g AD-A251 6 " £
i mmum: umu (£

[ 1a. REPORT sE 1b. RESTRICTIVE MARKINGS
Unclas
2a. SECURITY CLASSIMLAIIUN AU " LEUT L 3. DISTRIBUTION / AVAILABILITY OF REPORT
Approved for public release;
2b. DECLASSIFICATION / DOWNG S distribution unlimited
4. PERFORMING ORGANIZATION NUMBE 5. MONITORING ORGANIZATION REPORT NUMBER(S)
AFOSRTR- v 2 o040
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL | 7a. NAME OF MONITORING ORGANIZATION
. . if applicabl
Tuskegee University (If applicable) AFOSR
6¢. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
Tuskegee University Building 410
Tuskegee, AL 36088 Bolling AFB, DC 20332-6448
8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
AFOSR NA F49620~-89-C-0061
8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
Building 410 PROGRAM PROJECT TASK WORK UNIT
Bolling AFB, DC 20332-6448 ELEMENT NO. | NO. NO. ACCESSION NO.
61102F 2302 AS

11. TITLE (Include Security Classification)
(U) "Coamponent Model Reduction In Flexible Multibody Systems"

12. PERSONAL AUTHOR(S)
Drs, Fidelis O Eke and Estelle M Eke

13a. TYPE OF REPORT 13b. TIME coveaso 14. DATE OF REPORT (Year, Month, Day) [1S. PAGE COUNT
FINAL FrRom1 May 89 1030Apr9 18 October 91 13

16. SUPPLEMENTARY NOTATION

HBCU Program
17 COSATI CQODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP
Camponent Model Reduction, Multibody Simulation

19. ABSTRACT (Continue on reverse if necessary and identify by block number)
' The use of multibody simulation programs for the study of large displacement motions of
systems of flexible bodies adds another dimension to the model reduction problem. In general,
straightforward criteria are available for performing model reduction at the system level;
however, simulation codes normally require modal data input for each component body of a

system rather than for the system as a whole. It is thus always necessary to determine the modes

10 be retained for each component based on knowledge of the system modes of interest.
The method oresented in this report for component model reduction utilizes submatrices

of the system modal matrix as transformation matrices used to accomplish the first phase of a
two phase matrix diagonalization process. This method is systematic and, as demonstratedabove
using simple mass-spring systems, the method gives very accurate results. The method has also
seen tested on a model of the Galileo spacecraft, and gave excellent results.

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
BuncLassireounLIMTED XD same as RPT. XA DTIC USERS Unclassified
22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) | 22c. OFFICE SYMBOL
Dr Spencer Wu (202) 767-6962 NA
DD FORM 1473, 8a MAR 83 APR edition may be used untif exhausted.

SECURITY CLASSIFICATION OF THIS PAGE
(U)

All other editions are obsolete.

,__—#




FINAL TECHNICAL REPORT

AIR FORCE RESEARCH CONTRACT PIIN # F49620-89-C-0061

Project Title: Component Model Reduction in Flexible
Multibody Systems

Submitted by:  School of Engineering and Architecture
Tuskegee University
Tuskegee, Alabama 36088

Principal Investigator:  Fidelis O. Eke, Dept. of Mechanical Engr.

Co-Investigator: Estelle M. Eke, Dept. of Aerospace Engr.

92-12618
IO AN

o2 o *x vV




INTRODUCTION

Many engineering systems comprise several bodies connected together, with active
control between bodies. Specific examples of such systems include robots and manipulators,
space vehicles, missiles, and precision pointing systems. Because of the increasing tendency
towards lightweight components, many such systems are partially or totally composed of flexible
bodies. The dynamics of such systems can be studied by experimentation or analysis, or,
preferably, both. When an analytical approach is used, modeling is usually one of the first issues
to be addressed. In the study of a complex structure or a system of interconnected flexible
bodies, most modeling strategies rely on a finite dimensional representation of each flexible
component; and the smaller the dimension, the more tractable the analysis. The term model
reduction, as used in structures and structural dynamics, refers to the process of replacing a
complex structure possessing a large numbc of degrees of freedom by a relatively simple model
with only a few degrees of freedom. The main constraint imposed on this process is that the
resulting model should be simple enough to render the analysis at hand tractable, yet "rich”
enough to retain the salient features of the original structure. Obviously, model reduction as
defined above, is a crucial step in the modeling process. It has in fact received considerable
attention in the literature!-10 because of its importance in several areas of engineering,
particularly in the consideration of control methodologies for aerospace systems. Many existing
model reduction techniques solve the “single body problem”; that is, they start with one
(generally large and complex) flexible body and end up with another very much simpler system,
that retains certain properties of the original body that are relevant to the work at hand.

A different type of model reduction problem is encountered whenever one is compelled
to work with components of a complex system. Such a situation may arise in the analysis of a
large structure such as a space platform; here, different analysts are generally assigned different
components of the structure. Hence, a reduced order model of each component must be
generated. A similar situation arises when it is desired to simulate the motions of a system of

interconnected, actively controlled flexible bodies, using a simulation package such as —
DISCOS!! or TREETOPS!2. These programs require that each body in a given system be $
characterized separately. For a rigid body, geometry and mass properties (e.g. mass, moments of 8

inertia, mass center location, ... etc.) are sufficient. On the other hand, a flexible body

necessitates that body mode shapes, frequencies, and damping characteristics be supplied to the
program. And this must be done for each flexible body separately. Practical considerations T—
drastically restrict the number of modes per body that can be retained in any given simulation.
First, keeping many modes creates the problem of inputing and manipulating huge volumes of
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data. Secondly, retaining high frequency modes makes the simulation expensive since
integration time steps will then have to be kept very small in order to capture the contributions of
these modes. Therefore, only a very limited number of modes can be accommodated in a real
simulation — typically about eight modes per body. The question of modal truncation procedure
at the level of system components thus becomes pertinent. This issue is not clearly addressed in
the development of existing multibody programs. It is simply assumed that the user will
somehow decide which modes (not exceeding about eight) of any given body will be used in the
simulation. The most common practice is to “throw away” the modes corresponding to the
highest frequencies.

PROBLEM STATEMENT

The problem to be solved in the course of the performance of this research project is
really an offshoot of a bigger problem. The big problem is that of simulating the dynamics of a
multibody system comprising two or more bodies connected at hinges. Some or all of the
components of the system may be flexible and each hinge may permit one or more degrees of
freedom between bodies. This simulation problem can be solved with the aid of one of the
existing multibody simulation codes such as DISCOS!! or TREETOPS/CONTOPS!2. In order
to use these codes, the system is usually modeled in a NASTRAN-like environment, so that
mass, stiffness, and modal matrices (among other quantities) are available for the free-free
vibration modes of each flexible body in the system. Component models constructed in this
manner are generally too large, and must be reduced to a manageable size before they can be
used in multibody simulation programs. This model reduction process cannot be arbitrary. In
other words, one cannot, for example, simply decide to retain the first few low frequency modes
for each body. The main task to be performed in this project is to develop a systematic and
scientifically sound procedure for performing model reduction of components of such multibody
systems.

MODEL REDUCTION STRATEGY

Consider a system A of n flexible bodies A,, A,, ..., A, connected by hinges, and with

active control between bodies. If the system is frozen in a certain configuration, then it can be
viewed as one large structure and its NASTRAN type model can be generated for this
configuration. One of several existing model reduction techniques for solving single body
problems can be applied to this system in order to reduce its dimension to a tractable level,




based on such criteria as control system specifications, bandwidth, etc. Thus, it is possible to
determine those modes of the system as a whole that are relevant to the study at hand. Once
these important system modes have been determined, the component model reduction problem
postulated earlier reduces to that of finding the component modes that contribute substantially to
important system modes. These are the component modes (hopefully very few) that need to be
used for the purposes of simulating the dynamics of this multibody system. Hence, the type of
model reduction needed to prepare modal data for multibody simulation programs can be viewed
as a two-phase process. First, a system-level model reduction is performed using one of the
existing single body methods. Next, a knowledge of the retained modes of the system is utilized
to define useful component modes. There has been very little attention in the literature to the
second part of the process as described above. This is perhaps due to the fact that the few
multibody programs capable of accommodating flexible bodies are not yet enjoying widespread
use. And when they have been used, it has mostly been to solve relatively simple problems
where the component modes to be retained are almost obvious from intuition.

COMPONENT MODEL REDUCTION

The component model reduction procedure developed in the course of this project is
described below using a two-body example. Consider a structure S which is made up of two
interconnected substructures A and B as shown in Fig. 1. Suppose that a few specific modes of S
have been determined to be important for a given system configuration, and it is desired to find
modes of A and B that "feed" these system modes of interest.

Fig.1 System of Connected Bodies

The response x, of A to a forcing function F is given by the matrix differential equation

M, +K,x, =F, (D




where M, and K are the mass and stiffness matrices of A. The modal matrix ¢, of A can be

viewed as a coordinate transformation matrix, so that

XA = ¢AyA (2)

and if ¢ is normalized with respect to My, as is usual in NASTRAN, Eq. (1) can be transformed

into

T
IYa+AAYaA=0,F, 3)

where 1, is an identity matrix, and A, is a diagonal matrix with squares of body A modal

circular frequencies as elements. If body A has n, unrestrained degrees of freedom, then M,

Ka, [o, Aa, and 9, are all square matrices of dimension n,, while x,, ya, F, are column vectors

of dimension n,. Similar equations can be written for body B assuming ng unrestricted degrees

of freedom:
Mgkp + Kpxp =Fj 4)
XB = ¢ByB 5
leading to
Ly +A.y, = O.F 6
8Ys * ApY¥p = %Fp (6)

For the complete system, S, one can also write




M + Kx =F @)
X = ¢y (®)
Iy +Ay=0'F 9)

The number of degrees of freedom n of the combined system is such that

n<n, +ng (10)

If a vector x' is defined as

J}:Px (11)

where P is simply a permutation matrix which can be found by inspection, then, Egs. (8) and (11)
can be combined to give

x' =Px =Poy = Qy (12)

The x' vector has dimension n=n,+ng exactly; on the other hand, the x vector has dimension

n<np+ng as stated earlier. If, for example, x, and xp represent displacements at the discrete

points of A and B respectively shown in Fig. 1, and x is the displacement vector at the same
points for the system viewed as one, it is easy to see that x would have fewer elements than the

sum of the elements of x, and xg. The reason is that the displacement of a point such as P,

common to both A and B, would appear in both x, and xg — that is twice in the x’ vector, but
only once in the x vector. Also, the matrix ¢ is obtained from the system modal matrix ¢ by

repeating some of the rows, and rearranging some others. The next step is to partition ¢ as

shown in Eq. (13) below, and also delete those of its columns that correspond to the system
modes to be dropped.

]
b=l vy} (13)




The resulting submatrices of ¢ are ¢, and ¢g. The ¢, matrix will now have dimension ny by n',

just as @g will become a ng by n' matrix, where n' (<n) is the number of modes retained at the

system level. Defining

Xy =0, U, (14)
X = Qglp (15)
and substituting Eq. (14) into Eq. (1), one obtains
Mo, +K,@,u, =F, (16)
Premultiplication by ¢ AT yields
PAMAP,0, + ORK,0,u, =04F, (17)
or
M,i, +K,u, =@;F, (18)

Note that M, K, are square matrices of dimension n' by n' and they will not normally be

diagonal. The eigenvalue problem corresponding to Eq. (18) is then solved to produce a modal

matrix with the associated eigenvalues. In other words, if {, is the modal matrix, one can use

the transformation
u, =8,v, (19)

to change Eq. (18) to




T . T T
P RATEIN RAPEIRAN 20)
or

) T 1
Lv,+A,v,=(,0,F, 21

It turns out that A, approximates a submatrix of A,, and

VA =058, (22)

is a submatrix of ¢. The elements of A, turn out to be precisely the eigenvalues of the n’ modes

of body A that contribute most to those modes of the system that are retained. Similar steps can
be followed to produce an equation for body B that corresponds to Eq. (21):

.. T
Igvg +Agvp = C,B(ngB (23)

where Ap again approximates a submatrix of Ag, and

Vg = (PBCB (24)

is also a submatrix of ¢g. Here again, Ay contains the eigenvalues of the n' modes of body B

that contribute strongly to the system modes of interest. Results can be checked by using any
good modal synthesis scheme to reassemble the reduced bodies A and B. The result should be
eigenvalues and eigenvectors that match those retained for the system initially.

EXAMPLES

To illustrate the effectiveness of the above model reduction method, consider two
“bodies” A and B shown below in Figure 2. Each is simply a set of rigid disks connected by
torsional springs. The given masses are in kilogram and the spring stiffnesses are in N-m/rad.




Fig. 2 Mass-Spring Examples




For A, the mass and stiffress matrices are respectively

lr 0.001 0 0 0
0 1.0 0 0

M, =
"[ 0 0 1.0 0
0 0 0 000

20 20 0 0
Ko=| 20 40 20 0
0 -20 30 -10
0 0 -10 10

The eigenvalue and modal matrices are

2002 0 0 0
Au=| O 4 0 0
0 0 0 0
0 0 0 100l

and

1.0000 0.5002 0.5000 0.0000
Oa= -0.0010 0.4992 0.5000 0.0000
0.0000 -0.4992 0.5000 -0.0010
0.0000 -0.5013 0.5000 1.0000

The corresponding matrices for B are:

Ma=[ % o5 |

Sk

S
0 3600

%:[ 0.7071 -0.7071
0.7071 0.7071

If point P of A is now rigidly attached to point Q of B to form a combined system, the

relevant matrices for the combined body are:

(25)

(26)

(7

(28)

(29)

(30)

(3h

(32)




r 0.001 0 0 0 0 7
0 1.0 0 0 0
M= 0 0 1.0 0 0 (33)
0 0 0 0.5 0
L 0 0 0 0 0.5 |
20 20 0 0 0
20 40 20 0 0
K= 0 220 3.0 -1.0 0 (34)
0 0 -1.0 901.0 -900.0
L 0 0 0 -900.0 900.0
[ 2002 0 0 0 0
0 4.7 0 0 0
A= 0 0 1.3 0 0 (35)
0 0 0 0.000 0
L 0 0 0 0 35974

[ 1.0 0.4925 -0.4131 -04472 O
-0.001 0.4913 -0.4129 -04472 O
o= 0 -0.6718 -0.1512 -0.4472 0.0002 (36)
0 0.1796 0.5637 -0.4472 -0.7066

L 0 0.1801 0.5641 -0.4472 0.7076 .

Suppose it is now decided to retain only two system modes — those with eigenvalues of 2002 and

4.7. The ¢ matrix is augmented as described earlier, then its last three columns are deleted, and

the resulting matrix is partitioned in such a way as to generate the following two matrices:

1.0 04925
_| -0001 0.4913
PA=l o 06718 37)
0 0.179
_[ 00 0179 38
B [ 0.0 0.1801 (38)

These two matrices are then used as in Eqs.(17-24) to produce the following reduced eigenvalue
matrices for A and B:

(22 9 ]
and
10




= 0 0] (40)

Itis seen that A A and kB’ as given in Egs. (39) and (40), clearly approximate the original

eigenvalue matrices of A and B respectively.

LARGE RELATIVE MOTION

The analyses presented above cease to be valid once any component of a system under
consideration is allowed to take on large displacements relative to any other part of the system.
Such is the case with the system shown in Fig. 2. This system consists of two flexible bodies A
and B connected through a one degree of freedom hinge. If a multibody simulation code is to be
used to study the dynamics of such a system, then, modal description of the model of each of the
system components will be needed as input, while model reduction criteria will generally be
available at the system level only. The model reduction technique described above can still be
used if a quasi-static approach is adopted. This requires that system modal data be available for
several key configurations of the system. For example, system modal data could be generated for
six equally spaced orientations of the body B relative to the body A. The modal reduction
technique described above can then be used to determine the needed component modes for each
system configuration. It might seem that such consideration of many system configurations
could give rise to a prohibitive number of required component modes. In practical cases, it is
unlikely that the sets of required component modes that emerge from the system configurations
considered will be disjoint; in fact, the difference between these sets should be practically null,
so that the total number of component modes to be retained should remain reasonable.

11




Fig. 3. System Permitting Large Relative Motion

SUMMARY AND CONCLUSION

The use of multibody simulation programs for the study of large displacement motions of
systems of flexible bodies adds another dimension to the model reduction problem. In general,
straightforward criteria are available for performing model reduction at the system level;
however, simulation codes normally require modal data input for each component body of a
system rather than for the system as a whole. It is thus always necessary to determine the modes
tc be retained for each component based on knowledge of the system modes of interest.

The method presented in this report for component model reduction utilizes submatrices
of the system modal matrix as transformation matrices used to accomplish the first phase of a
two phase matrix diagonalization process. This method is systematic and, as demonstratedabove
using simple mass-spring systems, the method gives very accurate results. The method has also
been tested on a model of the Galileo spacecraft, and gave excellent results.
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