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ABSTRACT

The method of eliminating observation and control spillover
by making groups of reduced order controlled modes orthogonal to
each other is investigated. The orthogonality of these groups of
modes is manipulated by changing the sensor/actuator model used on
the structure. A sensor/actuator with variable location and ori-
entation is added to the original model to implement a search for
a systematic method of forcing modes into groups.

Perturbations in the structural model are also observed to
see how model deficiencies affect the stability of coupling
between modes. Mass changes did not affect the coupling signifi-
cantly. NASTRAN is used to determine the eigenvectors, which are
needed to make the orthogonality calculations.

The program ANGLE is developed to calculate the angles
between the modes, given a sensor/actuator model and the critical
modes taken from NASTRAN. Groups of modes for the decentralized
controllers are identified and studied for possible improvements
that can be achieved using sensor/actuator model changes.

After identifying likely improvable angles, the program
ORIENT searches for sensor/actuator models that will indeed im-
prove the desired angles. The ability to change one angle without
significantly changing any others was found to be very difficult.
The best method for improving the coupling characteristics is an
iteration procedure: improve one angle at a time, then identify

the next best way to improve the groupings, and repeat.
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I Introduction

'l The ability of a large space structure to function as desired
is dependent on the ability to control the structure. The con-

trollability of the structure, however, is hindered by the capa-

A SR )
: v

bility of computer control systems. A solution to the problem is
to use reduced order controllers.

Reducing the number of modes that are controlled introduces

another problem. The uncontrolled modes will contaminate sensor
data. This contamination by the uncontrolled modes produces ob-
servation and control spillover. Janiszewski (Ref 1) shows that

the suppression of observation spillover allows the controller to

- rvr—-,?rTf.
oo [

be stable. Spillover is eliminated by forcing the off-diagonal
terms of the control matrix to equal zero. Spillover terms can
also be forced to zero by making groups of modes orthogonal to

each other. This method of elimination was proposed by Miller

(Ref 2).

The modes of the system matrices can be made orthogonal by .
the selected placement of actuators and sensors. Both the orien-
tation and location of the actuators and sensors effect the ortho-
gonality of the modes. Model groupings are made of modes that are -
coupled to each other, but decoupled from the other groups of
modes. Miller suggests that the coupling characteristics be de-
termined by calculating the angle between the modes using a dot .
product formula, This approach gives a clear method of measuring \
the coupling between modes, Therefore, we have a method for
determining the modal groupings by calculating the coupling char-
acteristics due to the sensor/actuator location and orientation

model.
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This investigation studied the effect on the coupling of the
modes by the changing of the sensor/actuator model. The model has
two parameters that are changed: the orientation and the location
of the sensor/actuator pair. The first method that changes the
model is implemented by adding a new sensor/actuator pair. This
method allows a new and better sensor/actuator model to be chosen
by adding one sensor/actuator pair at a time to the model in a
systematic manner. This new sensor/actuator can be located at any
node of the structure. Once a location is chosen, the possible
orientation angles can be studied. After choosing a particular
orientation (that gives favorable results), this sensor/actuator
becomes part of the old model, and a new sensor/actuator is then
studied. The primary investigation is to choose a sensor/actuator
model that will achieve an acceptable modal grouping.

The second method changes the sensor/actuator orientations of
the original model. The determination of the new orientations
require close observation of the system matrices. The objective
of this investigation is to choose the orientations so that the
existing modal grouping is improved.

The last area of investigation is the effect the structural
modeling has on the coupling characteristics and modal groupings.
The structure is modeled with finite elements. These elements
represent the actual structure, Thus, a structural change re-
quires a change in the finite element model of the structure.

Changing the structural model can vary the only other para-
meter used in this study: the eigenvectors. Since structural
modeling is not precise, the eigenvectors do not accurately repre-

sent the structure. The question is how much effect does this

2
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inaccuracy have on the control of the structure? The structural
analysis program NASTRAN is used to calculate the eigenvectors
using the given finite element model. By changing this finite
element model, inaccuracies of the structural model can be tested
for their effect on the coupling angles between modes. This is
done by calculating the coupling angles, using the new eigenvec-
tors provided by the changed finite element model.

Throughout this study, a system model was used with a given
set of sensor/actuator pairs. Position sensors and force actua-
tors are used. Thus, only translational degrees of freedom are
congidered throughout this work. The sensors and actuators are
collocated so the modal coupling characteristics will be the same

for both observation and control spillover terms.
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II Model

The large space structure model used in this study is the
Charles Stark Draper Laboratory Model II (CSDL-II), Revision 3,
The structure contains three mirrors, a focal plane, and the
support trusses for the mirrors. It also has an equipment section

and two solar panels. The model is shown in Fig 1.

Einite Element Model

Cook (Ref 3) defines finite element analysis as a numerical
procedure for solving a continuum mechanics problem. Structures
are approximated by elements that are connected by nodes. The
CSDL~1II structure consists of beams that form support trusses,
These beams are modeled by three-dimensional frame elements, which
allow bending, and axial stiffness, All of the elements in this
model are frame elements.

The elements in the model represent hollow graphite epoxy
tubes. The wall thicknesses of the tubes range from 0.03cm %o
0.067cm. The radius ranges from 3.6cm to 8.l1cm. Each element is
designed so that it is only strong enough to meet local buckling
and member natural frequency constraints, The natural frequency
of each element has to be greater than 10hz so that local vibra-
tions will not interact with system vibrations. For those inter-
ested, the buckling and natural frequency constraints, and the
sizes and section properties of each element are given by Hender-
son (Ref 4:3~6); however, these properties were not used in this

investigation.,
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EQUIPMENT SECTION

FIGURE 1 - CSDL Model II
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Bach element is connected to another by a single node. The
structure has a total of 59 nodes with 23 lumped-mass nodes,
These nodes, along with their masses, are cataloged in Table I.
The locations of the nodes are shown in Pig 2.

The mass model is a revision of the previous model used for
CSDL-II. In this revision, the mirror masses of the model are
changed so that details of the support truss of the rigid mirrors
can be modeled (Ref 4). The total mirror mass of the previous
model is kept the same. However, the total mass of each mirror is
now divided into two parts, the mirror mass and the optical sup-
port structure mass. Thus, nodes 1001, 1002, and 1003, the nodes
at the center of each mirror, contain the lumped mirror masses.
The nodes surrounding the mirrors have the lumped masses due to
the optical support structure mass. Both the primary and tertiary
mirrors already have a massive support truss at one end. Thus,
this support mass has already been partially accounted for.
Therefore, the mass of the support element is subtracted from the
lumped optical support mass. This leads to large lumped masses
(due to the optical support mass) at two corners and smaller
masses (due to the optical mass minus the support truss mass) at
the other two corners of each mirror, since that is where the
massive support truss is located.

The finite element analysis is accomplished through the
structural analysis program NASTRAN, Each element has stiffness
properties, and some nodes have lumped-mass properties. Mass and
stiffness matrices for the system are calculated by NASTRAN.
These matrices allow NASTRAN to complete an eigenvector analysis,
These eigenvectors are then used to calculate the coupling charac-

teristics of the structure,
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NODE XM  X(M = 2 (M) =  LUMPED MASS (KG)

1 -7.0 0.0 0.0 0.0 R
2 -4.0 5.0 0.0 0.0

3 -4.0 -5.0 0.0 0.0 ;;J
4 0.0 5.0 0.0 0.0

5 4.0 5.0 0.0 0.0

6 4.0 -5.0 0.0 0.0 ]
7 7.0 0.0 0.0 0.0 "
8 -7.0 0.0 2.0 0.0 L
9  -4.0 5.0 2.0 67.4 ]
10 -4.0 -5.0 2.0 67.4 "
11 4.0 5.0 2.0 67.4 e
12 4.0 5.0 2.0 67.4 ;-j
13 7.0 0.0 2.0 0.0 "
14 -6.0 0.0 12.0 0.0 |
15 -4.0 4.0 12.0 0.0

16 -4.0 -4.0 12.0 0.0 1
17 4.0 4.0 12.0 0.0
18 4.0 -4.0 12.0 0.0

19 6.0 0.0 12.0 0.0
26 -5.0 0.0 22.0 0.0

27 -4.0 3.0 22.0 69.5

28 -4.0 -3.0 22.0 6.74

29 4.0 3.0 22.0 69.5




NODE
E 30
N 2
32
33
N 3
35
36
b 5
| 38
39
40
42

43
44
45
46
47
48
49
50
51
52
53

4.0
5.0
-4.0
4.0
-4.0
4.0
-4.0
-4.0
4.0
4.0
0.0
0.0
-2.0
0.0
2.0
-4.0
4.0
~-26.0
-21.0
-16.0
-11.0
6.0
6.0

Table 1

Node Location and Lumped Mass

=3.0
0.0
10.0
10.0
-10.0
-10.0
3.0
-3.0
3.0
-3.0
2.5
5.0
0.0
-1.667
0.0
=5.0
-5.0
0.0
0.0
0.0
0.0
0.0
0.0

(Continued)
I (M) Z_(M) LUMPED MASS (KG)

22.0
22.0
22.0
22.0
22.0
22.0
24.0
24.0
24.0
24.0

2.0
-0.3
-1.3
-1.3
-1.3
-0.3

Bovcrsiacdirinsomirsiusndin

6.74
0.0
6.74
6.74
69.5
69.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3500.0
0.0
0.0
0.0
81.91
0.0
163.82
0.0
73.82
73.82
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Table I
Continued

NODE X (M I (M Z (M) LUMPED MASS (KG)

54
55
56
57
100
910
1001
1002
1003
1004
1112
2830
3233

11.0
16.0
21.0
26.0
0.0
-4.0
0.0
0.0
0.0
0.0
4.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
=2.5
-6.5
0.0
6.5
4.0
-2.5
-3.0
10.0

-1.3
-1.3
-1.3
-1.3
0.0
2,0
22.0
2,0
22,0
2.0
2,0
22,0
22.0

0.0
163.82
0.0
81.91
0.0
0.0
1000.0
800.0
1200.0
600.0
0.0
0.0
0.0

R

L




FIGURE 2 - Location of Nodes
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The NASTRAN bulk data deck is listed in Appendix A, The bulk
data deck produces a listing of the eigenvalues and eigenvectors
for the finite element model. To change the modeling of the
structure, the data deck is modified. New eigenvalues and eigen-
vectors will be produced with each change in the data deck.

The mass model of CSDL-II is modified by changing the lumped
mass values in the data deck. This is accomplished through the
CONM-2 statements. There is one CONM-2 line for each node that
has a lumped mass (Appendix A). Each line contains the node

number of the lumped mass and the value of the mass.

Sensor/Actuator Model

The sensor/actuator pairs’ location and orientation are given
in Table II., This model was suggested by CSDL (Ref 4). The sug-
gestion is based on the line-of-sight (LOS) error. The LOS error
is derived from the mathematical model given by CSDL (Ref 5), The
error is a function of 21 coordinate variables. These 21 vari-
ables are the coordinates of 12 nodes that control the geometry of
the optical path. Thus, to control the LOS error, these 21 coor-

dinates were chosen for the sensor/actuator pairs locations.

11
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NODE

10
11
11
11
12
27
27
27
28
29
29
30
32
33
34
34
34
35
35

90.00
90.00
90.00

0.00
90.00
90.00
90.00

0.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00
90.00

0.00
90.00
90.00
90.00
90.00

12

BETA
0.00
90.00
90.00
90.00
0.00
90.00
90.00
90.00
0.00
90.00
90.00
0.00
90.00
90.00
90.00
90.00
90.00
0.00
90.00
0.00
90.00

GAMMA
90.00
0.00
0.00
90.00
90.00
0.00
0.00
90.00
90.00
0.00
0.00
90.00
0.00
0.00
0.00
0.00
90.00
90.00
0.00
90.00
0.00

-
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Note that all of the sensor/actuator pairs are oriented along
an axis direction as specified by the LOS equation. This restric-
tion is not followed with sensor/actuator pairs that are added

throughout the study.
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I1II Theory
EqQuations of Motion

A vibrating structure has equations of motion

+EG+K3=0 (1)

where'§ is a n-vector of generalized coordinates, M an x n sym~-
metric mass matrix, K a n x n symmetric stiffness matrix, Ea n x
n symmetric damping matrix, and a'a n-vector of input forces.,
This equation is also valid for large space structures such as the
CSDL-II model,

The input force vector can be separated into two parts

=l

Q = » (2)
where D is a n x m matrix of direction cosines, and U is a m-
vector of actuator force inputs. The direction cosine matrix, D,
is block diagonal when there is only one actuator per node., The
matrix columns contain the three direction cosines of the corres-
ponding actuator force inputs. Equation 1 is simplified by using
modal coordinates,/. Janiszewski shows that the equations can be

expressed in state variable form

x|

= AX + BU (3)

14
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where
T = {7,717
o 4T =
A = -w‘?-?.}w "
. -
B =["¢,.b°] | 1
_ the general output equation is _ ;
1
Y = CX (4)
-4
where ]
C= [ Cpfr Cyf] -
.
te o ]
1

The modal matrix, ,‘ , is a matrix containing the eigenvectors
of the structure by column. It is a matrix which is n x n, where n
is the number of degrees of freedom and n, the number of controlled ‘
eigenvectors. -1
Since we only have point sensors and force actuators that are .
collocated, half of each matrix is filled with zeros. If the zero

halves of these matrices are neglected, we may define

BT = ¢ (5)
or
DT =cp
where cp is ang x n matrix of direction cosines corresponding to

the sensors. The system matrices, B and C, are of order ng x n,




Ge

and ng x n.respectively, where n, is the number of actuators and

ng is the number of sensors.

Modal Coupling

In a complex structure where there are a large number of
modes, a reduced order model is used. Janiszewski shows that only
a subset of the total number of structural modes need to be con-
trolled. If this subset of modes is still large, then multiple
controllers are used.

Each controller is designed to operate on only a small number
of the modeled modes, which are a subset of the structural modes.
However, spillover terms occur because the controller actually
operates on all the modes. Thus, these spillover terms need to be

eliminated.

]
o

Bj Gy
i# 3 (6)
KjCj = O
where G is the control feedback gain matrix, and K is the observer
gain matrix. The subscripts on the matrices correspond to groups
of modes.

Miller shows that equations 6 are satisfied if the system
matrices, B and C of each controller, can be made orthogonal to
the remaining controllers. Therefore, the spillover terms are
eliminated if groups of modes are found with the following pro-
perty: All modes in a group are coupled, and each group is decou-

pPled from the other groups.

16
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The modes that have been referred to are actually the rows of
B and the columns of C. Therefore, it is the rows of B (columns
of C) that must be separated into modal groups. These rows
(columns) are the eigenvectors multiplied by the direction cosine
matrix.

The degree of coupling is measured by the angle between the

modal vectors. For B, the angles between the rows are

B, * B
6= cos' |l&l |l (7)

where Ei and _ﬁj are rows i and j respectively of B and ”'ﬁi"is the
norm of the itP row vector of B. These angles can be made into a
symmetric n, x n, matrix of angles.

FPor C, the angle is taken between the columns. With the
collocation of sensors and actuators, the angle matrix produced

from B and C are identical.

Location

The elements of B and C are functions of the location of the
actuators and sensors. An element is determined from three values
of an eigenvector from the modal matrix ¢ which are multiplied by

the direction cosines of an actuator or sensor. Therefore, an

element of B is

Bjj = ¢6 . node(j)-5 i COS&Xy + ¢s- node (§)-4 i ©08G; (8a)

+@s. node(3)-3 i COS ¥y
where node (j) is the node of the j'th actuator. If k = 6«

node(j)-5, then the number,¢ki is the k'th row element of the
i'th eigenvector, ¢i in the modal matrix, ¢ These matrices can

also be determined as follows:
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where k = 1, 13, 7 for the first three actuators in this example.
In this case, the three actuators are at nodes 1, 3, and 2, respec-

tively. Thus, k for actuator 2 is calculated by 6x(3)-5.
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Similarly, an element of C is given by
Cij ‘¢s + node(i)-5 j COSXi + ¢5 - node (i)~4 j €0S6;
+ ¢6 . node (i)-3 j 0S¥} (9)

Note that by adding an actuator, a column is added to B.
With a new sensor, a row is added to C. Also, if an extra eigen-
vector is added to the modal matrix ¢ » then a row is added to B
and a column to C,

The magnitude of the elements of B and C is dependent on the
magnitude of the eigenvectors with respect to the norm., If the
eigenvectors have small values with respect to the norm at the
location of the j'th actuator and i'th sensor, then the elements
of B and C corresponding to the actuator and sensor will be small.
So an element of the system matrices, B and C, can be made small
if the actuator/sensor location is chosen so that the eigenvector
value is small with respect to its norm. Likewise, if the value
of the eigenvector is large with respect to its norm at a parti-
cular location, then the system matrix element will be large.

The angle between modes is dependent on the elements of the
system matrices. Therefore, the angle is also a function of the
location of the sensor/actuator pairs. Desired angles can be
achieved by the judicious placement of sensor/actuator pairs., The
addition of a sensor/actuator pair will allow the angles between
modes to be varied, since a new and different element is added to
each mode of the system matrices. Thus, the angle between modes
is dependent on the system matrix which includes the new elements

which are dependent on the new sensor actuator pair.
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Adding an element to each mode of the system matrices will
yield the following equation for the angles between two modes

(using equation 7 with K and ? the two modes):

9=COS.I A.B;"‘ AzBi*...’AxBx

(10)
(A + Aje...o82) (B1+B3...0BY)™
where A, and B, are the new elements of each mode.
This equation can be simplified
- -‘-.B. + Ax Bx
9=COS’ zAz arpt,.ptyVa
(A +Ax) (B "'Bx) (11)

n n
where 2 2 2 2
A=) A B* = ) Bi
! i=l
the dot product, R . B is taken without the new elements.

Equation (11) can be reduced if one of the new elements is

equal to zero. Letting B, equal zero, we have

o T

et A-B
O=COS | (A YA 1B 1 (12)

If A, is also equal to zero, the angle does not change.

However, the angle will change if A, is not zero. No matter what
value A, is (the larger the better), the denominator of equation
(12) must increase. Thus, this leads to the angle going to 90°,
Therefore, to decouple two coupled modes, £ind a location where
one mode has large (relative to norm) values and the other small

values.
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The change in the cosine of the angle can be determined by
setting the previous cosine equal to the new cosine of the angle

(equation 12).

::i. _|_A-B _ A B

3 cose= Dlill IIB‘M] (A AR BT

-_ Thus, the cosine of the angle will change by the factor
g han )"

A
(A* +A)*

(13)

# (AT + AR T (AT AR

|___
(- @

If A, is small compared to the norm (taken without A;), the

cosine of the angle will not change.

A second case occurs if the new element product dominates the

previous dot product. This case can occur when the original modes 1
are decoupled, since the dot product is zero. The angle now re- j
duces to - - f
0 = cos’ Ax Bx
(A0 (B B
[ | v
= (05" [’ . (A )z]lh [, 1(Q)z]l/z (1)
A B,

The new angle approaches zero if the new elements are large '—71
compared to the previous norms. Thus, two modes can be coupled if !
a location for the sensor/actuator pair can be found, such that
the nevw elements are large with regard to the norm. Therefore, 'j
one way of coupling two modes is to put a sensor/actuator pair at 1

-
i
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a node where the eigenvector ¢i. is large. Also, if the elements
produced for the other modes are small, then only the modes for
which the elements are large will have a significant change in
their coupling characteristics.

There are two disadvantages to this method. PFirst, even
though the angles between two modes with two new small elements
remain the same, the angle between modes with new small elements
and modes with new large elements drastically change (they decou-
ple as shown in equation (12)). Secondly, there is no guarantee
that a node location and orientation will be found that will
satisfy these angle conditions. This is because the location and
orientation simply determine which values within the eigenvector
are used. If the eigenvectors do not contain precisely the right

values, it is impossible to pick a location and orientation.

Orientation

The location of the sensor/actuator pair determines which
elements (determined by k) of the eigenvector are used in the
element equation (8). The three elements chosen by the node loca-
tion of the sensor/actuator are taken from each eigenvector and
multiplied to the direction cosines of the sensor/actuator. After
this calculation the elements of B then become only a function of
the orientation (through matrix D). Thus, the set of orientation
angles must be known so the element can be determined.

The orientation angles, o(, 3 , and ¥ are related, If any
two and the octant of the sensor/actuator are known, then the
third can be determined. If o{and (3 are known, 5 is then deter-

mined as shown in Fig 3,
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TWO POSSIBLE
¥'s FORGIVEN= {8

J

jz

Cos'x +COS*B +COS Y = |

FIGURE 3 ~ Orientation Angles
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ws X = OA/F = x
ws 3 = OB/F =y (15)
Cos K = 6_C. / -l;‘. = 2
Since f‘. is a unit vector, the direction cosines are equal to
the components of the vector along the axes.

The magnitude of ? is:

- 2 2 .
Il = Ix*eyrez® = | (16)
Substituting equations (15) into equation (16)
cos2ol+ 00s2B+ cos 2% =1 (17)

Solving for § , we have
¥ = cos™t J1 - [cos2ot+ cos23] (18)

where X and 3 are varied from 0° to 180°.

All possible orientation angles can be tried, or specific
orientations can be selected, so that existing elements of the B
and C matrices are changed. The challenge in this procedure is to
decide what the elements of these matrices should become in order
for the modal angles to be acceptable. Then specific orientations
are chosen so that the desired elements of the system matrices are
produced.

Decoupled modes have a dot product equal to zero (relative to
their norms). Thus, every large element of one mode will have a
corresponding term in the other mode that is small (relative to
norms). This correspondence between the modes causes the dot
product to go to zero, which leads to decoupled modes. Another
possibility is that large products have negative products that

cancel them.
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Coupled modes have the opposite condition: large elements
correspond to each other, and small elements correspond to each
other. Thus, the dot product equals the product of the norms.

By changing the sensor/actuator orientation, these conditions
can be switched. The mode elements for the decoupled modes need
to cause the dot product to increase in magnitude or the norms to
decrease. This is accomplished by causing an element pair (one
corresponding large and small element) to become both small or
both large,

The coupled modes are decoupled by decreasing the dot product
or increasing the norms. Again, this is accomplished by causing
an element pair, that has either both large or both small elements
to readjust, so that the element pair has one large element and
one small element. Note again, all magnitudes above are relative

to the norms.

Modes
Twelve eigenvectors were suggested by LMSC (Ref 6) to be the

critical modes. These modes are listed in Table III. The modes
were selected according to three criteria: modal cost, control-
lability, and observability. Ten modes were selected that had the
highest controllability/observability product. Also, two modes
were selected with the highest modal cost. These modes were used
throughout this study as the critical modes.

These modes can change when the eigenvectors themselves
change. With each perturbation of the finite element model, the
eigenvectors (¢matrix) may change., This change obviously changes
the modes (B and C matrices). This was the only change to the

modes that was studied.

25




<€ n w &~

m1234

12

13

17

21

22

24

10

28

11

30

12

26

S Or P S SR T




. oy

Cogputer Programs
The computer programs used in this study are: NASTRAN,

SELECT, ANGLE, and two versions of ORIENT. As stated previously,
NASTRAN is used to perform a finite element analysis of CSDL-II.
The program outputs the eigenvectors and eigenvalues into a per-
manent file. This file of eigenvectors is the basis for the other
programs,

SELECT is listed in Appendix B, The purpose of this program
is to pick off the eigenvectors output by NASTRAN. Any
combination of eigenvectors in any order can be selected. The
eigenvectors' numbers are first read by the program. The file of
eigenvectors is stored in a three-dimensional matrix. Then, the
selected eigenvectors are put into an output permanent file.

ANGLE is listed in Appendix C., ANGLE inputs the modal vector
(from SELECT), and a sensor/actuator model that has been chosen.
It then calculates the B, C, and angle matrices. The B and C
matrices are calculated from the element equations (8-9). The
angle matrix is determined by using the cosine equation (7). The

angle matrix is then used to determine modal groupings.
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ORIENT is the program that determines the orientation for
each node location that will meet the desired requirements. Two
diverse versions of ORIENT are used to determine the acceptable
orientations. Both work by eliminating those orientations that do
not meet the criteria (below). Version two is listed in Appendix
D.

The first version of ORIENT tries to find the orientations
that will cause large (relative to the norms) elemental values in
two modes, but small elemental values in all other modes. It does
this by checking the values of each new element. If the two modes
in question were previously coupled, they would then be decoupled.

The second version simply prints all orientations that have
the modes in a given set of modal groupings. The criteria used,
if the modes are to be coupled, is that the angle must be less
than 82° or greater than 103°, If the modes are to be decoupled,
then the angle must be between 86° and 97°. Obviously it is de~
sired to have coupled angles at 0° or 180°, and decoupled angles
at 90°, but it is not possible to move all the modal angles to
these desired angles. These specific angles were chosen so that
already acceptable modal angles would fall within their limits and
not have to change. Yet the worst angles would have to change.
Note that this program is very versatile because conditions can be
changed so that almost any objective can be investigated. If the
modal groupings need to be changed, all that has to be changed is
the input mode numbers. Similarly, the bounds for coupling and

decoupling can be easily changed.
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Sensor/Actuator Model

The thrust of the investigation is to observe the coupling
characteristics of the B and C matrices due to changes in the
sensor/actuator model. Thus, determining matrices B and C is the
first objective. Using the given sensor/actuator model, the
matrices are calculated.

These matrices are found through the ANGLE program. The
program was run originally with 17 modes; however, five eigenvec-
tors were dropped: 11, 14, 16, 26, 29 (modes 13, 14, 15, 16, 17).
This was done to simplify the problem (fewer modal angles). The
five modes dropped had the lowest modal cost and controllability/
observability product of the 17 eigenvectors. Thus, the 12 modes
left were used as critical modes throughout the rest of the inves-
tigation.

Next, the angle between the modes was calculated using ANGLE.
The results are in the form of a symmetric matrix where the rows
and columns correspond to the mode numbers. Therefore, a 12 x 12
angle matrix is determined (see Table 1V).

The purpose of calculating the angles between the modes is to
determine modal groupings. These groupings are then used by the
different controllers. The original sensor/actuator model pro-
duced three groups of modes that are in general orthogonal to each
other or coupled within; however, the angles do not necessarily do
both. Since modes 11 and 12 are decoupled, a second modal group-
ing is also possible, These two possible groupings are shown in

Table V.,
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Both groupings have problems. The problem angles of the
first group are circled in Table IV, while the second group's
problem angles are boxed. These angles are a problem because they
are not as nicely coupled or decoupled as the other angles. The
first grouping has decoupled modes 11 and 12 in group II, where
they should be coupled. The angles between modes 2-5, 2-9, 4-5,
4-9, and 8-10 indicate coupling, but these modes are in different
groups (so, should be decoupled). The second grouping puts mode
12 into group III. While this separates modes 11 and 12, mode 12

is still coupled to modes 1, 6 and 7 in group II.

30

TR —

RPN |

|

Lo




Iable IV

1

0.0000
89.9876
89.9991
90.0087
90.0884
123.2047
107.4792
90.0478
90.0128
90.0066
39.1619

81.1169

1

107.4792
89.9662
90.0376
90.0220
90.0156
61.2182
0.0000
89.9103
90.1494
89.9571
80.5613

127.8041

2
89.9876
0.0000
67.4653
175.3876
(t16.852

90.0533
89.9662
106.5687

{116.2323
90,1561

87.8879
87.9411
8

90.0478
106.5687
116.9917
73.1913
102.7661
90.0720
89.9103
0.0000
93,8830

38.0463

93.4985
93.1022

3
89.9991
67.4653

0.0000
115.3141
104.0098

89.9855
90.0376
116.9917
91.5675
80.1261
89.4097
89.2693

2
90.0128
16.232

91.5675
i

(66 .4898)

68.5695
89.8722
90.1494
93.8830
0.0000
103.2217
90.5118
90.7436

4
90.9987
175.3876

2
90.0884

116.852§

115.3141 104.0098
i

0.000
N

(60.6688)

89.9526
90.0220

60.6688

0.0000
89.6936
90.0156

73.1913 102.7661

e

(66.4898)
e

68.5695

90.6814 111.8732

92.4490
92.3517
10
90.0066
90.1561
80.1261
90.6814
111.8732

96.6087
95.6278
1l
39.1649
87.8879
89.4097
92.4490
96.6087

90.1536 104.9007

89.9571

(38.0463

103.2217
0.0000
94.1486
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80.5616
93.4985
90.5112
94.1486

0.0000

93.4951 (89.8169

[

123.2047
90.0533
89.9855
89.9526
89.6936
0.0000
61.2182
90.0720
89.8722
90.1536
104.9007

73.2904

12
81.1169

87.9411
89.2693
92.3517
95.6278

73.2804

127.8041

93.1822

90.7436
93.4051

89.8169

0.0000
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The two groupings represent two approaches to the problem of
modes 11 and 12, The first grouping is an attempt to couple the
two modes together. The second grouping places mode 12 into group
I11. This grouping tries to decouple mode 12 from the other modes
in group II. This first approach is the simpler of the two. It
is easier to couple modes together, since all that is needed is a
change of about 10° off 90°. Although this is not much of a
change, it is probably good enough for the controller to work.

» To couple the modes together, the sensor/actuator model is
chaﬁged. The original model stayed constant, but a new sensor/
actuator pair was added. This pair could be placed at any loca-
tion and at any orientation. The decision on where to place the
sensor/actuator and at what orientation is complicated. This com-
plication arises because every location and orientation chosen
will change every angle between the modes.

To combat this problem, the two versions of ORIENT pick out
the orientations that will couple modes 11 and 12, but leave the
others in the same modal groupings.

Both versions try every node point location. This is because
there is no way of knowing which node point is the best. Attempts
to rank the nodes were not precise enough to eliminate the other
nodes from consideration. Therefore, it was better to look at
every node than to discard any of the nodes.

After the program picks a node, ORIENT checks all possible
orientations which will satisfy the coupling conditions. ORIENT
checks the orientations by calculating the modal angles until one

is rejected. If an angle is rejected, the next orientation is
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tried; if all angles are accepted, the angle matrix is then prin-
ted. Most of the orientations are discarded, but the output still
has many orientations that will satisfy minimum conditions. The
output orientations from ORIENT were then checked by hand to
determine the best orientation that gives acceptable groupings.
The determination of the best orientation necessarily chooses the
best node location.

The next consideration of sensor/actuator model changes is
that of changing the grouping. The first grouping was chosen
because it was an acceptable grouping of the original sensor/
actuator model., This grouping and the second one described above
are not the only acceptable groupings. It does not matter which
modes are in a given group, as long as they are coupled to each
other, and decoupled from all other modes. This leads to an
investigation of what other modal groupings are possible with a
sensor/actuator model change.

Again, modes 11 and 12 were considered. ORIENT was run with
two cases. Case one is that modes 11 and 12 be decoupled. Case
two is that modes 11 and 12 be coupled. No other restrictions are
made. This gives an output of all possible modal grouping where
11 and 12 are either coupled or decoupled.

The last type of model change investigated was changing the
original sensor/actuator orientations. This modal change was in-
vestigated to see if the original orientations are indeed the
best. Two extremes were studied. First, change the orientation
80 that decoupled modes are coupled. Second, decouple the coupled
modes. The hope was that only the angles of the modes in question
would be radically changed. The modal angles (old), the coupling
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objectives, and the new sensor/ actuator orientations are listed
in Table VI. In each run of the ANGLE program, only one sensor/
actuator orientation was changed. Again, this was done to keep

other angles from changing too much.
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‘ IABLE VI

original S Actuator Model Orientation cl

OLD ORIENTATION CHANGES
MODES ANGLE OBJECT ACTUATOR ALPHA BETA GAMMA
11-12 89.8° cCouple 2 0° 90° 90°
11-12 89.8° Couple 13 90° 45° 45°
11-12 89.8° cCouple 10 90° 45° 45°
8-10 38°  Decouple 5 45° 45° 90°
8-10 38°  Decouple 10 45°  90°  45°
8-10 38°  Decouple 12 90° 45° 45°
8-9 93.8° couple 21 45° 90°  45°
7-10 89.4° Couple 4 45° 45° 90°
7-10 89.4° cCouple 3 90° 0° 90°
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Mass Model Changes

Determining the sensor/actuator pairs' location and orien-
tation that produce a good grouping of modes is only valid for the
structural model that has those eigenvectors used in the deter-
mination. If the structural model is in error, then the eigen-
vectors are in error. This error in the eigenvectors may change
the coupling angles between the modes. If the coupling character-
istics are drastically changed, the modal grouping could be dif-
ferent. This change in the grouping is unacceptable.

This problem led to finite element model changes being stu-
died. Five different model changes were made., These are shown in
Table VII. The first three are error percentage changes in the
total mass of the tertiary mirror. A percentage of the total mass
is added in proportion to each node. The fourth model keeps the
same total mass but changes the proportion of mass at each node.
The fifth model adds mass to the nodes with smaller mass amounts.
The mass amount added equalizes the mass at each corner node.

All five mass changes were on the tertiary mirror. This
mirror was chosen so that the structural model could be tested
without symmetry effects. Since only this mirror would receive
mass changes, no symmetry sensitive eigenvectors would go unaffec-
ted by the changes. Also, the three different types of mass
changes further decreased this possibility.

NASTRAN was then run with each of the new models. This pro-
duced new eigenvectors for each model. After picking off the
critical eigenvectors, ANGLE was run to determine the coupling
angles between the modes. The sensitivity of the modal groupings
to the mass modeling changes made to the tertiary mirror was then

observed,
37




| TABLE VII
B
- 2% 10% 20% PROPORTION ~ EQUAL
3 27 69.5 70.89  76.45 83.40  121.70 69.5
h| 29 69.5 70.89  76.45 83.40  121.70 69.5
322 6.74 6.87  7.414 8.088  13.52 69.5
33 6.74 6.87  7.414 8.088  13.52 69.5
1003 1200 1224 1320 1440 1082 1200
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V Results

The results of this investigation come from two sources.
First, the sensor/actuator model is manipulated with the objective
of obtain an acceptable grouping of modes. Further, the model is
changed again to improve the selected groupings. Also, changes of
the original orientations are studied. Second, the finite element
model is perturbed so mass modeling errors can be observed.

Specifically, the lumped masses at the nodes are changed.

Sensor/Actuator Model

The original sensor/actuator model is listed in Table II.
The ANGLE program was run using this data. The angles between the
modes are given in Table IV. By observing these coupling angles,
modal groupings were picked out. The two groupings chosen are
listed in Table V.

The results of ORIENT runs are mixed. When requirements of
acceptance (see Appendix D) were too strict, no sensor/actuator
models were found. This predicament was caused by some modal cou-
pling angles being too far off the desired angles. In other
words, the angles were required to be s0 close to either coupled
(0° or 180°) or decoupled (90°) that some bad angles could not
move inside the limits. These are the problem angles listed in
the investigation section. Thus, these particular problem angles
were then excluded from the acceptance requirements of ORIENT.
The only exception is the angle between modes 11 and 12. Since
this angle was one of the worst, it was singled out to continue to

try to meet the acceptance limits, The results from ORIENT with
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these new requirements of acceptance (most problem angles ex~
cluded) give node 42 as the best location. There were fifteen
I orientation that were acceptable at this location. The orienta-
tion that appears to be the best is:
= 90. (=90, ¥=0.
l This angle matrix is listed in Table VIII. Note that modes
11 and 12 have completely coupled. Also, while angles 1-6 and 1-
o~ 11 have become worse, in general, the coupling characteristics
have improve, Specifically, observe the marked improvement be-
tween modes 6-11, 6-12, 7-11 and 7-12. The decoupling has also

improved throughout. The above noted improved angles are circled;

Wy

the worse angles are boxed.
The ORIENT run for the second grouping produced no orienta-

tions. More exclusions from the requirements for acceptance need

3
s

to be made before orientations are found. The new sensor/actuator
pair picked for the previous grouping is not acceptable for this
grouping. This is seen from the fact that coupling between mode
12 and group II increases instead of decreasing.

The next objective in changing the sensor/actuator model was

to create new groupings. When modes 11 and 12 were decoupled,

they determined two of the three groups. When the modes were

coupled, only one group was determined. Two of the possibilities
for groupings that were found (one for 11 and 12 coupled, one for
them decoupled) are shown in Table IX and Table X. The mode -
groups for the coupled case are:

I: 1, 6, 7

II: 2, 3, 4, 5
I1r1: 8,9, 10, 11, 12

e
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The mode groups for the decoupled case are:
I+ 6, 7, 12
II: 1, 5, 10, 11
III: 2, 3, 4, 8, 9
The two cases studied should have produced most of the pos-
sible mode grouping combinations; however, no radical improvements

were noted with any sensor/actuator model,
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1
0.000
89,9870
89.9990
90.0098
90.0541

106.5464

79.1801
90.0119
90.0215
89.9951

107.6054

107.7985
1

79.1801
89.9845
90.0128
90.0123
89,9137
50.7986
0.0000
89.8663
90.0804

89.9508

Anal trix with Modes 11 & 12 Coupled

2
89.9870
0.0000
67.4653
175.3876
116.8520
90.0434
89.9845
106.5687
116.2323
90.1561
89.9918
89,9893
8

90.0119
106.5687
116.9916
73.1913
102.7659
90.0044
89.8663
0.0000
93.8831
38.0463
90.1295
80.1314

IABLE VIII

K] 4
89.9990 90.0098
67.4653 175.3876
0.0000 115.3141
115.3141 0.0000
104.0098 60.6688
89.9875 89.9621
90.0128 90.0123
116.9916 73.1913
91.5675 66.4898
80.1261 90.6814
89.9969 90.0092
89.9951 90.0118

2 10
90.0215 89.9951
116.2323 90.1561
91.3675 80.1281
66.4898 90.6814
68.5696 111.8731
89.9067 90.1120
90.0804 89.9508
93.8831 38,0463
0.0000 103.2217
103.2217 0.0000
89.9727 90.0604
89.9751 90.0614

42

2
90.0541
116.8520
104.0988
60.6688
0.0000
89.6876
89.9137
102.7659
68.5696
111.8731
90.1359
90.1379

1l

‘107.6053

89.9918
89.9969
90.0092
90.1359

9525
90.1295
89.9727

90.0604
0.0000

(1

106.546&

90.0434
89.9875
89.9621
89.6876

0.0000
50.7986
90.0044
89.9067
90.1120

!illijl
(159.8303

80.1314
89.7518
90.0614

0.0000




1
0.0000
91.3907
91.7789
88.1414
91.4930
123.5268
109.2235
95.9688
93.3296
89.4517
83.3505
83.5714
1

108.2235
87.8575
87.3593
92.8263
87.8982
60.7614
0.0000
80.9959
85.1309
90.7925
99.4980
99.9088

2
91.3907

0.0000
65.1063
173.7748
112.3436
88.8425
87.8575
83.5529
104.5331
91.2650
102.7891
102.7831
8

95.9688
83.5529
83.4629
100.4695
82.2686
84.8955
80.9959
0.0000
61.8256
79.1714
159.8746
159.8771

IABLE IX
Anale Matrix for New G . (11 & 12 Coupled)

K}
91.7781
65.1063

0.0000
118.3582
99.4407
88.4525
87.3593
83.4629
82,8228
81.9931
106.3187
106.3152

]

93.3296

104.5331
82,8228
80.2084
65.1712
87.0308
85.1309
61.8256
0.0000
103.8861
121.6093
121.6123
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4
88.1414

173.7748
118.3582
0.0000
66.9967
91.5642
92.8293
100.4695
80.2084
89.1670
72.8646
72.8712
10
89.4517
91.2650
81.9931
89.1678
112.4157
90.6307
90.7925
79.1714
103.8861
0.0000
84,9988
85.0047

2
81.4930
112.3636
99.4407
66.9967
0.0000
88.4894
87.8982
82.2686
65.1712
112.4157
102.8915
102.9008
il
"™ .3505
102.7891
106.3187
72.8646
102.8915
95.5664
99.4980
159.8746
121.6093
84.9988
0.0000

0.6887

[
123.5268

88.8425
88.4525
91.5642
88.4894
0.0000
60.7614
84.8955
87.0308
90.6307
95.5664
95.3021
12

83.5714
102.7831
106.3152
72.9712
102.9009
95.3021
99.3388
159.8771
121.6123
85.0043

0.6887

0.0000
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10
11
12

1
0.0000
90.8174
90.7932
88.9493
86.7474
122.0821
108.3965
90.3337
89.8009
90.4521
39.4739
82.9303
1

108.3965
87.8155
87.9759
92.7696
98.6674
57.6279
0.0000
89.1711
90.6934
88.8029
81.0230
120.3791

2
90.8174
0.0000
66.7483
174.9228
116.6676
86.3539
87.8155
105.9797
116.2560
89.5529
87.9660
86.0350
8

90.3337
105.9797
116.2828
74.0028
102.1147
88.7901
89.1711
0.0000
93.9749
38.0012
83.5142
92.3150

IABLE X
Anale Matrix f : . 11 & 12 T led)

3
90.7932
66.7463

0.0000
116.1557
105.8840

86.4521
87.9756
116.2828
91.8262
79.6591
89.4698
87.3952

-]

89.8009

116.2560
91.8262
66.5076
71.1859
90.8291
90.6934
93.9749
0.0000
103.3329
90.4969
91.2274

44

4
88.9493
174.9228
116.1557
0.0000
60.0485
94.6762
92.7696
74.0025
66.5076
91.4364
92.3365
94.7842

10
90.4521
89.5529
79.6591
91.4364
110.4766
88.1533
88.8029
38.0012
103.3329
0.0000
94.1676
92,3073

2
86.7474
116.6676
105.8840
60.1485
0.0000
104.7235
98.6674
102.1147
71.1859
110.4766
95.2409
102.5730

il
39.4739
87.9660
89.4698
92.3365
95,2409
103.3852
81.0230
93.5142
90.4969
94,1676
0.0000

89.9243

(1
122.0821
86.3539
86.4521
94.6762
104.7235
0.0000
57.6279
88.7901
90.8291
88.1533
103.3852
68.8043
12

82.8303
86.0350
87.3952
94.7842
102.5780
68.8043
120.3491
92.3150
91.2274
92.3073

89.9243

0.0000




The results produced by changing the original model orienta-
tions are listed in Table XI. The table lists the new angles
produced and the delta change from the old angles. The plus and
minus signs indicate favorable or unfavorable changes respectively
(i.e., minus sign if new angle is now more coupled, but the desire
was to be more decoupled). The results show £ix of nine favorable
changes overall; however, there are five of six favorable changes
when the desire was to couple (first three and last three). It
seems to be easier (I don't know why) to couple the angles than to
decouple the angles.

The magnitude of the changes are small especially for the
three cases where decoupling was the object. Yet, the largest
changes (8.5° and 8.1°) are significant angle movements when it is
remembered that only one sensor/actuator orientation was changed
for each case. Note that when the angle changes are unfavorable,

the magnitude of the changes are small (0.3 is the largest).
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MODES ACTUATOR
11-12 2
11-12 13
11-12 10
8-10 5
8-10 10
8-10 12
8-9 21
7-10 4
7-10 3

IABLE XI
ORIENTATION CHANGES
i R
90° 45°  45°
90° 45°  45°
45° 45° 90°
45° 90°  45°
90° 45°  45°
45° 90°  45°
45° 45°  9¢°
90° 0° 90°
46

NEW

81.7g

91.8°
92.6°
37.9°
38.3°
37.7°
99,3°
89.6°
99.1°

DELTA

+8.1g

+1.6°
+2.4°
-0.1°
+0.3°
-0.3°
+5.5°
-0.2°
+8.5°




The angle matrices produced from the mass model changes are
cataloged in Table XII through Table XVI. Note that while some
changes in angles did occur, the original groupings stayed the
same., This can be seen by comparing Tables IV with these new
tables.

The greatest angle changes were found in Table XVI (angles
are circled). A 10° change occurred between modes 9-10. Modes 2-
10 and 4-10 had 6° changes. All other angles in the model changes
had angle changes of less than 3°. These results indicate that
mode 10 is more sensitive than the other modes to the tertiary
mirror mass model changes that caused Table XVI. That model
change was the one with equal masses at the corners of the ter-
tiary mirror. However, in general, the structural model is insen-
sitive with respect to modal angles to the tertiary mirror lumped

mass model changes tried,
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1
0.0000
89.9877
89.9990
90.0086
90.0880
55.7100
72.4413
90.0469
90.0131
90.0053
39.3911
81.3855
1
72.4413
90.0340
89.9624
89.9781
89.9860
61.0909
0.0000
90.0882
89.8507
90.0423
99.5278
52.6260

IABLE X1

Angle Matrix with 2% Mass Change

2 K} 4 2
89.9877 89.9990 90.0086 90.0890
0.0000 67.2166 175.3286 116.8176
67.2166 0.0000 115.6233 104.0412
175.3289 115.6233 0.0000 60.6811
116.8176 104.0412 60.6811 0.0000
89.9474 90.0142 90.0465 90.3062
90.0340 89.9624 89.9781 89.9860
106.7655 116.8679 73.0010 102.7656
116.3286 91.6029 66.4258 68.6255
90.0124 80.1219 90.8335 112,0084
87.8653 89.4109 92.4748 96.6414
87.9198 89.2806 92.3748 95.6397

8 3 10 11
90.0469 90.0131 90.0053 39.3911
106.7655 116.3296 90.0124 87.8653
116.8679 91.6029 80.1219 89.4109
73.0010 66.4258 90.8335 92.4749
102.7656 68.6255 112.0084 96.6414
89.9273 90.1274 89.8454 75.1253
90.0882 89.8507 90.0423 99,278
0.0000 93.6552 38.0181 93.5231
93.6552 0.0000 103.4248 90.5090
38.0181 103.4248 0.0000 94.1647
93.5231 90.5090 94.1647 0.0000
93.1494 90.7426 93,5417 89.9618

48

(1
56.7100
89.9474
90.0152
90.0465
90.3062

0.0000
61.0909
89.9273
90.1274
89.8454
75.1253

107.0160
12
81.3855
87.9198
89.2806
92.3748
95.6397
107.0160
52.6260
93.1494
90.7426
93.5417
89.9618
0.0000




1
0.0000
89.9880
89.9989
90.0081
90.0912
123.6228
72.1172
90.0438
90.0143
90.0006
40.2559
82.4133

y
72.1172
90.0348
89.9626
89.9777
89.9922
119.4366
0.0000
90.0825
89.8513
90.0394
99.8400
54.3089

IABLE XIII
Angle Matrix with 10% Mass Change
2 3 4 2
89.9880 89.9989 90.0081 90.0912
0.0000 66.2873 175.1010 116.7026
66.2873 0.0000 116.7874 104.1296
175.1010 116.7874 0.0000 60.7141
116.7026 104.1296 60.7141 0.0000
90.0511 89.9839 89,9552 89.6929
90.0348 89.9626 89.9777 89.9922
107.4692 116.4368 72,3223 102.7904
116.6894 91.7448 66.1947 68.8212
89.5301 80.1183 91.3542 112,.4773
87.7743 89.4148 92,5773 96.7645
87.8332 89.2694 92.4708 95.7364
8 2 10 il
90.0438 90.0143 90.0006 40.2559
107.4692 116.6894 89,5301 87.7743
116.4368 91.7448 80.1183 89.4148
72.3223 66.1947 91.3542 92,5773
102.7904 68.8212 112.4773 96.7645
90.0741 89.8733 90.1582 104.7872
90.0825 89.8513 90.0394 99.8400
0.0000 92.8640 37.9341 93.6165
92.8640 0.0000 104.0881 90,5053
37.9341 104.0881 0.0000 94,2277
93.6165 90.5053 94.2277 0.0000
93.2392 90.7533 93.5884 90.4936
49

[
123.6228
90.0511
89.9839
89.9552
89.6929
0.0000
119.4366
90.0741
89.8733
90.1582
104.7872
71.8194

12
82.4133
87.8332
89.2694
92.4708
95,7364
71.8194
54.3089
93.2392
90.7533
93.5884
90,4336
0.0000
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1
0.0000
89.9863
89.9988
90.0076
90.0951
124.0894
71.6635
90.0400
90.0156
89.9948
139.6665
83.6862

1

71.6635
90.0365
89.9628
89.9772
90.0010
120.1351
0.0000
90.0755
89.8518
90.0362
79.8297
56.4074

IABLE XIV

Angle Matrix with 20% Mass Change
2 a 4 2
89.9883 89.9986 90,0076 90.8951
0.0000 65.2012 174.8062 116.6249
65.2012 0.0000 118.1720 104.2001
174.8065 118.1720 0.0000 60.6928
116.6249 104.2001 60.6928 0.0000
90.0492 89.9824 89.9576 89.6903
90.0359 89.9628 89.9772 90.0010
108.2412 115.9570 71.5885 102.8423
117.1463 91.9086 65.9119 69.0926
88.8619 80.1204 92.8619 113.0416
92.3373 90.5802 87.2966 83.0830
87.7259 89.2556 92.5902 95.8572
8 -] 10 il
90.0400 90.0156 89,9949 139.6665
108.2412 117.1463 88.8619 92,3373
115,9570 91.9096 80.1204 90.5802
71.5885 65.9119 92,0619 87.2966
102.8423 69.0926 113.0416 83.0830
90.0760 89.8745 90.1624 75.3050
90.0755 89.8518 90.0362 79.8297
0.0000 91.8593 37.9764 86.2731
91.8593 0.0000 104.9249 89.5103
37.9764 104.9249 0.0000 85.6344
86.2731 89.5103 85.6944 0.0000
93.3463 90.7575 93.6457 88.9311
50

(]
124.0894
90.0492
89.5824
89.9576
89.6903
0.0000
120.1351
90.0760
89.8745
90.1624
75.3050
70.4391
12
83.6862
87.7259
89.2556
92.5902
95.8572
70.4391
56.4074
93.3463
90.7575
93.6457
88.9311
0.0000
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TABLE XV
g Angle Matrix with Mass Proportion Change
! 1 2 3 4 2 [
{1 1 0.0000 89.9876 89.9991 90.0088 90.0885 56.6687
EE 2 89.9876  0.0000 67.9385 175.4363 116.9616 89.9447
h 3 89.9991 67.9385  0.0000 114.7622 103.8782 90.0138
3 4 90.0088 175.4363 114.7622  0.0000 60.5714 90.0495
g 5 90.0885 116.9616 103.8782 60.5714  0.0000 90.3092
h 6 56.6687 99.9447 90.1328 90.0495 90.3092  0.0000
7 72.3954 90.0351 89.9620 89.9773 89.9845 61.1721
' 8 90.1492 106.3473 116.6995 73.4728 102.7894 89.9300
F 9 90,0129 116.3590 91.3043 66.3991 69.1853  90.1267
{ 10 90.0061 88.2308 79.9539 92.3968 112.6655 89.8403
11 140.9311 91.9666 90.5957 87.6792 83.4320 104.8729
ae 12 80.6971 88.0763 89.2928 92.2303 95.5756 105.9443
1 8 S 10 il 12
1 72.3954 90.0492 90.0129 90.0061 140.9311 80.6971
2 90.0351 106.3473 116.3590 88.2308 91.9666 88.0763
3 89.9620 116.6995 91.3043 79.9539 90.5957  89.2928
4 89.9773 73.4728 66.3990 92.3958 87.6792  92.2303
5 89.9845 102.7894 69.1853 112.6655 83.4320 95.5756
6 61.1721 89.9300 90.1267 89.8403 104.8729 105.9443
7  0.0000 90.0886 89.8484 90.0523 80.7988 51.4492
8 90.0886 0.0000 92,3421 39.1026 86.5713 93,0572 - j
9 89.8484 92.3421  0,0000 105.7099 89.7266 90.5322 g
10 90.0523 39,1026 105.7099  0.0000 85.9199 93,4492 ]
11 80.7988 86.5713 89.7266 85.9199  0.0000 90.4827 i
12 51.4492 93,0572 90.5322 93.4492 90.4827  0.0000 i
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: TABLE, XVI ;
SR Angle Matrix with Equal Mass Corners ]
' 1 2 3 4 5 [ ‘
‘ 1 0.0000 89.9880 89,9988 90.0081 90.0946 123.2426
2 89.9880 0.0000 65.7677 175.0560 116.6448 90,0466 B
h 3 69.9988 65.7677 0.0000 117.3911 104.4288 89,9820 1
. 4 90,0081 175.0560 117.3911 0.0000 60,7695 89.9596 | ;
E 5 90.0946 116.6448 104.4288 60.7695 0.0000 89.6890 :
6 123.2426 90.0466 89.9820 89.9596 89.6890 0.0000 T
L 7 72.3479 90.0355 89.9619 89.9762 89.9951 119.5189

8 90.0471 108.2480 114.3825 71.7586 102.6075 90.0740

9 90.0147 116.6529 91.6308 66.2921 69.4423 89.8772

10 89.9984 (84.3437) 79.9181 (96.0198) 114.6969 90,1752

11 40.4695 88.0756 89.3477 92.3070 96.6715 104.6088

C! 12 83.0063 88.0505 88.2420 92.2379 95.6539 70.8076
1 8 9 10 1l 12

1 72.3479 90.0471 90.8147 89.9984 40.4695 83.0063
2 90.0355 108.2480 116.6529 88.0756 88.8905
3 89.9619 114.3825 91.6308 79.6181 89.3477 89.2420
4 89.9762 71.7586 66.2921 92.3070 92.2379 -
5 89.9951 102.6075 69.4423 114.6969 96.6715 95.6539 ]
6 119.5189 90.0740 89.8772 90.1752 104.6089 70.8976 - J
7 0.0000 90.0737 89.8516 90.0595 100.1910 55.3692 3
8 90.0737 0.0000 89.5405 41,7858 93.5619 93,1830 -
9 89.8516 89.5405 0.0000 90.0662 90.3736
10 90.0595 41.7858 0.0000 94,0219 83,3597
11 100.1910 93.5619 90.0662 84,0219 0.0000 90.8776 -
12 55,3692 93.1829 90.3736 93.3597 90.8773 0.0000
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VI cConclusions and Recommendations

By separating the system matrix modes into orthogonal groups,
the system will be inherently decoupled. It is apparent that the
judicious choice of sensor/actuator location and orientation can
achieve acceptable orthogonal groups. It is also obvious that a
single misplaced sensor/actuator pair can destroy a previous modal
grouping set. The practical result is that modal groups can only
be partially decoupled because of the difficulty in finding the
ideal sensor/actuator model.

The attempts to decouple modes 11 and 12 show the ease with
which a single coupling angle can be changed., However, the diffi-
culties in finding an orientation that will change only one angle
and leave the others unchanged was also demonstrated. The problem
of trying to improve all coupling characteristics can only be
solved by concentrating on improving one angle at a time. By this
method, a systematic study should produce the desired sensor/
actuator model.

The studies of the mass model changes showed little effect on
the modal angles.

The next step in the study of sensor/actuator placement
should be that of more modes. In this study, twelve modes are
separated into groups. The methods of this study can be applied
to a larger number of modes. However, a more rigorous method of
determining the modal groupings needs to be made.

A possible method is a variation of the method that ORIENT
uses (requirements of acceptance). The angle matrix could be in-

puted into a program that would output possible groupings based on
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some given criteria. This criteria would be similar to that used
in ORIENT; all angles coupled within some limit would be in the
. same group and those angles decoupled would be in different
groups. The angles that don't fit the criteria would be listed as
problem angles for each grouping. These angles would then be
! subject to correction using ORIENT,
. I feel that the conditions of changing one angle without
changing any other angle needs to be studied. If it can be deter-
l mined when this condition is applicable, it will be a powerful
tool. This method could be applied to every angle until all

groups were perfect. Implementation of this method would be in

ORIENT's requirements of acceptance,
One other step needs to be taken: experimental evaluation.
The case in controlling a structure, when an added sensor/actuator
i C‘;’ improves the modal groups' coupling, can be studied experimen-

tally. Thus, once a sensor/actuator model is found to be accept-

able, it can be tested to see if it is experimentally acceptable.
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NASTRAN Data Deck
The listing below is the NASTRAN Data Deck for the CSDL II,

Revision 3 large space structure, Cards of interest are: EIGR,

GRID, CBAR, CONM2 and PBAR.

The input data card EIGR stands for Real Eigenvalue Extrac-
tion Data. The method used is the inverse power (INV) method with
. symmetric matrices. The frequency range of the eigenvalues is
given with the next two numbers, 0-14hz. The estimate of the
number of eigenvalues in the frequency range is given next, while
the following number asks that all the eigenvalues be given.

GRID is the input card which defines the location of all the
nodes of the model., This card is very useful in determining dif-
ferences between similar models.

The CBAR card is Simple Beam Element Connection. This card
identifies each bar element, and gives the nodes that are con-
nected to its ends.

CONM2 is the card that was varied in this investigation. It

stands for Concentrated Mass Element Connection. This card allows

lumped masses to be put at the nodes. The mass to be changed is
the third number on the card. On some of the cards, the moments

of inertia are also given following the lumped mass.

Simple Beam Properties are listed in PBAR. The properties
listed are: area, moments of inertia, and the torsional constant.
This card could have been used to alter any of the properties of

the mirror support trusses. T
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Ca92362EE-04
Ce67853F~00

0a923625E-04

Cell0942E~(5"
De839T7215~0Te
Dee43065E~Lee
0elC3ISETE~CEY
0.450653E-07e
Ce®S06SIE~0Te
De8SDESIE-DT e
CedS0ES3IE-0T
0.439721E-07>
Ce839721E~CT»
0e439721€~07T+
0.429721€E-07¢
3.%61752E~06°
3.5617S2E-06e
3.561752E-0¢e
3.561752¢E=-06e
3.561752E~0¢€¢
3.561752E~0€e
3.561752E-CE
3.561752E~Cé
2.561752E£-067
5.5617%2€=06€
0.151367E-0Se
Dell2€955E=0Ce
0.1126°SE~05e

Ce

(8]

g1e22¢ .
Ce0C152CS .
e1126<SE-0Ce
001126°5€-05
De1CAaS2CF-06"
0.318640E~0T¢
D.839721E-07e

0eB81A643E=0Te

DT S
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PRSI

"

[ 206 0eP14€40E=07 Cel62321E~Ce

28APe 29¢ 100 0.672852 3£=-04 Coe@337215=( T 297
. 2095 5.439T721€~07 D.aT9082E-07
PRASe 237 10¢C 2el180834E-02 CelFf583 E=Coe 237
. 237 DelEB84905-0¢€ CedTEST E-D6
PBARe 232 162 Ga6T73%33E-20 0e4397216-07¢ <tz
. 232 N483372iL~C7 le-T90828=37
PBARe 23 1220 CobT7553 3524 Ca®33721F=CTe 235
. 233 0.439721€E-37 CenT34M2E-7
3
] MULT:-PCINTY CONSTRAIAT CQUAT:ON FOR X=-AXIS LCS ERROS (NDDE 10C DFF 1)
)
MPCe ec” 1 =1.C0100023"
*162003¢C 3e 2 =0401£5528757% «10C0CJ1
«1000001 3a 3 =0e18285714226¢0100880°
«1000C02 35 2 =0.01235%227S57 «1020C03
#1000003 35 3 =Del8285T182R€e1320CHS
«1C00C0s 2€3° 3 Ce28571420572 «1000C05
*10000 = k14 3 Ce? «1000002
«1003006 27 2 080656921592 «1030CQ7
«1000037 27 3 =C.354833007951000C0°
01000004 23 2 C.J82656E135°% ©100000°
«1070005 2% 3 =2e35422900075513200190
«1060010 3233 3 0, 7C578501550 «1970913
+1000011 33 3 Cel «1309212
*100001°2 1832 4 =-3,8-°8230C%566 21050713
«1C30C1 3 11 2 =N 06212354429¢1000C1 6
*10000C14 2 =2.062123%0425
3
] MUL “I=PLINT COASTIAINT COUAT.CA F2OF Y-AYIS LOS E£2R0P (NCDE 1(T DCF 2)
[
MPCe 122 4 =17 020C2CC0
+2093C) 3s 1 -C 02710575132 »2220272:
«2¢3C0Y! 3a 72 =0al863:2]19924e20%068°
20900932 Is 3 =0625l%C2%37° «20350C33
027023235 3% 2 CelW63R21R9240200(C224
«230000 ¢ 37 3 Ce2%0C0GCOCC «203000°%
207305 27 1 0e161323£3996e23:020¢
#22000C06 27 2 ~0.0€£0432561853 «2220C27
02000007 27 3 =3.62105751391205000°
©220006 3 2 2 C.056005261499 *2200C9°
2220000 < 29 3 246210575131 239C0012
02000019 107 S 3.42423005%64 «27C0311
*2200011 11 1 =04124207:875=e2500212
«2000012 1: 2 -2407762353037 «297301 %
e2:000173 S 2 - C.0TT762353037«2020C10
*230001 4
s MULTI=-PCINT CINS™RAI'Y £QUAT:ON FGR NEFCCUS (NIDE 10C O02F %)
s
MPCe 1¢C 3 “14Ce30°000"
«300003: 3e I ~G.G17123%3776 #33C0201
3000031 35 3 =0e013123S2T7760707003°2
e3C00C02 2839 3 Cel2743291A336 «30C0C03
«35000073 30 3 Ce0 «3000C00
»3000C04 217 3 Ce77303217%47 *3C3063S
*30030° 5 27 3 0772C32173473C000005
*300082%6 3233 3 -Ce%6621930409 «3000007
« 3000037 1002 3 <-0e1T7EASCOAST1+3020C02
*+3000008 3 3 9.500003CC030 +30C0209
23000059 11 3 0e50-0C0GCS00CC 3060010
«3000010 (1] 3 =Z.06000000300
]
s RIGID BCDY SUPPOPT
]
SUPCRT 44 123856
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This program was used to pick off the critical modes from the
b_ eigenvectors obtained from NASTRAN., The input is read from TAPE
F 5, and the output (critical eigenvectors) is listed on TAPE 6.

The input file contains three pieces of information. First,
k the number of critical modes (N). Second, the list of eigenvector
! numbers (ID), and lastly, the 38 eigenvalues and eigenvectors.
The output from NASTRAN needs to be modified so that only the
T-: eigenvectors and eigenvalues are present.

F The eigenvectors are placed into a three dimensional array,

% MAT (59, 6, 38). The desired eigenvectors are then written into

TAPE 6 using the ID vector to identify the critical ones.

Following is a description of the variables used in SELECT:

ID (I) = The eigenvector numbers of the critical
modes .

M = Index, set equal to ID for each mode.

MAT(I,J,K) = Three dimensional array of eigenvectors.

MODE (K) = List of eigenvector numbers.

N = Number of critical modes.
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PICG2AM ZLLECT (INPUTy UTFUTeTAPES 4 TAFES)
DIMESNTION MAT (RS 9593 ) gMIDECS-)y.DC3 )
READ(S9ew)!
2EADCSe#) (IC( )9 =19}
DY 1 X=1,38
TEAD(D 913 IMIDE(K)
SEAD(S 9200 ) CCMAT (I gdeK)pd=19 )9 =1 45%)
1 COANTINUE
07 2 K=1y!
M=TD(K)
ARITF (S 930CICIMA" (T adaMdgd=l9r) g =195%)
2 CuNTiNUE
- POUINT#¢®MIDES FEAD ARE 2 "g(M DFE(idyg.=1le35)
- PRINT®#e "MODES FILED ACE ¢ %9 CIDC1) e =1gn)
B 100 FORMAT(IY)
B 200 FORMAT(IP3ELSWE)
% 307 FURMAT(IX 91P3E1S.%)
' £° D
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o
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ANGLE

This program uses the sensor/actuator model and the critical
modes to calculate the system matrices (B and C), and the coupling
angles between the system modes.

The program first reads the sensor/actuator model. The num-
ber of critical modes (N), actuators (NA), and sensors (NS) are
read as integers. Next the orientation angles of the actuators
ALPHA, BETA, and GAMMA are read. The identities of the nodes
where the actuators are placed are listed in NODE. Note that this
array allows multiple actuators at one node. The sensors are
similarly read.

The critical modes are read next into PHI. To find the value
corresponding to a particular node's degree of freedom, the ID
vector is used. This vector orders the nodes of the structure:

ID (1-19)=1-19 ID (52)=910 ID(56)=1004
ID(20-34)=26-40 ID(53)=1001  ID(57)=1112
ID(35-50)=42-57  ID(54)=1002 ID(58)=2830
ID(51)=100 ID(55)=1003 ID(59)=3233

The calculation of the system matrices uses the formulas
given in the text for elements of B and C. The only complication
involves picking out the proper element of the eigenvector. This
is accomplished using NODE and ID. NODE identifies the node in
question, while ID translates this identification to determine
which of the 59 nodes it is. This determination allows the proper
PHI value to be picked out.
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After the system matrices are calculated, it is a simple
matter to determine the angles between the modes. The dot product
formula given in the text is used to make the calculations. The
norms squared of the rows (B) and columns (C) are given by BSQ and
CSQ respectively. Dot products are CB and CC. The angles are put
into matrices ANGB and ANGC.

Following is a description of the variables used in ANGLE:

ALPHA (I) = ©( , the angle between +x axis and the
actuator,

ALPHS (I) = ©{, the angle between +x axis and the
sensor,

ANGB (I,J) = The output matrix of angles between the
rows of B,

ANGC (I1,J) = The output matrix of angles between the
columns of C.

B (1,J) = System matrix which is the ¢ matrix
times the direction cosine matrix of the
actuators.,

BETA (I) = G, the angle between +y axis and the
actuator,

BETS (I) = 6, the angle between +y axis and the
sensor.

BSQ (I) = The sum of the squares of each element
in a row of B.

C (1,J) = System matrix which is the direction
cosine matrix of the sensors times the¢
matrix

CB = The dot product of two rows of B.

cc = The dot product of two columns of C.

CON = Conversion factor, T/180

CsQ (I) = The sum of the squares of each element
in a column of C.

GAMMA (I) a K, the angle between +z axis and the
actuator,

GAMMS (I) = ¥, the angle bestween +z axis and the
sensor,

70
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ID (I) = The node that corresponds to the rank

. number.,
‘ - N = The number of critical modes.
o NA = The number of actuators.
: NODE (I) = The list of actuator nodes.
. NODS (I) = The list of sensor nodes.
s NS = The number of sensors

PHI (I J)

- PI

Input matrix of critical modes.

L
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SIIGTAM AAGLECIL2UT g TLTPUT W TAFE: o TAFLR)

TMELSION PHICIS4 337 ) JALTHACS 1 4yBETA(SS ) 9 GAMYACST)
VIMENSION ALPHS(E DBV T5C2 1) ¢GAMYT (S ) o, DT L3~ Dgl "DSL55) 9 "O(T
DIMENZICY, ANGROEZ: o "C) oA GCIZE T 933)9BSQ(S9)4C3QCS7T)
DIMENTTICL B30 953)9C(57430)

~EADC( Sy e )ingtAgln”

PRty 230

PYIN 2y ® NUMBES ~“F CrITiCAL MCNF . = Wy

D,‘(I-\l'.'n -

PIINTae™ MUMBE+« VF ACTUATCE = "4MA

D?I‘\‘"Q'N ]

PLINTae®  NUMREF F SENSTS T = ®a <
TEANCI9e ) CALPHACI ) oI =1 9"A)
READCI9* ) (BETACI) 9I =142

EADCS gy ) (GAMMA(I Del=! o%A)D

CAD(S 9« ) ANCDECIY9i=14% 4D

'JQII]”..' ”

PRIN ay™ ®

[P 5]

[S 2 ¥

PAIN wg® CRIETATICN 7F ACTUATOP =
DLINTagn ®
PRINTwy" 8 L.CDE ALEHA RETA GAMMA ®

D3 1 i=1¢ A
PRATN T xe® ®
1 PRINT 300 I oM(DECI) ¢ALPHAC(ID)oBETAC(I) oGAMVA(CT)

TEAD(S 9o Y (ALFPHS(L ) o119 )

PFAD(Syx) (BETS(I) 9I=1eN2)

PEADCD e« ) (GAVMMS (I DgI=1gh7)
SEAD(Se ) (LADSCI) yIs1er7)

PAIN " agW ®

PyINTagn ®

PalYy xy™ : OFTEwWTA 1LY CF JENLSORT =

PRUIIN " xgm @

PIIN " we"™ # L DE ALPHA BFTA GAMVYA "
DG 2 I=leMe

DIt agn W
PRINT 307 91 oM DSU IV eALPH (L) eHETS(ID)eBAMMI(C])
SEADCS o8l C)CC  HIC [ oJ)9I=193%4)9d=1y%)
PLADCSy«)CIDCIDde =1495)
FI=Te1415 250 C
CoN=2T/17 1 oC
37 37 J=le' A
ALPHAC(JDI=ALPHAC(J)I=C
SFTACJIZRETACI) =C '
GAMMACJI=GANVMA(J) +C"
J:. 17 X=1,45€
10 IFCIDMX)LEQe™ ' DECUIIG T T &6
2 CINT IWUE
KZhakK=5
D2 37 (=1t
BT oJISPHI(K 9T ) »C: SCALPHA(JUI ) +FHI(K*I4I)eCO (BETACID))
1 PHT(Ke: 91 D)«CrTC(GANMMACY))
30 COoONTIRUE

[\S]
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RPARGEN £ A

D2 60 I=1eNS
ALPHS CID)=ALPHI(I) »«CON
BETSCI)=BETS( )eCIN
GAMM:I (I)=GAMMC(I)+~CON
D2 40 K=1459%
40 TFCID(K)JEQeNCDSCINIGY T %0
50 CONTINUE
K=64K=5
D0 67 J=l,t
CUI o J)=PHT(KeJ)2C ISCALPHSZ (I ) ) +PHI(K+1 9J)*C-S(HETS(I))
1 *PHI(K*Z 9J)*COSC.ANMM (I))
€0 CINTINUE
07 T0 1z=1,
B QCI)=0.C
DS TC K=1¢NA
FSACII=BCI oK) %02, T +B-Q(])
78 CONTINUF
DY S2 I=1yN
DI 923 Jd=1l.%
ZB=0,"
D7 82 K=l A
€0 CB=B(IeK)*B(JeK)I+CBH
ANGBCIoJ)=ACC=C(CB/SQARTLBSGCINI/5Q-T(R . QCJI )
ANGBC(I 9 JIZANGB(I W) /C N
53 CAONTINUL
07 100 I=1eM
C:Q€i)=0,0
D2 100 K=1e¢MAS
C3QCTII=CUKel) w22, +C3Q(])
100 CONTINUE
DI 123 I=1,"
D2 12C J=1,*
CC=0.2
D7 110 K=1ghZ
110 CC=CU(KyI1D)+«C(KoyJI+(CC
ANGCCIoJIACCSACC/IQARTICEACINI/ZEQRT(CZQLII )
ANGC(TI e J)=ANGC(IyuU)/C. .y
120 CONTINUE
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PRIN 20C n
PRIN™ 203 3
PRINT 21Co(Ivi=1ly A) :
DT 500 [=14* 1
500 PRINT 220 ¢l 9(RB(T9J)ed=19 A)
PEINT 240 —
PRINT 224 -4
PRINY 21C (I 9l=1,y ) 1
D) 637 I=1lebs g
600 PFINT 220419(CtIoddsd=1y.) o
PRIN™ 2807
PAINT 201 -
PRINT 212 e(Iel=1y ) o

U‘: 130 =A.'
130 PRINT 22C o1 9C(ANGB (I oJ)edx14')
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fl - JARRCHERR

MO AN P AR

140
2090
210
220
201
202
2903
204
300
5400

PRINT 206

PRINT 202

PRINT 21Co(IeI=1y")

DY 146 I=1eN

PRINT 220 93 9 CANGC (I o) o d=19t)

FORMAT(1HI)

FORIMATCLIX9SXeIT74111104/7)

FORMATCIX o/ 0I5 012F10 %0 /9vSX0l12F1Ce4)
FORMAT(1X 920X 924HANGLES BETWEEN RTWS CF B)
FIRMAT(1IX2CX927HANGLES BETHEEN COLUMLS CF CO)
FORMAT(LX 420X ,=HB MATRIX)
FORMATC(1IX 920X e4%HC MATRIX)
FORMATCLX 9159111 4F11.292F10.2)
FORMATC(IF3EL1S.6)
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ORIENT
ORIENT is a modified ANGLE program used to calculate the :;f

angle matrix for many different actuator models. Two major dif- 75%
ferences between ANGLE and ORIENT exist. ORIENT has an added p
actuator that varies its location and orientation. It also has
requirements of acceptance that give a measure of improvement. f?“f

ORIENT first calculates the B matrix without the added actu-
ator. This part of the B matrix remains constant. Only a new
column needs to be added with the new actuator. This new column
is calculated for every node point and every possible orientation .
(step at 5° increments).

After the new column is calculated, ANGB is determined as in
ANGLE. However, after the angle is calculated for each mode -
pair, it is then tested. If any angle does not meet the require- A
ments of acceptance, the program immediately steps to the next
possible orientation for the actuator. If every angle meets the ;wg
requirements, ANGB is printed out for the particular orientation
and location of the actuator at that time.

This version of ORIENT establishes the requirements of ac- - —
ceptance by observing the coupling characteristics between the ;
modes of different groups. The requirements differ depending on ‘
what groups the modes are in. If the modes are in the same group, -f3
they are required to be coupled. If they are in different groups, ]
the angle has to indicate decoupling. This facet of the program
is implemented by reading each mode number into a group (N1, N2, -

or N3) at the beginning of ORIENT, ]
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. This mode group identification allows great flexibility.
ii '{ﬂ' First, a mode grouping can be tried by just assigning the modes to
different groups. Second, the threshold for coupling and decou-

pling can be reassigned to any desired level. This is the method

with which problem angles are dealt.
!! Following is a description of the variables used in ORIENT:
iﬁf A = Possible O{orientation, calculated at f-'i
- 5% increments. -
hl ALPHA (I) = Of, the angle between +x axis and the -
5 actuator. -4
j ANGB (I,J) = The output matrix of angles between the 3
rows of B,
ARG = The cosine of the angle between the
rows of B, argument of arc cosine equa-
tion,
B (I,J) = System matrix which is the ¢ matrix
times the direction cosine matrix of
the actuators.
BE = Possible ;3 orientation, calculated at
5% jincrements.
BETA (I) = B, the angle between +y axis and the
actuator. ——
BSQ (I) = The sum of the squares of each element
in a row of B.
CB = The dot product of two rows of B,
CON = Conversion factor, Tr /180. T
G = possible ¥ orientation, calculated from ?
A and BE. f
G2 = 180° - G |
GAMMA (I) = 3, the angle between +z axis and the R
actuator. .
11 = Index of modes in group 1. :
12 = Index of modes in group 2. ]
13 = Index of modes in group 3.
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ID (I)

Nl (I)

N2 (I)

N3 (I)
NA

NAA

ND

NODE (I)
PHI (I,J)

Pl

The node that corresponds to the rank
number.

The number of critical modes.

First group of modes.

Second group of modes.

Third group of modes.

The number of actuators.

NA + 1,

Index, set equal to ID for each node.
The list of actuator nodes.

Input matrix of critical modes.

T
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31

PEIGTAM CRIENTCIMPUTSQUTPUT o TAPESTAFER)
DIMELSINN PHI(3S4930 ) s ALFHA(SEI)SBETA(ST) ¢ GAMMA(ST)
DIMESION N.DECIT) o103 9MN1(5) o205 4MN3(5)
DIMENSION ALGBOI. ¢37)4BSA(S5T) 9B(30eS%)Y
CTAD(S en )i oA
SEADCSax ) (M1 (2911 04)
TEADCSex ) (2T ) g =1953)
CAD(S 9% ) (3(¢1)9 =1,93)
FRIN S 204
FIIMT# o™  NUMBER CF CRITICAL MCDES = "™oN
PRIl mew W
CLYINTee®  AUMBES OF ACTUATORS = ®yNA
PEIN TxogW w
EADC(S o) (ALFHAC(I ) g .=14"A)
TEAD(S 9= ) (BETACI ) 911 98A)
CAD(S o+ ) (GA¥MA(I)pI=19NA)
TCAD(T 9w (R IDECI) g i1 94 A)
ERINTaym 0
;:;Ir__.'T.,l ]
PRIl e,w QFIENTATION OF ACTUATGRS =

DEINTagm ®

FRIN T a4® # NCDE ALPHA BETA GAMMA @

00 1 I=14'A
FEIN me® W
ERINT 30T 9T ¢ ODECI)2ALPHA(I) oBETACI) 9GAMMA(T)
TEAD(H 94 CICIPHIC(IoU) 9 I=19354)9d=19M)
TEAD(S e~ ) (IDCI) e =14959)
TIT301417G265E]
CONZTTILS Cali

CAAZC A<l

Do XN Jdz=1l A

ALFHACJ) ZALPHAC(J)I *C M
BETACJYZBETAC(II*CHN
GAMYACY)TGAMMACI) *C N

D1 KsieS~
TFOID(K) o FRLH"DECYIIGL TP 27
CoMNTINUE

K=haK=®

0C 3. =1l
HOZpJIZF HI(K 9 I )= CCSCALFHAACYY ) +FHI (K1 41D «CCS(BETAC(J))
+EHT(Ke 3 [)«COCT(GANMACY))
CoMT INUE

DL TET KK=14 3%
LD=INAKK)
¥ 3¢y T Azl er7
CAATL L« AT

SIAA+C

C =t-3 18=1.%7

‘BE=Se"H=5

RE=TRReC N

FC_AA+ BB L o) 6O T2 31
LA TSR
Goo T X2
CohT"\NUE
CICA=CG™ (A)

FUC SAel e o) CC3A=-C~7A
FO N(BEdeLTL.C%A) GC 70 S
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G2AC SCITN(BE)SCLSCASINCCOSA/ ™ INC(REYY))
G2=1°0«C N=G
Xg CONTIMUE
D. 958 IG6=1,2
IF(TICaENQe1) GO "0 32
TFCIAA+BBeEQewi) 6C TL 2328
6262
CONTINUE
KKK a5=5
DC .:.> I=1"«
HOI 9  AA)=PHT (K9 )«CCo(A)+PHI(K+1 oI Y2CCS(B)
1 +PHI(K*21)~ClS5(6)
& CunNTITANUE
DT I=1eM
BIQCI)=3.0
Do 7+ = i1eMNAA
BEQCII=HCI oK) 222 ,0¢B:Q(T)
TS CONLTINUE
DO 57 Izt
D7 GT J=1 ek
CH=" &
DY S K=1e*AA
AT CHR=B(I¢K)*B(JyK)+CB
ARG=CB/ZQARTIHBSGCID))/SQRT(BTQAWI))
TF(A GelLEelasa ECT)Y) G2 70 81
AMGB (T 9J)=Ce
G T A2
w1 CONT INUE
ALGBCIpJ)=ACLS(CB/SRRT(BSACIDI/ZZARTI(BSQ(JYI))
-2 CAINT  MUCE
A" GBI ¢J)=AGHII ¢J)/CTN
D 121 I1=144
01 TFCILENSHICI1YY GO TC 104
DY 102 2231, C
100 TF(ILEQeii2CIPY)Y GO Ty 1CF
D103 T32142
TF(L1eEQei:3(T73)) GC T 136
N 116 [1z144
IF(JeEQat,1€12)) G0 T2 110
G2 7L 111
0 115 12=1s8
TF(JeERet 247 2)) 6C T2 117
) S 5 N
IfF D 116 (4=]e2
V16 FCJeERTI(TTY) GC "0 11
Gy 1Ll

S
I TFCACGBO I ad) el Te 20l a0~ e ANGB (I 0U)eGTe1i3340) GC TG 0 LR

L]
(3}

B b b
- Y OY
£

o

—
-,

G EIER .
117 TFCA GAUC T gd) a5 o/ bal aANDSANGBIIpU) el TaCT43) GO TC 80 N
IO N
Cut fiUF N
PE TN g -]
PETL T S gASCEN9BEZCONOG/CON oMD
OpINT 20 —
Fole™ 210 e0i ezl o)
D2 133 I3l T
132 #PI0Y 220 9Te(AGR(TI sd) od=1e) S
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LTS N o ENGATULAA SIS g/ol A FIC A A A A S A R s e —r a -y

at ety A DAL L R

RN 07 FUSMAT(1IH1)

FOaMATCLX9SY 42791111 o/
FORMATCLIX9/9.5912F17 a9/ eSX 91 2F1Ce4)
FOOMAT (LI X 93 N9 24HANGLES RETWEEN ROWS OF RB)
F o oPATOLX e 150111 9F114242F1047)
FIRMAT(LIP3F12,4)
FORNMAT(IX92u A9 bHALPHAS 9 F44096H BETAZ9F 4,0 9 TH GAMMA=,F 4,3,
1 SH AT £°DESI%947)

Ci)N™TNUE

CIN™ TNUE

E"D

PO S B
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i. Robert Raymond Luter, Jr. was born on 24 March 1959 in Corpus
~ Christi, Texas. He graduated from high school in Austin, Texas in
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