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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.

Viii



I LDtriuct*

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-

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

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.
1



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 manmer. 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



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

considered 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.

3



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.

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-II structure consists of beams that form support trusses.

E. 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 *

0.067cm. The radius ranges from 3.6cm to 8.1cm. 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)1 however, these properties were not used in this

investigation.
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Each 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 Fig 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. Tus, 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

tip 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.

6



Node Location an updMma

RM x m) LIy M.3 LUE (ASl (KG)

1 -7.0 0.0 0.0 0.0

2 -4.0 5.0 0.0 0.0

3 -4.0 -5.0 0.0 0.0

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

9 -4.0 5.0 2.0 67.4

10 -. 9-.b.06.
10 -4.0 -5.0 2.0 67.4

12 4.0 -5.0 2.0 67.4

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

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

7



Tahlp T
Node Location and Lumed Ma-a

(Continued)

LIm LI). W IEW). LUMPED MASS (KGL

30 4.0 -3.0 22.0 6.74

31 5.0 0.0 22.0 0.0

32 -4.0 10.0 22.0 6.74

33 4.0 10.0 22.0 6.74

34 -4.0 -10.0 22.0 69.5

35 4.0 -10.0 22.0 69.5

36 -4.0 3.0 24.0 0.0

37 -4.0 -3.0 24.0 0.0

38 4.0 3.0 24.0 0.0

39 4.0 -3.0 24.0 0.0

40 0.0 2.5 2.0 0.0

42 0.0 5.0 -0.3 0.0

43 -2.0 0.0 -1.3 0.0

44 0.0 -1.667 -1.3 3500.0

45 2.0 0.0 -1.3 0.0

46 -4.0 -5.0 -0.3 0.0

47 4.0 -5.0 -0.3 0.0

48 -26.0 0.0 -1.3 81.91

49 -21.0 0.0 -1.3 0.0

50 -16.0 0.0 -1.3 163.82

51 -11.0 0.0 -1.3 0.0

52 -6.0 0.0 -1.3 73.82

53 6.0 0.0 -1.3 73.82

8



(i.(I(M LMPED 1M (KG)

54 11.0 0.0 -1.3 0.0

55 16.0 0.0 -1.3 163.82

56 21.0 0.0 -1.3 0.0

57 26.0 0.0 -1.3 81.91

100 0.0 0.0 0.0 0.0

910 -4.0 -2.5 2.0 0.0

1001 0.0 -6.5 22,0 1000.0

1002 0.0 0.0 2.0 800.0

1003 0.0 6.5 22.0 1200.0

1004 0.0 4.0 2.0 600.0

1112 4.0 -2.5 2.0 0.0

2830 0.0 -3.0 22.0 0.0

3233 0.0 10.0 22.0 0.0

9
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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

The sensor/actuator pairs' location and orientation are given

in Table II. This model was suggested by CSDL (Ref 4). The sug-

cgestion 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.

11I



Senaor/Actuator Nodes and Orientation

INumb2L EMAPA msmM

1 9 90.00 0.00 90.00

2 9 90.00 90.00 0.00

3 10 90.00 90.00 0.00

4 11 0.00 90.00 90.00

5 11 90.00 0.00 90.00

6 11 90.00 90.00 0.00

7 12 90.00 90.00 0.00

8 27 0.00 90.00 90.00

R 9 27 90.00 0.00 90.00

10 27 90.00 90.00 0.00

11 28 90.00 90.00 0.00

A 12 29 90.00 0.00 90.00
13 29 90.00 90.00 0.00

14 30 90.00 90.00 0.00

15 32 90.00 90.00 0.00

16 33 90.00 90.00 0.00

17 34 0.00 90.00 90.00

18 34 90.00 0.00 90.00

19 34 90.00 90.00 0.00

20 35 90.00 0.00 90.00

21 35 90.00 90.00 0.00

k 12



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.

* 13 ~



III Theory

A vibrating structure has equations of motion

where b is a n-vector of generalized coordinates, M a n x n sym-

metric mass matrix, K a n x n symmetric stiffness matrix, E a n x

n symmetric damping matrix, and Q 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

Q = u (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 coordinatesf. Janiszewski shows that the equations can be

expressed in state variable form

x = A + B (3)

14



where

- i

T

B [b

the general output equation is

y = C X(4)

where

C [CpO, CS

The modal matrix, , is a matrix containing the eigenvectors

of the structure by column. It is a matrix which is n x nc where n

is the number of degrees of freedom and nc the number of controlled

eigenvectors.

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 - C (5)

or

DT =Cp

where Cp is a n. x n matrix of direction cosines corresponding to

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

15
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and ns x ncrespectively, where na is the number of actuators and

n. is the number of sensors.

Modal Qupling

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.

Bi Gj = 0

i j (6)

Ki Cj = 0

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-

pled from the other groups.

16



The modes that have been referred to are actually the rows of

Band the columns of C. Therefore, it is the rows of B (columns

of Q 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

F 19= cos' [II 1 II.il 1(7)

where Ili and Bj are rows i and j respectively of B and A1-I is the

norm of the ith row vector of B. These angles can be made into a

symmetric nc x nc matrix of angles.

For 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.

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 0 which are multiplied by

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

element of B is

Bij = 06. node(j )- i COS(i + 06 . node(j)-4 i COS, (8a)

+ 06 • node (j)-3 i COS Yj
where node (j) is the node of the j'th actuator. If k = 6a

node(j)-5, then the numberoki is the k'th row element of the

i'th eigenvector, 0 1 in the modal matrix, 0. These matrices can

also be determined as follows:

17



B= [¢fV~~~ [D]

~~]T

Oi 0. 01 C, 0 0
Ott 0Z z 23 co3 0 0l:3r.33o o _

0 0 0
= -0 o o(8b)

0 0 0

0 0o 0

ACT( 41 082 085 0 0 CO

9I0 0 0

0 0 0

ACTI  014 ' 1 " Aq I ON 3o0 C

0 C-a 
0

- 0 0

o 0 0

o 0
I I
I I
I I

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.

18



Similarly, an element of C is given by

Ci j - 06. node(i)-5 COSOi + 06. node(i)-4 j OS~ i
i+ Q56 • node (i) -3 j COS~i (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 0, 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.

19



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 A and B the two modes):

e c' L4 A,Bi AB A x..._A Bx ] (10)L(A, 44+... A;) (81,8;+....4,13)'"

where Ax and Bx are the new elements of each mode.

This equation can be simplified

" (A +Ax) (B; 1 B )V' (11)
n

where A=A
jai

the dot product, A • B is taken without the new elements.

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

equal to zero. Letting Bx equal zero, we have

0= COS [(A1+I) A i 'I 1 (12)

If A1 is also equal to zero, the angle does not change.

However, the angle will change if Ax 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 900.

Therefore, to decouple two coupled modes, find a location where

one mode has large (relative to norm) values and the other small

values.

20



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).

cose=l 1 li II =l

Thus, the cosine of the angle will change by the factor

(aA 64 iv - (A " A)

A
- (A I +A YL-

= i (13)

If Ax is small compared to the norm (taken without AX), the

cosine of the angle will not change.

CO-A second case occurs if the new element product dominates the

previous dot product. This case can occur when the original modes

are decoupled, since the dot product is zero. The angle now re-

duces to

9 = Cos" LA & B B)

The new angle approaches zero if the new elements are large

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 new elements are large with regard to the norm. Therefore,

one way of coupling two modes is to put a sensor/actuator pair at
2
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a node where the eigenvector 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. First, 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.

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 G are known, is then deter-

mined as shown in Fig 3.

22



TWO pOSSIBLE
~FOR GIVEN (

COSO c.COS03 +Cos, 61

0

FIGURE 3 - Orientation Angles
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Cos 0 OA //i'=
COS -- OB-r = (15)

Cos OC/r =z

Since r is a unit vector, the direction cosines are equal to

the components of the vector along the axes.

The magnitude of r is:

rII= Tx *J 2 = I (16)
Substituting equations (15) into equation (16)

cos 2oc+ Cos28+ cos 2Z.= 1 (17)

Solving for , we have

6 = coS-1  3- [cos 2 0(+ cos 2 j] (18)

where O( and 6 are varied from 00 to 1800.

All possible orientation angles can be tried, or specific

orientations can be selected, so that existing elements of the B

C 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

I. 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

3 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 (Omatrix) may change. This change obviously changes

the modes (B and C matrices). This was the only change to the

modes that was studied.
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Tab~lg

Mode-Eigenvectog Corres~odefice

KQ~ft ieeco

1 4

I2 5

3 6

4 7

I5 12

6 13

7 17

8 21

9 22

10 24

to* 11 28

12 30
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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

elgenvectors 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

U 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 820 or greater than 1030. If the modes are to be decoupled,

then the angle must be between 860 and 970. Obviously it is de-

sired to have coupled angles at 00 or 1800, and decoupled angles

at 900, 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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IV Investigation

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 IV).

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.

13
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Angle Matrix with Original Sennor/Actuator Model

1 0.0000 89.9876 89.9991 90.9987 90.0884 123.2047

2 89.9876 0.0000 67.4653 175.3876 52 90.0533

3 89.9991 67.4653 0.0000 115.3141 104.0098 89.9855

4 90.0087 175.3876 115.3141 0.000 (~8 89.9526

5 90.0884 52 104.0098 (~8 0.0000 89.6936

6 123.2047 90.0533 89.9855 89.9526 89.6936 0.0000

7 107.4792 89.9662 90.0376 90.0220 90.0156 61.2182

8 90.0478 106.5687 116.9917 73.1913 102.7661 90.0720

9 90.0128 ~ 2 91.5675 c~8 68.5695 89.8722

10 90.0066 90.1561 80.1261 90.6814 111.8732 90.1536

11 39.1619 87.8879 89.4097 92.4490 96.6087 104.9007

12 8119 87.9411 89.2693 92.3517 95.6278 7320

1 107.4792 90.0478 90.0128 90.0066 39.1649 8116

2 89.9662 106.5687 ~ 2 90.1561 87.8879 87.9411

3 90.0376 116.9917 91.5675 80.1261 89.4097 89.2693

4 90.0220 73.1913 C6.499 90.6814 92.4490 92.3517

5 90.0156 102.7661 68.5695 111.8732 96.6087 95.6278

6 61.2182 90.0720 89.8722 90.1536 104.9007 7320

7 0.0000 89.9103 90.1494 89.9571 80.5616 127.804

8 89.9103 0.0000 93.8830 63 93.4985 93.1822

9 90.1494 93.8830 0.0000 103.2217 90.5112 90.7436

10 89.9571 r~3 103.2217 0.0000 94.1486 93.4051

11 80.5613 93.4985 90.5118 94.1486 0.0000

12 2784 93.1022 90.7436 93.4951 0.0000
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Modal GroUpings

CASEI1 2 15

3 6 9

4 7 10

8 11

12

CASEI11 2 1 5

3 6 9

4 7 10

8 11 12
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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-2

two modes together. The second grouping places mode 12 into group

III. 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 100 off 900. 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

changed. 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

33



tried; if all angles are accepted, the angle matrix is then prin-

ted. Most of the orientations are discardedl 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 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

so 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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Original Sensor/Actuator Model Orientation Changes

OLD ORIENTATION CHANGES
ALG ACTUATR ALM D= AMMA

11-12 89.80 Couple 2 00 900 900

11-12 89.80 Couple 13 900 450 450

11-12 89.80 Couple 10 900 450 450

8-10 380 Decouple 5 450 450 900

8-10 380 Decouple 10 450 900 450

8-10 380 Decouple 12 900 450 450

8-9 93.80 Couple 21 450 900 450

7-10 89.40 Couple 4 450 450 900

7-10 89.4, Couple 3 900 00 900
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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

Co 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

obervod.
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ILLL~

Mass (kq) Changes

2% 10% 20% PROPORTION EQUAL
NODE ORIGINAL ADDED ADD DE CHANGE CORNERS

27 69.5 70.89 76.45 83.40 121.70 69.5

29 69.5 70.89 76.45 83.40 121.70 69.5

32 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 Resultsa

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.

SensActuator 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 of f the desired angles. In other

words, the angles were required to be so close to either coupled

(00 or 1800) or decoupled (900) 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

392



these new requirements of acceptance (most problem angles ex-

cluded) give node 42 as the best location. There were fifteen

orientation that were acceptable at this location. The orienta-

tion that appears to be the best is:

- 90. 90. '=D.

This angle matrix is listed in Table VIII. Note that modes

11 and 12 have completely coupled. Also, while angles 1-6 and 1-

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;

the worse angles are boxed.

The ORIENT run for the second grouping produced no orienta-

tions. More exclusions from the requirements for acceptance need

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

III: 8,9, 10, 11, 12
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The mode groups for the decoupled case are:

I: 6, 7, 12

II: It 5P 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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Angle Matrix with Moden 11 &12 Coupled

A
1 0.000 89.9870 89.9990 90.0098 90.0541 I4
2 89.9870 0.0000 67.4653 175.3876 116.8520 90.0434

3 89.9990 67.4653 0.0000 115.3141 104.0988 89.9875

4 90.0098 175.3876 115.3141 0.0000 60.6688 89.9621

5 90.0541 116.8520 104.0098 60.6688 0.0000 89.6876

6 i6 90.0434 89.9875 89.9621 89.6876 0.0000

7 79.1801 89.9845 90.0128 90.0123 89.9137 50.7986

8 90.0119 106.5687 116.9916 73.1913 102.7659 90.0044

9 90.0215 116.2323 91.5675 66.4898 68.5696 89.9067

10 89.9951 90.1561 80.1261 90.6814 111.8731 90.1120

11 89.9918 89.9969 90.0092 90.1359 2.1

12 107.7985 89.9893 89.9951 90.0118 90.1379 21.3414

A 2-i ui

1 79.1801 90.0119 90.0215 89.9951 107.7885

2 89.9845 106.5687 116.2323 90.1561 89.9918 89.9893

3 90.0128 116.9916 91.3675 80.1281 89.9969 89.9851

4 90.0123 73.1913 66.4898 90.6814 90.0092 90.8110

5 89.9137 102.7659 68.5696 111.8731 90.1359 90.1379

6 50.7986 90.0044 89.9067 90.1120 2151 2134

7 0.0000 89.8663 90.0804 89.9508 59.5525 1

8 89.8663 0.0000 93.8831 38.0463 90.1295 80.1314

9 90.0804 93.8831 0.0000 103.2217 89.9727 89.7518

10 89.9508 38.0463 103.2217 0.0000 90.0604 90.0614

11 59.2 90.1295 89.9727 90.0604 0.0000

12 5980 80.1314 89.9751 90.0614 0.0000
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Angle Matrix for New Grouping (11 &12 COUDled)

1 0.0000 91.3907 91.7781 88.1414 81.4930 123.5268

2 91.3907 0.0000 65.1063 173.7748 112.3636 88.8425

3 91.7789 65.1063 0.0000 118.3582 99.4407 88.4525

4 88.1414 173.7748 118.3582 0.0000 66.9967 91.5642

5 91.4930 112.3436 99.4407 66.9967 0.0000 88.4894

6 123.5268 88.8425 88.4525 91.5642 88.4894 0.0000

7 109.2235 87.8575 87.3593 92.8293 87.8982 60.7614

8 95.9688 83.5529 83.4629 100.4695 82.2686 84.8955

9 93.3296 104.5331 82.8228 80.2084 65.1712 87.0308

10 89.4517 91.2650 81.9931 89.1670 112.4157 90.6307

11 83.3505 102.7891 106.3187 72.8646 102.8915 95.5664

12 83.5714 102.7831 106.3152 72.8712 102.9008 95.3021

2A

1 108.2235 95.9688 93.3296 89.4517 "',3505 83.5714

2 87.8575 83.5529 104.5331 91.2650 102.7891 102.7831

3 87.3593 83.4629 82.8228 81.9931 106.3187 106.3152

4 92.8263 100.4695 80.2084 89.1678 72.8646 72.9712

5 87.8982 82.2686 65.1712 112.4157 102.8915 102.9009

6 60.7614 84.8955 87.0308 90.6307 95.5664 95.3021

7 0.0000 80.9959 85.1309 90.7925 99.4980 99.3388

8 80.9959 0.0000 61.8256 79.1714 159.8746 159.8771

9 85.1309 61.8256 0.0000 103.8861 121.6093 121.6123

10 90.7925 79.1714 103.8861 0.0000 84.9988 85.0043

11 99.4980 159.8746 121.6093 84.9988 0.0000 ( -

12 99.9088 159.8771 121.6123 85.0047 0.0000
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TABL

Angle Matrix for New Grouping (11 & 12 Decoupled)

2. -4 5

1 0.0000 90.8174 90.7932 88.9493 86.7474 122.0821

2 90.8174 0.0000 66.7463 174.9228 116.6676 86.3539

3 90.7932 66.7483 0.0000 116.1557 105.8840 86.4521

4 88.9493 174.9228 116.1557 0.0000 60.1485 94.6762

5 86.7474 116.6676 105.8840 60.0485 0.0000 104.7235

6 122.0821 86.3539 86.4521 94.6762 104.7235 0.0000

7 108.3965 87.8155 87.9756 92.7696 98.6674 57.6279

8 90.3337 105.9797 116.2828 74.0025 102.1147 88.7901

9 89.8009 116.2560 91.8262 66.5076 71.1859 90.8291

10 90.4521 89.5529 79.6591 91.4364 110.4766 88.1533

11 39.4739 87.9660 89.4698 92.3365 95.2409 103.3852

12 82.9303 86.0350 87.3952 94.7842 102.5730 68.8043

1 108.3965 90.3337 89.8009 90.4521 39.4739 82.8303

2 87.8155 105.9797 116.2560 89.5529 87.9660 86.0350

3 87.9759 116.2828 91.8262 79.6591 89.4698 87.3952

4 92.7696 74.0028 66.5076 91.4364 92.3365 94.7842

5 98.6674 102.1147 71.1859 110.4766 95.2409 102.5780

6 57.6279 88.7901 90.8291 88.1533 103.3852 68.8043

7 0.0000 89.1711 90.6934 88.8029 81.0230 120.3491

8 89.1711 0.0000 93.9749 38.0012 93.5142 92.3150

9 90.6934 93.9749 0.0000 103.3329 90.4969 91.2274

10 88.8029 38.0012 103.3329 0.0000 94.1676 92.3073

11 81.0230 83.5142 90.4969 94.1676 0.0000

12 120.3791 92.3150 91.2274 92.3073 0.0000

44



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 six 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 (8.50 and 8.10) 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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TABLEI

Results From Original Orientations Changes

0RIMENATIO CHNGES
MODP-q ACTJMR ALPA DLIAQA&.
11-12 2 90 90 81 +8.1

11-12 13 900 450 450 91.80 +1.60

11-12 10 90 450 450 92.60 +2.40

8-10 5 450 450 900 37.90 -0.10

8-10 10 450 900 450 38.30 +0.30

8-10 12 900 450 450 37.70 -0.30

8-9 21 450 900 450 99.30 +5.50

7-10 4 450 450 900 89.60 -0.20

7-10 3 900 00 900 99.10 +8.50
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* 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 100 change occurred between modes 9-10. Kodes 2-

10 and 4-10 had 60 changes. All other angles in the model changes

had angle changes of less than 30. 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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TABL-=L

Angle Matrix with 2% Mass Change

1 .00 89.9877 89.9990 90.0086 90.0890 56.7100

2 89.9877 0.0000 67.2166 175.3286 116.8176 89.9474

3 89.9990 67.2166 0.0000 115.6233 104.0412 90.0152

4 90.0086 175.3289 115.6233 0.0000 60.6811 90.0465

5 90.0880 116.8176 104.0412 60.6811 0.0000 90.3062

6 55.7100 .89.9474 90.0142 90.0465 90.3062 0.0000

7 72.4413 90.0340 89.9624 89.9781 89.9860 61.0909

8 90.0469 106.7655 116.8679 73.0010 102.7656 89.9273

9 90.0131 116.3286 91.6029 66.4258 68.6255 90.1274

10 90.0053 90.0124 80.1219 90.8335 112.0084 89.8454

11 39.3911 87.8653 89.4109 92.4748 96.6414 75.1253

12 81.3855 87.9198 89.2806 92.3748 95.6397 107.0160

1 72.4413 90.0469 90.0131 90.0053 39.3911 81.3855

2 90.0340 106.7655 116.3296 90.0124 87.8653 87.9198

3 89.9624 116.8679 91.6029 80.1219 89.4109 89.2806

4 89.9781 73.0010 66.4258 90.8335 92.4749 92.3748

5 89.9860 102.7656 68.6255 112.0084 96.6414 95.6397

6 61.0909 89.9273 90.1274 89.8454 75.1253 107.0160

7 0.0000 90.0882 89.8507 90.0423 99.278 52.6260

8 90.0882 0.0000 93.6552 38.0181 93.5231 93.1494

9 89.8507 93.6552 0.0000 103.4248 90.5090 90.7426

10 90.0423 38.0181 103.4248 0.0000 94.1647 93.5417

11 99.5278 93.5231 90.5090 94.1647 0.0000 89.9618

12 52.6260 93.1494 90.7426 93.5417 89.9618 0.0000
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TABL XTI

Angle Matrix with 10% Mass Change

a A

1 0.0000 89.9880 89.9989 90.0081 90.0912 123.6228

2 89.9880 0.0000 66.2873 175.1010 116.7026 90.0511

3 89.9989 66.2873 0.0000 116.7874 104.1296 89.9839

4 90.0081 175.1010 116.7874 0.0000 60.7141 89.9552

5 90.0912 116.7026 104.1296 60.7141 0.0000 89.6929

6 123.6228 90.0511 89.9839 89.9552 89.6929 0.0000

7 72.1172 90.0348 89.9626 89.9777 89.9922 119.4366

8 90.0438 107.4692 116.4368 72.3223 102.7904 90.0741

9 90.0143 116.6894 91.7448 66.1947 68.8212 89.8733

10 90.0006 89.5301 80.1183 91.3542 112.4773 90.1582

11 40.2559 87.7743 89.4148 92.5773 96.7645 104.7872

12 82.4133 87.8332 89.2694 92.4708 95.7364 71.8194 t-

1 72.1172 90.0438 90.0143 90.0006 40.2559 82.4133

2 90.0348 107.4692 116.6894 89.5301 87.7743 87.8332

3 89.9626 116.4368 91.7448 80.1183 89.4148 89.2694

4 89.9777 72.3223 66.1947 91.3542 92.5773 92.4708

5 89.9922 102.7904 68.8212 112.4773 96.7645 95.7364

6 119.4366 90.0741 89.8733 90.1582 104.7872 71.8194

7 0.0000 90.0825 89.8513 90.0394 99.8400 54.3089

8 90.0825 0.0000 92.8640 37.9341 93.6165 93.2392

9 89.8513 92.8640 0.0000 104.0881 90.5053 90.7533

10 90.0394 37.9341 104.0881 0.0000 94.2277 93.5884

11 99.8400 93.6165 90.5053 94.2277 0.0000 90.4336

12 54.3089 93.2392 90.7533 93.5884 90.4936 0.0000
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Angle Mtrig with 20% Mass Change

1 0.0000 89.9883 89.9986 90.0076 90.8951 124.0894

2 89.9863 0.0000 65.2012 174.8062 116.6249 90.0492

3 89.9988 65.2012 0.0000 118.1720 104.2001 89.5824

4 90.0076 174.8065 118.1720 0.0000 60.6928 89.9576

5 90.0951 116.6249 104.2001 60.6928 0.0000 89.6903

6 124.0894 90.0492 89.9824 89.9576 89.6903 0.0000

7 71.6635 90.0359 89.9628 89.9772 90.0010 120.1351

8 90.0400 108.2412 115.9570 71.5885 102.8423 90.0760

IL9 90.0156 117.1463 91.9086 65.9119 69.0926 89.8745

10 89.9948 88.8619 80.1204 92.8619 113.0416 90.1624

11 139.6665 92.3373 90.5802 87.2966 83.0830 75.3050

12 83.6862 87.7259 89.2556 92.5902 95.8572 70.4391

211.i

1 71.6635 90.0400 90.0156 89.9949 139.6665 83.6862

2 90.0365 108.2412 117.1463 88.8619 92.3373 87.7259

3 89.9628 115.9570 91.9096 80.1204 90.5802 89.2556

4 89.9772 71.5885 65.9119 92.0619 87.2966 92.5902

5 90.0010 102.8423 69.0926 113.0416 83.0830 95.8572

6 120.1351 90.0760 89.8745 90.1624 75.3050 70.4391

7 0.0000 90.0755 89.8518 90.0362 79.8297 56.4074

8 90.0755 0.0000 91.8593 37.9764 86.2731 93.3463

9 89.8518 91.8593 0.0000 104.9249 89.5103 90.7575

10 90.0362 37.9764 104.9249 0.0000 85.6344 93.6457

11 79.8297 86.2731 89.5103 85.6944 0.0000 88.9311

12 56.4074 93.3463 90.7575 93.6457 88.9311 0.0000
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TABLELX

* -Angle Matrix with Mas Proportion Change

1 0.0000 89.9876 89.9991 90.0088 90.0885 56.6687

F.2 89.9876 0.0000 67.9385 175.4363 116.9616 89.9447

3 89.9991 67.9385 0.0000 114.7622 103.8782 90.0138

4 90.0088 175.4363 114.7622 0.0000 60.5714 90.0495

5 90.0885 116.9616 103.8782 60.5714 0.0000 90.3092

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

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

12 80.6971 88.0763 89.2928 92.2303 95.5756 105.9443

2- 21
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

9 89.8484 92.3421 0.0000 105.7099 89.7266 90.5322

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

12 51.4492 93.0572 90.5322 93.4492 90.4827 0.0000
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TABLE XYI

*1 Angle Matrix with Eaual Kass Corners

2. -4 a
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

3 69.9988 65.7677 0.0000 117.3911 104.4288 89.9820

4 90.0081 175.0560 117.3911 0.0000 60.7695 89.9596

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

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 79.9181 114.6969 90.1752

11 40.4695 88.0756 89.3477 92.3070 96.6715 104.6088

12 83.0063 88.0505 88.2420 92.2379 95.6539 70.8076

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

7 0.0000 90.0737 89.8516 90.0595 100.1910 55.3692

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 Conclusions Wd Rc lain

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 ORIENTI all angles coupled within some limit would be in the

I 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-

K 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

I 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

improves the modal group.' 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, CON42 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.
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ID DqAPE4*OEL:

4 p DISP
SCL 3
TIP[E 63
CEPND
T:TLE zACOZS vr-gD(j 82 - AV:Siof4 3
SUOTITL. z VCOZS DE5I6i "^DEL
LAKEL =15t 14CO0S AND F- EUE&CIES

MET"400 600
DISPIPQ.NTPU?dCH) =ALL.
SESE =ALL
BE6:t. 'ULK
PARAN 6qDPNj 31

10 MASS

s KIN1EMATIC PCUT: 'ETIAFY ":;-P,'

CPIGO3 1013 ~? 123 2c 23 3233 3 ;3
oRS31 NSET' 1003 123456

RcF:603 I1!21 34 123 35 23 263C 3 21
#R911 "SET ice! 123456

s K in(:,EUAT IC %aOUY.: FOCAL PLAPE

Cp : ll3 1004 11 1:3 C6 23 40 3 .- 041
*.tR41 IqF 1004 123456

s K: VE "ATIC MCU:.'p (ECNOAP F:RR

CRS~03 1002 910 123 1112 23 3
*0821 S, oz 120

s WD! EGLIPMEt4T SECTION
s
Cc1601 141 44 42 43 45 4 A 4?
s
s %C0E PI;NT LCCA"IC-,.:
s .'cEWf NV y (#') Z ( p)
s
GRID 1I72 .
s':o ? -4.~ 5.. C..
GRID 3 -4.C 5. C.C
GRID 4 .. 5..5 0.C
GRID 5 4..2 ~ .1 0.C
GRID 95 4.1 -5. C 0.C
GRID 1 ?.T o.:
GRID a ,.Ci 2.C
GRID 9 -4.r t.: .
GRID 1004 C.C 4.c 2.C
92I0 10 -4.C -=.L~ 2.C
GRID 11 4.0 11.3 2.2
GRID 12 4.0 -5.. 2.C
GRID 310 -4.Z -2. 2.0
GRID 1112 400 -. 2.C
GRI0 13 7.0 C.2 .
GRID 14 -6..5 0.0 12.
6R10 1is4. 4.C 12.
GRID 16 -4.c4. 12.
GRID 17 4.0 4.0 12.
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GRID 1 4.0 -4.0 12.

GRID IQ 6.3 3. 12.0

GRID 26 -5. C. 22.(

GRID 27 -s.: 3.3 22.0

GRID 28 -4.c -3.. 22.0

GRID 2830 ..0 -3.Z 22.3

GRrD IOCi 0. -6._ 22.9

GPID 29 4.C 3.0 22.0

GRID 30 4.2 -3. 22.0

GRID 31 r o .' 22.0

GRID 32 -4. 10. 22.0

GR!D 3233 2., 13.. 22.0

GRID 103 3. . 22.0

Gq!D 33 4.C 1C.- 22.1,

GRID 34 -4.Z -12.0 22.C

GRID 35 4.c -1.. 22.Z

GRID 36 -4.02 3.7 24.C

GRID 37 -4.. -3.2 24.&

GRI "D 3 4 4.,^ 3. 24.3

GRID 39 ,.3 -3.2 24.-

GRID 40 f ?- -

GRID 1022 0.: I., 2.0

GRID 42 O.C 5.C -0.3

GRID 43 -2.L C.e -1.3

GRID 44 -1.Sal -1.3

GRID 45 2.0 1. -1.3

GRID 46 -4.: -5.- -0.3

GRID 47 4.. -5.2 -0.3

GRID 48 --. . -1.3

-RD 41- -21.0c 0.2 -1.3

GRID 50 -16.0 C.0 -1.3

GRID 51 -:1.: C.:. -1.3

GRID 52 -. 3.2 -1.3

I* GRID 53 . 5.: -1.5

GRID 54 11.' 0.0 -1.3

GRID 55 16-- 0.0 -1.3

GRID 56 21.f+0 0.C -1.3

GRID 57 26.C 0.0 -1.3

GRID 102 0. 0.0 DC .5".
S

S E,..FEJT CCNEC-ICN DATA

$ r LE1 PPCPN %DE *.:DE LOCAL AXIS t-a0CE'TATO% VEC-CP

$ A

BAoO rt .*.

CBA' 1 1 2

CBAG 2 2 1

CBAR 3 3 2 3

CHAr 4 4 ^1 12 .

CHA
R  

5 5 3
CRA4 6 6 5 C.C 1.3 C.2

CBA-z 1 7 4

CRAP A 3 13 0.

CRA . 5 b

CBA' 10 10 5 7

CHAR 11 11 6 7

CRAP 12 12 1 8

CHAR 13 13 2 9

CBAD 14 14 3 10

CBAR 15 15 5 11

CRAR is 1 6 12

CBAR 17 17 7 13

CHAR 18 3 a
CBAR 19 1

.  2

CHAR 21 21 4
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CBAR 22 22 4 11
CRAP "24 24 5 13
CBAA 25 25 6 13
CBAR 26 26 1112 3
CRAP 27 27 6 1C
CBAR 30 3c A 9
COAR 31 31 8 10
COAR 32 32 9 910
CHAR 232 232 ;1o 10
CRAP 33 33 9 f0
C8AR 34 34 QIC 40
COAR 35 35 11 40
CBAR 36 36 Ill 40
CBAR 37 37 ? 11 0.c 1.c 0.0
CHAR 38 3t 10 12 O.c 1.0 0.c
CRAP 39 39 11 1112
CRAP 238 23 1112 12
COAR 201 201 10 1112 0.c 1.0 0.c
CRAP 202 202 2 910

CRAP 203 203 3 910
CHAP 204 204 5 1112
CRAP 2C5 205 6 1112
CBAR 207 2C7 12 910
CRAP 40 40 11 13
CRAP 41 41 12 13

CHAR 42 42 14 15
CSAR 43 43 14 16
CRAR 44 44 16 15
CIA

O  
45 45 17 19

CRAP 46 46 17 i
COAD 47 47 19 I .

CBAR 54 54 26 27
CIA

0  
55 55 26 2Q

COAQ 56 56 27 26
CoAq 57 57 2S 30
CHAR 58 56 29 31
CBAP 59 5c 30 31
CRAP 60 60 27 29 0.0 1.0 0.0
COA. 61 61 27 30
CHAR 62 62 28 2830 0.0 1.0 0.0
CBAP 194 1$4 2;3C 30 0. 1.o O.G
CBAc 63 63 27 36
CBAR 64 64 2a 3T
CIA

0  
65 65 30 39

CRA: 66 66 2r 3F
COAR 67 67 2? 36
CRAP 6 602 27 37
CRAP 69 69 23 39
CRAP 1o 70 30 33
CBAR 1 71 36 37
CSAR 72 72 37 39 Doe 1.0 0.3
CBAR 73 73 39 3'
CHAP 74 74 36 3c 0.0 1.0 0.3
CRAP 75 7 37 3e
CHAR 127 127 26 37
CHAP 12b 12e 26 36
CHAM 129 129 31 3a

CBAR 130 130 31 38
CHAR 76 76 E 14

CHAP 77 77 10 14
CIA' 78 7 1z 16
CHAR 79 79 16 a

COAR 8 80 9 15
CRAP 161 181 9 15
CRAM 182 182 6 40
CHAP 163 163 2 40
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CRAP 196 166 3 40
CRAP 18 167 5 4c

CBAP al 81 11 17
CRAP 82 82 11 1 La
CRAP 83 e3 12 1e
CBAR 84 84 12 19
CRAP 95 85 13 1
CRAP 86 86 13 17

CRAP 87 S7 14 26
CRAR 88 aF 14 28
CRAP 89 8S 16 28
CRAP 90 9C 16 27
CRAP 91 51 15 27
CRAP 92 92 15 26
CRAP 93 93 17 2;

CRAP 94 54 18 2?
CRAP 95 9t 16 30
CRAP 96 96 19 3C
CRAP 97 97 19 31

CRAP 98 9& 17 31
CRAP 99 99 15 32
CBAR 100 ICC 16 34
CRAP 101 101 17 33
CRAP 102 102 16 35
CRAP 111 111 26 32
CRAP 112 112 27 32
COAR 113 113 :7 33
CRAP 114 114 2q 33
CRAP 115 115 31 33
CRAP 116 116 32 3233 C.C 1.C 0.0

CRAP iFS 15 3233 33 G0. 1.0 0.0
CRAP 117 117 26 34
CRAP 11 118 2f 34
CRAP 119 110 30 34

CRAP 120 12G 30 35
CRAP 121 121 31 35
CRAP 122 122 34 35 O.C 1.0 0.0
CRAP 123 123 32 36
CRAP 124 124 33 38
CRAP 125 125 34 37
CRAR 126 126 35 39
CRAP 131 131 48 4a Q.C 1.0 C.0
CRAP 132 132 4q 0 . 1.0 0.0
CRA 133 133 50 51 0.0 1. 0.1"

CRAP 134 134 51 52 C. 1.0 0.0
CRAP 135 135 '2 43 0.0 1.0 0.-

CRAP 136 136 45 t3 0.0 1.0 O.0

CBAR 131 137 53 !4 0.0 1o. 0.0

CRAF 13E 13 54 S 5 0.0 1.0 0.0

CRAP 13q 135 55 56 0.0 10. 0.0 I
CRAP 140 140 56 57 0.0 1.C C.c
S
S 1ILA'OR SPRINGS
S
S ELENU K ".CDO OOF NOOE 03F

S (NIH) A A 8 B
S

CELAS2 142 5.7cE3 4 1 42 1

CELAS2 143 5.75E3 4 2 42 2

CELAS2 144 5.79E3 4 3 42 3

CELAS2 145 5.1E3 3 1 46 1
CELAS2 146 5.79E3 3 2 46 2

CELAS2 147 5.7cC3 3 3 46 3

CELAS2 148 5.71E3 6 1 47 1
CELAS2 149 5.79C3 6 2 47 2
CELAS2 150 5.79E3 6 3 4? 3
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I ATEQIAL vRoPE2TY DATA

£ PgAT# E CH

V*71 200 1.21#E.1l 0.3 172^-
14AT1 300 1 .24EC.1 3.3 2579.7G

s LU4PED WAlS D*A

IC3'vM2 EL~ml F.ooDu 0 A.xxv
S#XXX I ixx IVY !Z7

CThM2 loll IV i 13.
.1001 %a03.33 5333.3! C416:.67

.4040 1fi6.67 *6.7~3t

CO.P2 1004 10 1 c .#3
'1004 200. -.00. Ice-.

S S0U'24E,.' FEC11.

CONM2 544 44 35.. #544

+544 20-.11. M;Cso. qVl

S 33LARi PAFLS

CZI.M2 54: 4b 31. 1 5
+54.4 2 7 4.3C. v E42 550 163.S2
# 550 i4c.3
C',M2 552 52 73.-2 '552
.552 270.C
CC%"42 553 !3 73..- 2 *553
#5153 273.3
CONN2 557 57 di S 1 4557
.555 54C.0
CONMq2 555 55 163. 2
#557 2 7:.
s
s A0IT;;;AL v%-S'&UC-jQAL AinS AT U~0?

CCN#42 Sii 27 6
CZ;NM2 5 3 21 ?_ 6. 7
CCN2 53'3 2' S-.1
CC%M2 534 3 0 C. 74
CO%4M2 535 22.7
CClN42 900 35 6*74
C.Z.M2 SOT 34
CC%P2 son~ 35

CC*.M2 510 1C 67.4
C3N"2 511 11 67.4
CONN2 512 12 67.4

s HEA4 SECTI0D4 PP2PE4T!EZ

SB PROP I P4T9 NaEtA IIIlX
sOexExKxx 122 1
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PSAG. . C.O7l5 3E-4 C .43q721 !-C7.
& 2 e .4 3? Y1E-07 1 7~.E-C

~~~~ ~~3 10 .5ce~ .212-4
* 3 3 F 2 4 i;.-0* 0.1 Z42- '-C5

PRAI* 1. Z C.439721tEfI7.
* 4 0'35T21r.-0 7 r4 1

PRL*C.3435?2E-4.3 V.1126 5E-CS*
0 3 .112- - C.2 5341'r-C

'BR 131, o.L7QSC3C-z4 Z .4 3;721E-ev.

* 6 o.,3?Tz2E-,7 'l.-7 -44S-07
PBAZ* 7 !Cc 7.343532--r3 C.112&-5E-C!*

* 7 O.126r,5E-Z- v*-C',
PRAP* a0 4,.1Z415?E-:3 0. IC 3" 7E-C6*

* ~~ 3.1335-7E-)f 0~1?C2
P5AV* 100 C.25CeE-C3 1.621,22E-Of.

* ~ :L~l~zE-3, C.1Z42-4E-35
PBA2* 13 ^OC 1C.6T553E---4 0 .4 3972 1 !-V 7
& 13 0 .43972 1E-0 I ..7944:E-C7
PeA2* 11 too -. 6765 3E-:4 0.439721E-07*

* i .4 3;721 -?7 2.7-44:E-27
PSAL* .2 103 C.67s5e 3C-D4 a .439721E-07*

! !2 C.439721E-07 C.37,442C-O7
PA*13 103 0.67 5!3E-04 0.43Q721E-07*

* 13 Z2.434721E-a 7 C.,7-443E- ,7
PHAO* 1' 10a 0.67; 5L:3E-04 3.43972!E-07.
* 14 2.439721E-3 7 G.(-1c4%3EC0
PF3*'* 15 10, C .6 79 5 3E - 4 0.439721E-G7*

* 15 0. 4 3z721E-17 3.7-4 43 E-,,7
P04". .~~C0.67n513E-"4 G.43S72l[-C7*

* 4 .43?721E-'1 3 2 . 7 14 4 3i7
PA1 7 1CJ C.6745237-:4 3.439722E-C''

* 17 0.43972!Ei I C z C 44 2E7C 7
P9ArO 1 100 C # f7r 5 3E - 4 Z.439721F-079

* 1 0.43 ?:1!-37 O.E79442E-J7
PRA%* 1 100 C.6725 i3E- 4 3*43r4?21E-a7*

13 I u.43972'E-Z I ^..579442E-07
PBA 2 1 100 G .. z 7 5!!3 E- 34 0.430721E-C?.

* 21 .439 7 2JE-O 7 0 . 7344 3E-0 7
PBAO. 22 10C G.67?5-3E-:4 r.*3a72IE-C7&
ft 22 .4 39 72 1E-C7 . 7 9143E-) 7
PBAAM 24 IC: C.6735z3E-'e 0.f4!9?21E-C7*

* 24 3 . 4 31 ,^ 1-Z 7 0.t ? -4s2t-37
PRAP. le0a.7~3-4 :a'71-7

Z3 2 3 .439 721- -0 U~.7qq4E-r 7
PBAP& ic CC .14.140 4E-C.3 C.1-645,E-C6*

* 2 C6 ~ crC 0.376r-7-E-06

* 27 0 .1 4C 6 -. 3765,7 !t-Ci
PBAP* 3 c 0O 0.6 ?T5-13E-f4 L.434721E-C?.

* 3 0 .4 39721E -0 7 0 .8 V 44 E-9 7
PeA:. I1 100 3.E7-!5 3E- 4 D.0.,374-07*

5 1 3 . %3 S721E-3 7 C.-? 0 ,.. E-07
PRIA;; 3- Go . .45 3E-3% 0.61,4177E-:7*

* 32 0.618177E-07 0.1Z363 t-O06
PSA* 3.3 100 ~ .6 7a5 Z3r- ', 0.43971EC76

* 33 0 .439721E01 0 .- 19443!-C 7
PA*34 101. 3.6735-3E-34 0.439?21E-C?6

* 34 0 .439721E-0 7 C.te75443C-07
PHA:I* 35 1la G.67c5iX3C4 0.439721C-C'*

* 35 0 . 439721 E-37 3. 744.3E-07
PBAR* 36 106 C .6T3563E-t'4 0.43972!E-Gl*

* 36 C.439721E-01 C e% r443E-D?
POAR* 37 10e 0.1?4152E-03 0.1:35e7T-0~s

* 37 0 .1 C35i ?E-V i U-2'01717E-C6
PSA~w 3- 100 C.1Z4152E-03 C.103SA7E-C6*



* l~0.C358 TE-16 0.2:?174ECJf

* 33 3.61017'E-07 G.123636,E-as

P*,BAD *4 10 la.67?5P 3E-'4 0.439721E-C?*
3 0 .4!9721E-37 f, Ti 442-:-0 7

PRAR 41 130 '.67F 5r- E- 4 0.439721E-07*

* 41 0 .4 39721E -37 C C; i4 42!E-C 7

PBAP. 42 10DT :.67Z5 3--4 0.439722E-C7.

* 42 T 439721EC07 -.c--44 3E-

PBAR 0 43 103 &.67z5z3E-.4 Z.439721E-7
* 43 'J.4.39721E-O 7 f).:- 743E-07

Pea'.04( 10 1o :*1:412E-03 C1035" 7E-Vf*
* 44 0.1035'7E-CS 0a .,717% E -C 6

p9AF* 45 !00 C.1 4152E-03 0 .17 51 T-0 69
'k 4 0 .1135T7E- 

3 
6 Z.2; 71 74E-0 6

PBA~. * *t 1ac C.67T103E-i4 Co43Q721E-07*

* 4b V .4 3972 1 E-0 7 0 t 7s 4 4 E-. 7
PBIrq* 417 100 3.E6 5z3E-04 C.439721E-07*

* *7 ).43 -721E-t7 0.-li46#3E-07
PeA'. 5 100 C.753 ) .*5q7211F-07.

* 54 0.439722E-3? 0.C,7442E-07
PtArw 55 IGOG6?53E~ 0.439721E-07*
e 55 C.43972ciE-O 7 C.cE7'442E-ful

PPOAr 5b 1G0 C.C6715z-34 3.439721[-07-b
* 56 .-435721E-O 7 3.o7'4*ZE-C7

5'AL 130 la .67e5i3E-C4 O.43lQ721E-O'?*
* 57 3.4397,21E-07 O.S742E-07

PIA * 5 I00 C .67c 543E-0* 6 .439721E-C7.
* 58 C . 4 3 9? 2 lrEO -0d?7'442E-07

PRIAe tSc 100 0 .67? 53E-^4 2.439721lE-10?.
* ~ C, C.4 372 IE-O7 O.67Q442('-,^7

PeA:. a0 10ie C4 ll152E-C 3 :.1Z35A71-C6*
; ~C C.103567-E-06 C .2,'717 4E-0 6

PeaZ. A1 100 G.2!5C=6E-03 C.621422E-26*
* 61 0.e21422E-^v6 0 .1 242t- C-0S

PBA7 # 62 300 a.rC6Uz2l 0.JC 152C5
i .2 t .(j I52C 5 0.0030610

PFA,. * .3 100 0 .(7? 5F3E -C4 G .430 72 1 E-07 *
S-03 ' .. 4 3972 1 E-0 7 0 .8 7944.3E-07
PB'z s 1 00 0 . 6 TS5 A3E- 3.4372 1E-C 7e

* ' .439721F-C? C.P75.43E-C?
PBAI'. 65 100 C.67?S'3E-C4 C.639721E-07*

* ~ .4 3972 IS-0 7 a.*7944 3E-C 7
P9A:. 6 100IG C.E6?c-5Sb3E- 3 2. 4 3* ?ZI -C?

!S ~r~ 721F-0 7 C S 7-44.E-C 7
67* 130 .16E~ .314-

& 67 0 .1321! 41-0'I C .2F 43C -- t6
PBA6- 100 C .6 725L-3F-u 4 C.q3Q721E07.

z 0 .*.3'721t-07 0 t7 -44Z!E-C 7
PBA'. 60 icC C.11764CE-03 C.2121 -4ECC*6

*C .1 !215*E -D S .2a43E-06
PSAP. 7 0C 0 C. 67 5t3E-1,4 C .4 3Q72 1E-v ?

* 73 n .4 3972 1---0 1 C..7-4'4ZE-07
PHA.* T ' 1 C C.6'7;3E-C 4 C.43c;7,21-C7*

1 1 C . 4 35 721 r-37 .7Q44ZE-C 7
PRAF.e 7z : IG 0 .1 -4 152E -03 X1C. 35r. 0-C6*

* 2 41.1 C35sm7E-0 6 0.ZL7174E-Cb

PSAFe 13 100 0 .670 5a3E-24 r .4 972 1E-C 7*
* 73 0.439721E-01 7 . c4~0

PSAV* 14 100 C.1C4152E-03 C.1C357'TE-Cl60
1 4 C.11.35'7C-06 0.2C7174E-06

PeAR. 75 !00 O.2'5CzFE-V3 0.621'2:E-C *
* 75 2.6224221-Z 6 .1 ̂42- &-L 5
PBAR 76 100 C.2t35CH3-03 3.643065E-C6*

* 76 2 .64306SE-O 6 0.12E6. 3E-05
PeAR. 77 100 i3.424114E-03 0.l 17SSE-Cr-s
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* 77 3.171765E-35 0.34353!E-C5
Psqo7r 10 0.259503--3 C.6*3065E-06*

0 To C.C6A30650-96 0.l2b613E-V5
PA*7~ 1c0 O.E!39C4E-03 0.664055E-05o

1. 0 0.6C55E -0~ 0.1328I1(-t
PeAR. 6. Ica 0 .25q 50 3E -V3 3.643065E-06*

* f- 0E3 Ot E-J b C .1.ac61 3E-C5
PBA6. 041 Ica C.25?5t3E-.13 0.6 4 3 065r-06 4

* 31 0 .643 0-E C-O ej j.1 2t61 3r- 5

PSAR. !? 100J 0 .A!3?O4E-D3  0.664C550-056
* 12 0 .664 55 -2 5 C.232Pl11-0

PBAP. 83 100 e3.25;5C3E-03 0.643065E-36*
S 3 3 F 43 Cf SE-0o 6 .1 2e61 3E-^ 5

PsAi-* 4 100 C.424114E-03 .171765E-0 5*
e * a0.171 765E -05 lo343531E-C5 06PSeA:. il 160 Ool' 503E-03 0,643065E-6

* 15 3.E43Ce,5E-a6 0.12.c613E-CS
PSAD& P~6 i0C C.317135E-03 0.151367E-05*

* i6 C.1 513f-7E-39 0.3c27350-05
PSAr* 47 loc 0.251503E-33 0.643365E-O060

* 7 0 o6,3 065E-1 z C .12U613E -05
PSA'. iz loc. C.325124E-03 0.10C'e2E-05*

0 .' L ;sz0! .20'163E-05
PBAR* q* 100 0.25S503E-03 0.64306SE-CO,

* I 063 06 t E- 3 0.12f,613E-05
PSAD. QC 100 0.566323E-03 C.3162STE-05*

* 3C 0 .3C 626 7E05 C.L12533E-05
ILPBA-7* 91 100 o.25?503E-03 0.643C65E-06*

a* 01 0.( 306SE-3,i 0.12861!E-35
PSA iq* 02 103a C.3q2640E-C3 C.116072E-05*
& -4 0.116EC7.L-35 0.2!2143E-:5
PeAQ. 93 130 0.25?50 3E-0 3 0.643C65E-06*

* 93 3.6430(65E-.3a C.12P613E-05
PSAP* 94 100 0.566323E-03 0.32626 ?!:C5*

4 a. .3C6267E-0 5 3.bl2533E-05 C.5-0EC C613S-6
P8A~~~. 95 10!128613E-c C-0565C6
; 5 3 .. 43065E-C 6 0.1a100

PSAc. 96 100 0.325124E-33 0.042-5

-) C5 S.CCQ42E-05 0.20lee3E-05
PBAP. 91 100 0.25?503E-03 C.643065C-06*

s 37 a .643 Cfi5E-D6 a0.12 8613 E-05
PeA1 .~10 0.34964CE-03 I..116072E-C5*

0 ..116 072E0-35 0.232143E-C5
PRA-e q= 100 0.470559E-03 0.2114*hE-05-

* C .114A C F -3 C.422erZE-05
PRAr. 10. loc 0.47055'M-03 C.21144(6t-C5*

* 130 .11A4 A r-i 0 .42 2FE-C,5
PBA. 131 loc 0.47055=E.C3 C.211446E-05*

* 1I ~ 114 *i, - 3 0.42243':E-C5
M8AO& 102 l0c 0.470557E-'-3 3.211eA6r-V0'*

* 102 3 .211 446F-3 S 0.4?2P2E05
PSAP* ill 100 0.25?503E-C3 C.643C6!50-06.

ill1 0.0'00t-Ob 3.12 613F-05

PSAC.6 112 102 0.679533E04 0.4 3 O721E-C7*
* 112 3.43--721L-01 C . 7 44H-0 7

P8A*. 113 100 0.325124E-33 0.100142E-C5e

2. 13 0.1CCC4(E-G5 a .2t, Ib6 r-C 5
P9A;)* 114 100 0.67P5A3C-04 C.439721C-C7*

*a 114 2 .4 3972!E-37 0 D.e79a4 3E-"

PBAR. 115 100 0.259503E-C3 0.643065E-e6*
& 115 11.6430650-06 C.12S613E-05
PBAG* 11b 300 0.0060421 0.0015205

2 16 C.CC1S2C5 0 .0 23C410
PRAQ. 117 100 C .2!?SC 3E-03 0.643C65E-C06.

* 11 7 1 F43C65E-3 6 f..1 2!s6l3-05
PBAP* 1 100 0.6735P'3E-34 C 4'71-C'
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. ~ ~ 3 ii .37: 7 C.87'443E-o 7
OR Ae r1- 10 ic 232!124E-t3 C.1C09*2,E-cS*

0 11% D.2COvY2C-Ct Co2r.1eF.3F-05
~8D 22! iOc 0.67@563E-04 0.4342721E-07*

* 12 ~.439721E-0 7 c.; 72e43E-0 7
PaAA& 121 IGO C.2!?53E-03 0 .643065E -C6*

* 121 0.6,3C6t;E-06 C.12661F-0
PeA2. 122 Id3 C .1Oa1 .2E-C 3 C.1L35PE-CE*

* 122 c.1t35e7 E-O(6  C.2z7174E-060.963-7
PBA~~. 123 ice 0.1 6ISC60E0,'63C7

* 123 0.4ce!!F-E37 ~. 13C I -t, 7
P8AW 124 C c.716Fv6E-D* C.4G0653E-07*

* 124 3 .4'-C C53E-3 7 C. 13: E-r 7
12~ 1011 2.?16'd6 AE-f4 0 . 190653E-O 7*

* 125 a 4 --C f5 3E -A7 r.-1 13C 'E-E 7

PRA. 12( 1 tC ..T16qo6E-C4 C .4006 *3E-07.
* 12 6 0 .AcC653E-3 7 D.S'13Z IE-07

peaZ. 127 10C 0.67t5 3Er-.4 0.439721E-07*

* 127 0.439722E-07 C.,7?443f-C 7

PRA*. 12. 100 ~ .753E-C4 0.439721E0C7

* 12 0.4:!972Jr-3 7 z.d7!443VF-O?0.371-*
PSA2* 125I 100 .6~3E-34 .371-7

* 129 0.439721E-G 7 c.e7c,43E-.7 .7~ E0 .3T1-
PIRAe 13 : IOC o.753-0Q.~71-7

* 13C 2.439721E-C 7 c.t7'-43E-4,7
PBA=. 131 100 b.1C?25SE-C4 3.561752E-G06

* 131 3.tt617!2E-O6 7.I;235C4E-0b
PBAe- 132 100 6.1!72t6E0^4 3.561 752E-06*

* 132 3.t61752E-O6 7.12 3!L4E-06 6l 2or1 .672- 5
PA 133 ion.C25-4 35672-6

a 133 3. t1752'E-n i 7. 1Z35:, E-0l6
PR--134 ic 6.107256E-04 3.561752E-06*

* 134 3.t(61T52E-3c 7.12 3!,' 4-C 6
1Bt 35 102 6.10725or-Z4 3.561752E-06*

* 135 3.561752r-2.' 7.1.5ZE0
4- 2e: 3- 100 6.ZC725fCE-I' 3.5617152E-06*

* 136 3.5E1752E-36 7.123504E-06
PA*137 1c0 6.iA??256E-0

4  3.561 752E-Cfi*

* 137 3.56175ZE-C6 7.12350 4E-C 6
PeA2. 13 100 6.1Z7256E-G4 3.561 752E-06*

* 13k' 3 .561752E-0 6 7.123504E-06
PBAr- 135 I0O 6.1'7256E-G4 3.561752E-060

* 13Q 3.56171,2F-26 7.1235CAE-C&
PRA:* 14 100 6.217256E-34 3.5617'21-30

* 14 3.! 62752E-0 6 7.123504E-OI a 01167'5
PRA;- tai. 100 0.3

0915'E-0 .~37-

192q 3.1513f7E-DT C .3C273SE -"t
P9~ icC O043532E-03 0 l12fi'73E0!*

* 142 2.26
0

-5 C.22531L'-M
PBAC. 16 1CC C .1435321 -13 0.1126051-05*

* 133 0.11265F-C ~.253- IE-t 5

PRAce 1;4 300 0.1226CZ21 C.20152:!
* 3 14 O.CC152C5 G.UC3C410

pS40. 195 303 C.CC60221 0.OC152V5

135R 16612C 10.0 C 0%0 .343!!2E-C3 0.11 2 6 c'5 E-05*

* 136 0 .1126c~z-0'5 0.225351F-05
PFIAD* 147 Ig0 G.343532S-03 O.11260SE-05*

la1y 0.112695E-05 C.2253O1E-05 .CSZO*
PS49. 221 100 0.10462CE-03 .C5-0

* 201 0 1C452CE-06 0.2C904CE-06

PS49. 202 100 C.92362eE-04 D.S1464Ct-070

0 202 a k~il4E-D C .262*2eP-Cf

PS49* 203 10C 0.6755b3F-04 0.%39721E-070

& 233 0.439?21E-07 C.t V4,2E-O 7

PBAR. 204 ice O.023626E-04 c.e146i412F(T
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* 234 0 ee1464CE-O1 7 C.16292-sE-Cb
SAe23S 100 0.6'523E-04 C.43-1721E-C7* ?a:

* 205 0.439721E-0 7 O2.d79442E-G7
usa..23?7 Zoc Z.10'4"r-c.3 C1,3 - 23'

* 227 0 .1 E 4S C!-o 6 C.376%7 E-06
P*.232 ICO &.6?35z3E-34 0.4397Zlr-07* 3

* 232 f).43172 1 L-C7 ? .-7S442E-3?
PBAA. 23 100 0.67ts.13E-34 C.43971'I-07* 231

* 234 0.43972LE-3 7 C.- 7Y421:-q7

s PUL?:-PCINT COPSTPAINT EGUAT:00 FOR X-AXIS LCS ERROR QODE 100 DPF 1)

Pq* loS .

e*olooGc 34 2 -C.01k55267574 *.10002
.1003001 34 3 -)125I2.000
*1000OC02 .35 2 -0.CI25520?57 *120 CC03
.1000003 353 -,'.142857l42A6*lZV0C3O
*1COOC4 2E3,' 3 C.28!71429572 *1000005

*0O 30 3 0.0 *1000004
*1000006 2?7 2 C.08C656?I10? *103C07
-1000037 27 3 -C.3548 532 07q5 0g 0c00
*100000', 2 ~ 2 C0O565.00
*1a0o3 2q 3 ~.5~00~.001
*100Goal0 3233 3 9.7Ci7B00150 *10200111
*1000011 33 3 *. 1300:12
*1000011 1022 4 -3.4j423CC5566 *10CO0213
*1000Cl 3 11 2 -".062123c442rv*I00CCI4
*1000014 2 -2.C6210M-442;

s " UL:-P.:?4 C.?.S;Ar'.T EJUA'-:P F2 Y-*Y!S LOS E240P £!%COE 1 CC ,F 2)

PRC. 101 12 2 -1.720 CCO
.2013 C 3 34 1 -C.03710575131 2!0I
*2C'CGII 34 '2 ~2 Z4 f-3 12 2C 15 0C
* 2110 032 34 3 -0.25 CCIZt .2V0C13
& 2TC 3 . 3 35 2 C.1463021A92*20J3C02
*2000004 3 C.25CCC: *2C3000q
*2'205 21 1 0 63.3 9 !
.2COO0106 2? 2 -0.060 492 6 14 93 *2:220027
.2 000 007 27 3 -3.621C5T5I3'1I20O0Q

*2COCOG ' 2 2 C.OSC'5261499 *2acc002
*2Z0000' 29 3 .1.621057513e1*21)000121
*2t00010 1)C02 5 3.41423A-05566 *21C0111
*2200011 11 1 -0.124207LA-5--*2S!t6CI2
* 2000012 1 2 -. 077629r-3037 *1 9
*2- C0013 9 2 2,.O?7762-?3037*20Z0OCI4

s S ULTI-PCINT C3%S-&A'.' EQUA?:0F4 FCR r)EFOCUS (NZ0E 102 0VF 31

DPfC* 132 icr 3 -2 G *3r DOG
& .3000 33 34 3 -6.019l23c37?6 .34)C D301
*.30 00 031 35 3 -. 11337.000
* 300ad32 2f30 3 C. 1 2 74,q2 91 .R3 6  *300C03
* 300000 3 30 3 0.0 .3000004
*.30 03 CO4 2 7 3 07 73 032 1714 7 *3cC005
.* ! 2a 5 2 1i 3 0.77A.C3217347*3C0006
300106 3233 3 - C .46 6!19 30 4ai &30 ,0 00 7
300007 1002 3 G .1I7E4 90 4 57 1 *30 0 C 0
30 0000 9 9 3 9.5000C3CC030 * 30 C 0 .1a
*30 00 Oa 11 3 0.5020002000C m300C12I
@3000 010 40 3 -2.060000300

s RIGID BOOT SUPPOPT

SIJPORT 44 123456
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This program was used to pick off the critical modes from the

eigenvectors obtained from NASTRAN. The input is read from TAPE

5, and the output (critical eigenvectors) is listed on TAPE 6.

The input file contains three pieces of information. First,

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

eigenvectors and eigenvalues are present.

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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F AD( (5o *)(IC r=

DI 1 K=193f'

1 COT:NUE
DQT 2 K=19!

2 C AT I 71UE
pP I NT ,O'DE- P EAD A4. E (Mc OF(f), 1,

PI NT*.UMfrDES FILED A:*E UDQv=9,
100 F ORMA~(~

UFOR MA (P 3El' e

30'1 F uRMAT(1Y P3E 1 f.4
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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)=i00 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) = 0(, the angle between +x axis and the
sensor.

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

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

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

BETA (I) = 1, the angle between +y axis and the
actuator.

BETS (I) = 3, the angle between +y axis and the
sensor.

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

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

CB = The dot product of two rows of B.

CC = The dot product of two columns of C.

CON = Conversion factor Tr/18O 

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

GAMMA (I) = ', the angle between +z axis and the
actuator.

GAMKS (I) = , the angle bestween +z axis and the
sensor.
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ID (I) =The node that corresponds to the rank

number.

N =The number of critical modes.

NA =The number of actuators.

NODE (I) =The list of actuator nodes.

NODS (I) = The list of sensor nodes.

NS = The number of sensors

PHI (I J) = Input matrix of critical modes.

PI = T
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PRINT 20G
PRINT 202
PRINT 21Cv(Ip,:=1,)
D-7 140 I=11,4

140 PRINT 220,qI q(A!GC (9jhgj=l 14)
200 FORMAr(1Hl)
210 F. MAT(lX,5XtI7911!10,ip)
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203 F0RMAT(IX2flX.--HB3 MATRIX)
204 F3RMATC1X920Xp4HC MATRIX)
300 ;:3RMAT(1 ,15,i11 ,flI.2,2F10e2)
400 FrORMATC1F3E15.6)
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.QB.IEx -

ORIENT is a modified ANGLE program used to calculate the

angle matrix for many different actuator models. Two major dif-

ferences between ANGLE and ORIENT exist. ORIENT has an added

actuator that varies its location and orientation. It also has

requirements of acceptance that give a measure of improvement.

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 50 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-

ments of acceptance, the program immediately steps to the next

possible orientation for the actuator. If every angle meets the

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,

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 (Nl, N2,

or N3) at the beginning of ORIENT.
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This mode group identification allows great flexibility.

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:

A = Possible 0(orientation, calculated at
50 increments.

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

ANGB (I,J) = The output matrix of angles between the
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 A orientation, calculated at
50 increments.

BETA (I) = 6, 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.

G = Possible W orientation, calculated from
A and BE.

G2 = 180 0 - G

GAMMA (I) = , the angle between +z axis and the

actuator.

Ii = 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) = The node that corresponds to the rank

number.

N = The number of critical modes.

Ni (I) = First group of modes.

N2 (I) = Second group of modes.

N3 (I) = Third group of modes.

NA = The number of actuators.

NAA = NA+ 1.

ND = Index, set equal to ID for each node.

NODE (I) = The list of actuator nodes.

PHI (I,J) = Input matrix of critical modes.

~1
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