , ;/¢ .\‘
< o
20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

(33 UNCLASSIFIED/UNLIMITED SAME AS RPT. DTIC USERS | Unclassified !
22a. NAME OF RESPONSIBLE (NDIVIDUAL / 22b. TELFPHONE (Include Area Code) | 22c. OFFICE SYAMBOL K
Ao 20 Aeronar! 1 mn ope 3y 1A | A
DD FORM 1473, 8a MAR 83 APR edition may be used until exhausted. SECLKITY CLASSIFICATION OF ~HIS PAGE y
All other editions are obsolete. . "o

Unclassified
X

R N T K T e T T TN L LTI PN P ST T A T KT o



Fropte s oPh et Rk oy B S S At R e b TeE B el a8 el v ok ah el a6 oW 2 Cab ol Fa® saf 820 2] V8 g% v G el ab rgR s

i DYNAMICS OF ARTICULATED AEROSPACE STRUCTURES g

Edward J. Haug
Center for Computer Aided Design
College of Engineering
n The University of Iowa
. Iowa City, Iowa 52242

& April 1988 . Accession For . i

) NTIS GRA&I
DTIC TAB
Unannounced O

\
‘: Justification __
. Final Report

0 1 December 1985 - 30 November 1987
®

BY I
Distribution/ 4

R Avallability Codes
o Ava{l and/or ]
N Unrestricted Distribution Dist Special ‘

: Al x

X Prepared for

\ Air Force Office of Scientific Research
h Bolling Air Force Base
y Washington, D.C. 20332
4 Project No. AFOSR~86-0032

")

8 ; - , M DA R AT N W XY ' v
-3 VR H 0 0 VT B RC U N R M A4 - LR 2 M NN o P ) “‘ LI P P S !.I L4, ..|u HE,




AN LR NN N SR ER AR AR AT R RN NIy ERNAUTLNENY ' 2% a’s a*® s'¢ o 2’y DR ERTEN 1D St Yp e qac Pat gt fat fat G C 0t 2t B¢

SUMMARY
A unified variational approach to dynamics of flexible multibody systems
has been developed and demonstrated on several test problems, including a
deployable space structure, flexible manipulators with feedback control,
spinning blades, impacting elastic bodies, and a variety of mechanisms.

Reliable results were demonstrated, using a conventional Cartesian coordinate

-

¥ :
R) approach. A new recursive formulation was developed for dynamics of flexible X
K]

D :
1

¥ multibody systems. This new formulation demonstrated in excess of an order of

¢ magnitude speed up in computation, compared to the Cartesian coordinate

N

2t

\ﬁ approach, with comparable accuracy and improved stability. A substructuring
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y formulation that accounts for geometrically nonlinear deformation effects in

I“ spinning blades and large space structures has been developed and

I

)

§$ demonstrated, using both the Cartesian coordinate and recursive relative

b) ¢
)

& coordinate formulations. The substructure technique was further extended to )
5 account for contact-impact effects between structural components. It

K}

% demonstrated the capability to approximate wave propagation effects accurately ;
K .

4 {
& and with reasonable computational cost. A new formulation of translational :
N joints between flexible bodies was developed, to account for deformation due

D

:é to sliding contacts. The substructuring method developed was shown to be

i u
Ny essential in accounting for local deformations due to reaction forces on ¢
I\ sliding contact points and surfaces.
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RESEARCH OBJECTIVES
Three principal research objectives were pursued, as follows:
A. A variational formulation of the equations of motion was sought, to
provide a unified formulation of equations for multiflexible body systems, to
create a general purpose simulation capability, and to support advancements in
relative coordinate formulations and numerical integration.
B. An extended articulated structure kinematics formulation was to be
developed, using finite element based static correction and vibration modes,
an extended library of articulated joints that include translating booms, and
a mixed Cartesian-relative coordinate formulation to enhance computational !
efficiency.
C. Numerical methods were to be developed to integrate differential-
algebraic equations of motion. Numerical examples were to be studied to
evaluate and guide further development of integration methods and system

equation formulation. '

RESULTS OF RESEARCH
Progress on each of the three major project objectives is summarized as
follows: N
A. Variational Formulation of Equations of Motion b
An integrated variational formulation for the equations of motion of a
single body has been derived, using onliy fundamental principles of virtual
work and linear elasticity. This formulation is being used throughout this
research and related efforts on {lexible body dvnamics. A paper presenting
this work has been completed and accepted for publication [1]. This
variational formulation has been used, under separate funding support by NASA-

Langley Research Center, to carry out an analysis of deployment of the COFS

articulated structure [6]. While successful results for this complicated
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deformable, closed loop articulated structure were obtained with the Cartesian
coordinate approach, computational complexity clearly indicates the potential
that exists for extending the formulation to relative coordinates, which is
discussed in Objective B.

As noted, Cartesian coordinate formulations, while very general, lead to
substantial computation overhead. A recently developed rigid body relative
coordinate, recursive formulation has been extended to flexible multibody
systems [2]. It has demonstrated in excess of an order of magnitude gain in
computational efficiency for dynamic analysis of complex articulated
structures. This method is expected to be most significant in deployable
space structures and in treating substructured models that account for
geometric nonlinearity of large space structures. Implementation of the
algorithm for a mixed open/closed loop flexible manipulator yielded an
efficiency gain of a factor of 25 over a state-of-the-art Cartesian
formulation.

Coupling of control elements with dynamics of articulated structures was
demonstrated {5]. The recursive, relative coordinate approach demonstrated
not only an order of magnitude speed-up, but greater numerical stability than
the Cartesian formulation. Numerical experiments were carried out to study
the interaction and coupling between control effects and geometrically
nonlinear articulated structural dynamics of a manipulator. Extension of
control implementation with the recursive relative coordinate formulation
yielded excellent results and is ideally suited for high speed computing in a

parallel processor environment [7].
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B. Extended Articulated Structure Kinematic Formulation
A method for selecting no more than a statically determinant subset of

boundary conditions for each flexible body in an articulated structure was

developed, exploiting research results from a related prior project [7]. Well

conditioning of equilibrium equations was used as the criterion for selecting
from among redundant boundary conditions. The resulting computational
algorithm uses geometric data that define kinematic connections on each body
to form the coefficient matrix of its equilibrium equations. LU factorization
and singular value decomposition are then used to select the best conditioned
subset of equilibrium equations, hence defining retained boundary

conditions. The method was successfully demonstrated on a variety of examples
in Ref. 7.

Deformation mode selection, using the subset of boundary conditions
described above, was investigated in Ref. 1, to include use of static
correction modes and normal vibration modes. Numerical studies have clearly
shown the need for static ceirection modes, to compliment normal modes of
vibration. Very recent numerical experimentation with Ritz modes indicates
even greater potential for characterizing deformation modes that are excited
due to motion of articulated structures.

A substructuring technique for representing geometrically nonlinear
dynamic effects has been developed and demonstrated in Refs. 3 and 7.

Accurate predictions are achieved, providing enough substructures and
associated moving reference frames are selected. While the method
demonstrates feasibility of accounting for geometric nonlinearity due to large
component elastic deformation, computational cost associated with use of this
technique in a Cartesian coordinate formulation is high. The technique is

ideally suited for use with the relative coordinate formulations developed
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under this project [2]. Results with this recursive formulation in Refs. 2

and 7 have demonstrated an order of magnitude speed up, over the Cartesian
approach used in Refs. 1 and 3.

Impact and variable kinematic structure were investigated, through
analysis of several examples in Refs. % and 7. Techniques for selection of
deformation modes that are capable of capturing wave propagation effects
associated with impact and variable structure were developed and demonstrated,
with good results.

Formulations of kinematic translational constraints between flexible
bodies were developed to include flexible surfaces in joints that move
relative to one another in Ref. 8. Three types of translational articulated
joints were presented. A new approach was employed to account for
translational kinematic couplings between flexible bodies, due to deformation
of contacting surfaces. Static correction modes and the substructure
synthesis method of Ref. 4, which divides components into substructures and
defines local deformation modes on each substructure, was shown to be
essential in order to account for deformations induced by reactions in the
moving contact points of the translational joints.

C. Numerical Methods and Experimentation

Hybrid numerical integration, dual rate integration, and a variety of
methods for selecting deformation modes of articulated structures were
investigated. Numerical experience with the examples reported in Refs. 1-8
indicates that, due to inertial coupling in articulated structures and the
essential nature of nonlinearities associated with kinematic constraints, the
most reliable method of system integration remains use of variable timestep,
variable order numerical integration algorithms that provide positive error

control for solution reliability.
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