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| ABSTRACT

K&he major objective of this thesis 1Is to apply a decoupled
control technique to a specific space station model. The model is
a finite element model of the Phase 1 Critical Evaluation Task
Force (CETF) Space Station. The controil technique allows for the
active control of a large number of modes by using several
decoupled controllers. The space station attitude control system
provides attitude stabilization and disturbance rejection. Its

performance is evaluated by the station’'s response to two

-7

disturbances - crew motion and shuttle docking. /- . -




ACTIVE CONTROL OF A LARGE SPACE STRUCTURE

AS APPLIED TO THE PHASE 1 CETF SPACE STATION

I. Introduction
As stated by Dahlgren and Taylor, (Ref 6) future space
missions will requlire controlling spacecraft which are both large
and flexible. The control of these spacecrafts require a number
of technological advances. Many of these advances are the focus of
principal activities in the space station program. The space
station is characterized with designs providing for evolutionary
growth, low life cycle cost. and user accommodation. Some of the
physical factors considered in the evolutionary process for a
space station are:
1. Increasing Orbital Mass
2. Migrating Center-of-Gravity Locations
o Station butldup
0o Change-out of major elements

(solar arrays, radiators)

3. Vvarying Aerodynamic and Gravity-gradient Torques
0 Orbit reboost

4, Changing Structural Rigid Body and Flexible Modes
o Station buildup
o Docked orbiter/orbit transfer vehicle
o Mass transfer of fuel/supplies:®
5. Astronaut/Construction Movem:nts
These physical factors serious!y impact the performance and
operation of the space station’s control system.

The limited natural damping and the uncertafn and changing

dynamic characteristics of vehicles, such as the manned space




station, will lead to unprecedented interaction between control
and the structure. The major problems that causes this inter-
action are given in reference 6 as:

0 Low frequency and dense, closely coupled modes

o Uncontrollied degrees of freedom

o Unknown structural damping

o Deployment dypnamics and reliability

o Identification of system parameters

o Distortion. deflection, and recovery requirements

o Nonlinear dynamic behavior
New control theories. sensors., and actuators must be able to
achieve and maintain the required performance. For those systems
that require high performance, control! design techniques must
address model spillover, be robust, and sometimes be adaptive.
The interaction between control and the structure and the
performance requirements make modern control theory with
distributed control highly desirable if not mandatory.
Distributed control theory is the theory for systems requiring
spatially distributed multi-point sensing and actuation.

A key consideration for future space initiatives is the
technology for controlling the attitude and dynamic deformations
of large space structures. Active control of space structures
deals with the active suppression of the space structure
responses. (Ref 6) Calico, et. al. developed a decoupled control
technique for controlling a large number of modes. This technique
divides the structural modes into subsets and assigns these

subsets to several decoupled controllers. The individual control

2




systems for the individual subsets are designed separately. This
technique allows for the active control of a large number of modes
without any one sub-controller exceeding a prescribed size. (Ref
3) In general, the control system must be able to increase the
vibrational damping of the structure two or three times above the
natural damping. {Ref 6)

The major objective of this thesis 1s to apply the decoupled
cantrol technigque to a specific space station model. The model is
a finite element model of the Phase 1 Critical Evaluation Task
Force (CETF) Space Station proposed by the Structures and
Mechanics Division at NASA's Johnson Space Center. Because of the
large size of the model. the controller design must be performed
on a truncated model for the structural dynamics. Reference 12
discusses various methcds for determining an effective reduced
order model of the dynamics. For this study, the truncation of
modal coordinates is based on frequency and bandwidth
considerations. A control system consisting of three decoupled
controllers is applied to the reduced order model.

The decoupled control technigque is used to analyze the motion
and control requirements of the space station. The technique
partitions the modes into controlled and residual state variables
that model the equations of motion of the flexible body. The
criteria for partitioning the modes is based on relative modal
residues. The analysis uses (hese variables in a modal form of the
equations of motion. The actuators are modeled as a forcing
function on the space station. Using a transformation technique.
the multiple controllers are decoupled from each other, and the

3
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requirement for sensors and actuators can be determined. In
designing the control system, point force and torque actuators
provide the state variable feedback control. Position sensors are
used to determine the modal amplitudes. ({Ref 1)

The space station attitude control system provides attitude
stabilization and disturbance rejection. Its performance 1is
evaluated by eigenvalue analysis of the closed loop system and by
the station’'s response to disturbances. Response to i{nitial
attitudes of 0.001 rad are evaluated along with response to
initial attitude rates of ¢.980#1 rad/sec. Also, disturbances due
to crew motion and shuttle docking are considered in the
evaluation. (Ref 4)

In this thesis, an active control system is designed and
applied to the Phase 1 CETF Space Station madel. Section 11
describes in detail the finite element model of the space station.
Section 11l develops the system model including the equations of
motion and the decoupled control. Section IV presents the design
of the control system. Section V investigates the design and
presents the results of its performance. Section VI presents the
conclusions and recommendations. The Appendices contain the

eigenvectors and mode shapes of the space station model.




II. Model Configuration

This section describes the finite element model of the Phase 1
Critical Evaluation Task Force (CETF) Space Station, shown in
Figure 1. The model represents the space station when it is first
capable of being permanently manned. The full truss structure
model, shown In Figure 2, 1ldentifies critical truss nodes and
members. Figure 3 indicates the 31 critical truss nodes. and
Figure 4 shows the space station subsystems. Shown in Figure 2,
the origin of the station’'s coordinate system is at the geometric
center of the power boom. The x-axis is in the flight direction,
the z-axis is in the positive vertical., and the y-axis points
along the port power boom completing this right-handed coordinate
system. Table I shows the coordinates of the critical truss nodes.

The truss members are graphite epoxy tubes that are two
inches in diameter and ¢.86 1inches thick. They have an overatll
Young’'s modulus of 15 million psi. The possible nonlinear
characteristics of the truss joints were not modeled. The truss
jJoints were assumed to be continuations of the graphite tubes.
The truss configuration is based upon the Langley truss beam
configuration. This truss pattern has all diagonal battens in the
same plane. The alpha joint is modeled as having the same axial
and torsional stiffness as the five meter truss, but only twenty
percent of the bending stiffness. These stiffness parameters are
based upon a Rockwell trade study. These parameters also produce
an alpha joint with the same bending stiffness as the nine foot

Langley truss beam.
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NODE _ X Y oz
1126 g.000 246.058 -8.202
150490 g.009 221.454 g.000
15000 g.009 183.75¢6 g.4q94dg
1149 g.a04a9 155.838 g.9480
74 g.0909 139.366 g.9a8
64 ~-8.202 106.626 8.2G2
55 ~8.202 73.818 -8.2492
56 -8.202 73.818 8§.202
51 -8§.282 57.414 -8.202
52 -8.202 $57.414 8§.292
13832 3.340 19.508 19.582
44 -8.202 24.646 8.202
1602¢ g.000 8.2492 g.9494d
13008 3.348 g.0a090 19.502
32 -8.242 -24.606 8.202
23 -8.2482 -57.414 -8.202
24 -8.2@2 -57.414 8.292
16030 ~-8.292 -82.024a g.90849
12 -8.202 -186.626 §.202
1 g.0a00 -139.434 ¢.0a04
13651 31.8440 19.509 19.5@2
13949 25.849 9.75¢ 19.502
1360640 31.8490 g.084dg 19.582
13011 -36.6640 g.4ag 19.502
13050 -30.660 9.750 19.582
13439 -36.6640 19.500 19.5402
13061 ~-3.660 19.5d4d 1.4402
1200 g.000 -155.838 g.64d¢6
15091460 g.04d¢ -183.75¢ g.000
150509 g.0068 -221.454 g.09049
1226 g.ge4a -246.060 -8.282

Table 1I. Coordinates of the Critical Truss Nodes (Feet)

Filexible appendages such as radiators. solar arrays. and
solar dynamic collectors were modeled as rigid bodies. It was
assumed that the vibrational characteristics of these sub-
assembljes would not appreci{ably affect the modal characteristics
of the overall station structure. Including these subassemblies
would increase the density of the frequencies because their
natural modes are close to the lower modes of the statfion. Also.
their symmetry and multiplicity in the geometric configuration of
the station would contribute to densely packed frequencies.

11
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The module assembly was modeled with massless beam elements
having the equivalent stiffness of the modules, nodes, and tunnels
respectively. Concentrated masses having the appropriate inertias
located at the geometric center of the beams accounts for their
respective mass and inertia. The attachment of the module

assembly to the truss structure of the station was modeled as

rotlows. 3Struts run from the trunnion fftcings on the modules to
the nearest truss joints, and they are assumed to be rod elements
having the same axfal stiffness as the truss members. Individual
modules were deterministically attached to the truss. Since the
struts are rods, no moment {s applied to the module trunnion
fittings or to the points where the struts attach to the truss
nodes. Mass of the electrical, heating, and other plumbing around
the station was included in one truss node per truss bay.
Satellite servicing hangars, stellar payloads, solar payloads, and
Earth pointing payloads are not included. Table Il shows the mass

and inertia properties of the station.

Total Mass
7470 slugs (248.580 lbs mass)

Center of Mass
X = -8.16 ft., y = 8.57 ft., z = 12.57 ft.

Inertia Properties

Ixx = 4.14 x 187 slugs-ft2 IXy = ~-3.086 x 105 stugs-ft2

Iyy = 3.75 x 146 slugs-ft2 Ixz2 = 3.18 x 183 slugs-ft2

Izz = 4.27 x 107 slugs~ft? Iyz = 4.40 x 1% slugs-ft2
Table I1. Mass and Inertia Properties of the

Phase 1 CETF Space Station

12




Table IIl lists the natural frequencies of the first one
bundred structural! modes obtained from an eigenvalue analysis
performed using NASTRAN. The eigenvectors can be represented by a
three~-dimensional array as shown in Appendix A where the
eigenvectors are grouped under structural modes. Within each mode
there are n horizontal rows representing n nodes. Each row
constists of three linear and three angular displacements.
Appendix A contains aonly the first thirty structural modes, and

Appendix B shows the first twenty-four flexible modes graphically.

Frequency Frequency Frequency Frequency
Mode Rad/Sec Mode Rad/Sec Mode Rad/Sec Mode Rad/Sec
1 g.499949 26 4.6393 51 39.3324 76 66.04140
2 79.8960 27 4.757"7 52 39.440380 717 66 .72980
3 g.0060 28 4.933¢90 53 49.8334 78 67.6090
4 g.4000 29 5.3647 54 43.6214 79 7.2766¢
5 g.0000 36 6.1424 55 44.40740 80 76.67240
6 g.g00040 31 11.330846 56 44.5880 81 71.1924
7 1.2274 32 12.0853¢0 517 44.95648 82 71.9458
8 1.2676 33 13.2349¢0 58 45.4274 83 72.5850
9 2.6254 34 13.4160 59 45.96640 84 7T3.2946
14 2.94046 35 15.06480 60 47.2539 85 74.11780
11 3.6932 36 15.54780 61 49.575¢@ 86 74.2818
12 3.48176 37 19.17680 62 54.3684@ 817 76.4786
13 4.0991 38 19.74986 63 58.7609 88 77.3544
14 4.1242 39 290.16489 64 $53.3354@ 89 79.34¢74@
15 4.2836 40 29.78280 65 54.1439 90 82.532¢0
16 4.34d68 41 21.17640 66 56.9854 91 85.532¢0
17 4.31317 42 21.4520 67 59.36640 92 86.24640
18 4.3363 43 26.7558 68 68.76340 93 B7.6910
19 4.37900 44 28.9944 69 61.317¢ 94 99.23484
20 4.3918 45 29.5430 779 62.9878 95 92.118¢@
21 4.4085 46 31.55849 T1 63.5344 96 93.8980
22 4.4152 47 32.7076 72 64.513¢0 97 94.4584
23 4.4321 48 34.4158 73 64.96490 98 899.483¢0
24 4.4721 49 35.215¢4 74 65.139¢9 99 182.1084
25 4.6271 58 38.01640 75 65.9100 100 103 . 804090
Table I11. Natural Frequencies of the

Phase 1 CETF Space Station Model




II1. System Model

Before successful control system design can proceed,
appropriate mathematical models must be obtained for the attitude
dynamics of the vehicle. The modeling involves understanding and

extracting the essential features of the physical system. The

technlques daescribed In this Section provide the necessary
analytical model for use in the design of the space station
attitude control system. (Ref 4)
Equations of Motion

Representation of spacecraft dynamics for a large space

structure are normally based on a finite element model! in the form

{M] X + [{K}] X = Du (1)
where
{M] = n X n symmetric mass matrix

[K)

symmetric stiffness matrix

[}
=
»
=

D = n x m actuator influence coefficient matrix
X = n x 1 vector of generalized element displacements
i = mx 1 control input vector
Equation (1) can be decoupled by employing the similarity trans-

formation X = &% such that

dT[M]® = [1] and ®T[KI® = [Q2]
where
$ = n x n modal matrix whose columns are the
structural mode shapes (eigenvectors)
[I] = n x n identity matrix
[az] =

n X n diagonal matrix of the
natural frequencies squared (eigenvalues)

14
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Substftuting X = 8§ into Equation (1) and pre-multiplying by 4T,
the equivalent modal representation becomes
H + [Q2] 7 = 6TD2 (2)

These equations of motion are independent since [Q2] is a dfagonal

matrix. The modal equations of motion can be reduced to first-
- order ordinary differential equations by defining
T = (§T, §T)
' Equatiaon (2} can then be written in the state space form: I
% = AZ + Bu (3)
where
- ¢ | 1) g
A = and B = —_—
~-[nz] I g $TD
. For a finite number of ideal position and velocity sensors, the
response vector ¥ is given by i
Y =Cp X+ Cv =Cpdi +Cvd or y=c1z (4)
. where C = [Cp® | Cv®]. The matrices Cp and Cv define the location
and orientation of the position and velocity sensors,
respectively. (Ref 12)
Decoupled Control
‘ As shown by Aldridge, the space station model is represented
by the 2n-dimensional ;tate vector Z. It is not possible to
- control all the modes for this complex structure. Therefore.
assuming that multiple controllers are available, each controlling
nj modes. the state vector Z is simply represented by
b ZT = {(Z1T, ZT, . . .. ZNT, %;T, ZymT) (5)

The Z{ represents a 2ny-dimensional vector of the modal amplitudes

15




and velocities controlled by the ith controller. Z, represents a
2np-vector of residual modes modeled in the structure but not
controlled. Zyy represents a vector of modes that are not modeled
{fn the control system design. These modes in Zy, are truncated
from the model so they will no longer appear in the derivations.
Now, the control system model {s
zZT = (Z3T, Z3T, . . ., ZNT, ZpT} = {Z.T, Z,T) (8)
where the controlled state, Z., is that portion of the modes which
require active control to insure satisfactory system performance.
The selection of the modes to be controljled and their assignment
to one of the N controllers is at the discretion of the control
designer. (Ref 1)
The notation of Eq. (6) may be used to express the state
equations in the following form:
%i = AjZj + Bl f=12, .... N,r {17)
The output equation has the form
N
¥y=2 CiZj + CpZp (8)
i=1

The A, B, and C matrices are

g | [r} g
Aj = , By = , (9)
-(042) | -[2¢0¢) ®TD;
Ci = [Cpi® | Cvid] i=1,2, ..., N, 1
Modal damping has been added to the matrices Aj. For preliminary

analysis and design, a constant damping ratio of @.5% in modal
coordinates is assumed for & conservative design. The non-zero

partitions of the matrices B{ have dimensions nj x n,, and the

16




partitions of the Cy are of dimension ng x n; where ng and ng are
the number of actuators and number of sensors, respectively.
(Ref 3) The rows of the #TD; matrices represent the ampiitude of
each structural mode along the line of actifon of each actuator
location. In this study, only position sensors are used:
therefore, the Cviy matrices are zero. The columns of the Cpié
matrices represent the amplitude of each structural mode along the
line of the sensor at each sensor location. For coallocated
sensors and actuators, Cpy = DyT so Cpid = (&TD{)T. (Ref 1)
Modal Control

The controller design for N controllers is based upon the
state equations of motion given by Eqs (7) and (8). The form of

the desired state feedback control is
N
b =1 GjzZj (18)

where G; are the controller gain matrices. To form this active
control U, complete knowledge of the state vector is needed.
However, the only measure of Z is the measurement § given by the
sensors. Therefore, the control implementation requires the

construction of an observer to estimate the modal coordinates.

The observer has the form

2; = Aj&; + Bju + K;j(¥ - 9j) f111

i Ciq (12)
where 2Z; are the estimated states, §; are the estimated outputs,
and K{ are the observer gain matrices. The K; matrices are chosen

such that the error in the state estimate
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& = 2§ - %y (13)
is asymptotically stable. In terms of the estimated state, the
control vector is given by

N
=2 Gj2 (14)
i=1
Equations (7). (8), (11), (12), and (14) represent the control
problem for a large space structure.

To develop the controller gain matrices Gi{ and observer gain

matrices Kj, linear optimal regulator theory (Ref 8) is used. The

controller gain matrix Gj is selected to minimize a gquadratic

performance index J of the form

0
J = f (Z;TQiZ{ + UTRju) dt (15)

1
2 Jo
where Qj is positive semidefinite and Ry is positive definite.
The gain matrix Gy is then

Gi{ = -R1~1B{TS{ 116)
where S{ is the solution to the steady state matrix Riccati
equation:

AjTS{ + SjA{ - SiBjR{=1BTS; + Q; = ¢ (17)

The observer gain matrices Ki{ are developed similarly since
the eigenvalues of the matrix (A{-KiCjy) are the same as the

eigenvalues of its transpose (AjT-CyTK;T). An equation for the

system similar to Eq (7) can be written using the state Ww:

Wi = AjTw; -~ CiTgq (18)
where the gj is the control input given by

g1 = K{Twy {19)

18
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Again, using linear optimal regulator theory, the observer gain

matrix is selected to minimize a quadratic performance index Jgyp.

Job = 1 Im(wiTQobiwl + BTRopi ) dt (249)
2 Jo

The Qgp and Rgp weighting matrices are also positive semidefinite
and positive definite, respectively. However, they are not
necessarily the same as the Q and R matrices. It may be desirable
to weight the observation data more or less than the control
feedback. Now, the observer gain matrix is given by

Ki = Robi~1CiPj (21)
where Pj is the solution to the steady state matrix Riccati
equation:

PiAT + APy - PiCiTRopi~1C{Pj + Qobi = @ (22)
Note that Eq (22) is the transpose of Eq (17) since the observer
gain matrix is developed from the transpose of the system matrix
(Aj - KjCi). (Ref 1)

Considering control for N individual systems of the form

Zi = AjZj + Bju i=1,2, ..., N,r (1)

N
y =2 CjzZy ¢+ CrZp (8)
i=1

Eqs (16) and (21) form the controller gains Gi and the observer
gains Ki to be used in thelr respective controllers. They are
selected such that each controller is stable. However. the
control U is the same control for each of the N systems, and the
output ¥ includes all of the original system modes. Therefore,
the controllers are coupled together, and the overall system may

be unstable. This coupling can be seen in the following
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development of a three-controller system, and it is referred to as
controller and observer splillover. The objective is to design the
N controllers such that the spillover does not affect system
stability. (Ref 3)

Three Controllers

For a multi-input, multi-output controller, the state

equactions are given by Eq (7). For N = 3, the state equatlions are
Zy = A1%Zy + Bil (23a)
Zy = A2Z3 + Bal (23b)
Z3 = A3gZ3 + B3l {23c)
-Z-r = Al'il' + Brﬁ (23d1}

where the subscripts 1, 2, and 3 designate the equations
describing the modes assigned to the ith controller and the

subscript r denotes the equations describing the uncontroltled

modes. The observer |is
2 = Aj2 + Bju + Kj(¥V - 1) i =1, 2,3 (24)
9‘ = C(it i=1, 2, 3 (25)

where the observer gain matrices Kj are chosen such that the

errors in the state estimates,

€ = 2§ - T i=1, 2, 3 (26)
are asymptotically stable. Now. the contral
i = G121 + Gp2p + G323 (27)

fs applied. Equations (24). (25), and (26) mwmay then be combined
with equations (23) (a) through (d) to obtain the state estimate

errors
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&1 = (Ay

&2 = (A2

&3 = (A3
Using the

stated in Eq (

Z1 = (Ag

22 = (A
(A3

Ap 2y

These equ

the state-spac

vector:
Now. using Egq

represented by

where

Ay +B1Gy
g
B2Gy
Ka2Cy
B3Gy
K3Cy
BrGl

R L ey W e

- K1C1)&; + K1CaXp + KiC3Z3 + KiC;Z;

- KpC2}&3 ¢+ KaC1Z1 + Ka2C3Z3 + KaCpZ,

- K3C3)&3 + K3C12%21 + K3Ca2p + K3CrpZ,

27), the controlled state equations are given by
+ B1G1)Z; + B16G3&; + B3GaZa + B1G28&2
+ B1G3Z3 + B1G3é€j (29a) -
+ BaGa)Zy + B2Gp8&p + ByGyZy + ByGy&y o
+ BpG3Z3 + BaGjzégj {29b)
+ B3G3)Zj3 + B3G3&3 + B3G1Z1 + B3G1&y -
+ B3GaZp + B3Gpé» (29¢) )
+ BrGiZqy + ByG1&; + BpGaZp + BrGaé&3
+ ByG3Z3 + B;Gzéeg {29d)
ations (29) (a) through (d) may be represented in

e form, Z =

(28a)
(28a)

(28a)

state equations given in Eq (23) along with the control

AZ, by defining the controlled state
T, 81T, ZT, &T, Z3T, &3T, Z,T) (39)
(39)., the controlled state equations may be
Zc = Aclc (31)
-
B1G1 B1G2 B1G2 B1G3 B16Gj3 g -
A1~-K3C3 K;jCo g Ki1C3 '] K1Cy
BaGq A2+BaGa B2G2 B2Gj B2Gj g
g '] A2-Ka2C2 K3pCj g KaCyp
B3G1 B3Go B3Ga A3+B3G3y BaGj ')
') K3Ca a g A3-K3C3 K3C;,
BrGl Ber BFGZ Ber BrGg Ar
~
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Transformation

The matrix Ao {llustrates the coupling that causes the
controller and observer spillover between the three controllers.
As previously stated, this spillover may cause instability in the
overall system. To eliminate the spillover terms from the

controlled states, the following approach shown by Calico and
rastep 18 used. Derine new control vectors Vj and new output

vectors T{ by the following relationships:

3

T = I TjVi (32)
i=1

Vi = ;1§ i =1, 2, 3 (33)

where the transformation matrices T; and I';y are chosen to
eliminate the controller and observer spillover terms,
respectively. Eq (32) is substituted into Eq (7) and Eq (8) is

substituted into Eq (33) to obtain

. 3
Zy = AgZy + Byl Z Tyvj] i =1, 2, 3 (34)
i=1
3
by =Tyl Z Cj2y] i=1,2,3 (35)
i=1

For coupled but stable operation of the three controllers, the
matrices ByjGy, BjG3, B2G3z. KyjCz. KiC3, and KzC3 are driven to zero
by requiring that

B[Tj = @ and P1Cj = g i=1, 2 ; j =2, 3 (36)
Letting Bij* = BjTji and Ci* = TjyCy . we have three decoupled
relationships of the form:

él = AjZj + Bj*u i =1, 2, 3 (37)

with the decoupled outputs
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Uy = C{*Zy it =1, 2, 3 (38)

Eqs (37) and (38) may be used to design the three controllers so
that they will not interact when operating simultaneously. (Ref 3)
The transformation matrices Ty and I'j are obtalned by using
Singular Value Decomposition, and this development is discussed in
more detail Iin reference 1. In the development, the additional
constraint to the residual modes is ignored. For a sufficfently
large controlled state Z., the spillover should not be significant
between the modes in the controlled state Z; and the residual
state Z..
Sensor/Actuator Requirements

In order to perform spillover suppression, one or more gain
matrices must be made orthogonal to N-1 B or C matrices. For
example, to satisfy Eq (36), the columns of Ty must be orthogonal
to the rows of By through By-1. In other words, the columns of Ty

must be in the span of the null space of the matrix Byy. where:

— -
By
BiNn = (391
BN~
N1
I1f Byy has full rank. the null space of Byy has dimension:
N-1
PiN = ng -~ 2 nj (40)
i=1

Therefore, for the matrix Ty to exist, the number of actuators n,
must exceed the total number of modes controlled by the first N-1

controllers. -~




N-1
ng > I nq (41)
i=1
It can be shown that the other control gain matrices will have a

sufficient number of actuators {f the inequality in Eq (41) is
met. That is, the other conditions involving Ty through Ty-1 can
be met if inequality (41) is satisfied. A similar study shows the

number of eensore needed in determining the I'y that satisfies Egq

(36). This condition requires that the number of sensors be such
that:
N
ng > I nj (42)
{=2

Examining Eq (32), the dimensions of ¥y equals the dimension
of the null space of ByyNy. Without the transformation Ty, the
control @ has the dimension ng. Similariy, the dimensions of the
-outputs of the individual system Uj are less than the dimension of

y. This is due to the dimensions of the matrices I'j. This loss

in dimension is the price paid for the decoupling. (Ref 3)
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IV. Control System Design

The space station requires an attitude control system that
maintains orientation in all phases of construction, operation,
and maintenance. The attitude control system must provide for
disturbance rejection of crew motion and less frequent docking.
(rRef 4) As stated, the control system deslgn uses three
controllers. Each controller §is designed using full state
feedback and a full state estimator. The controllers are
decoupled from one another using the techniques previously
discussed. Linear quadratic regulator theory is used to design
bath the controllers and the observers. The state weighting
matrices used are identity matrices multiplied by a constant value
of twenty. The control and observer weighting matrices are
identity matrices. (Ref 3) Attitude control of the space station
consists of attitude stabilization that maintains the desired
attitude in the presence of short-term disturbance, e.g., crew
motion with a characteristic time on the order of 180 seconds.
The main design objective of the short-term controller is to
provide the highest possible closed~loop bandwidth and to achieve
reasonable rigid body damping while stabilizing all structural
modes. (Ref 4)

Modal Selection

One of the more difficult tasks in controliling a large space
structure is the determination of which structural modes should be
considered in the control system design. It is important to

ensure that all essential features of the physical system are
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retained and the unmodeled parts do not interact with the
controller to degrade performance or even drive the closed-loop
system unstable. NASTRAN can produce hundreds of modes. but only
the low frequency modes can be experimentally veriflied. Mode
shapes are less reliable than mode frequencies due to numerical
difficulties. Nonlinear characteristics in the structure and
joints may make the calculation of higher modes meaningiess.
Control design techniques often experience numerical difficulty or
become impractical when the model order is high. Equally
important, a low order model encourages more direct understanding
of the underlying physical system. Al)l these suggest that the
control engineer should work on low order models in the
preliminary design stage. (Ref 4)

For lightly damped space structures with sufficient modal
separation, modal truncation using different modal indices is
equivalent to various model reduction approaches. Using the index
of modal frequencies. the following factors are considered in the
modal truncation to determine the frequency bandwidth of the
attitude control system. In a Rockwell study on "Space Station
Structural/Control Interaction”, docking loads are affected by
maodes at 9.2185 Hz. (Ref 11) Also, the different concepts of the
Crew and Equipment Translation Aid (CETA) operate at Jlateral
vibrational frequencies of @0.543 Hz. 0.463 Hz. and 4.17 Hz.
{Ref 15) These frequencies may lead to coupling of the CETA and
the dynamics of the Space Station. Active stabilization of
structural modes other than the lowest frequency mode is not used
for two reasons. First., modes at frequencies above 1 Hz become
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very difficult to stabilize for the following reason. The phase
loass due to time delays at frequencies above 1 Hz becomes
sufficiently large to render phase stabilfzation very difficult,
ff not impossible. Second, individually stabilizing many modes
usually results in a controller which is highly tuned and
extremely sensitive to plant varfiations. (Ref 4) Comparing the
first rfifty structural mode frequencies, shown In Figure 3, a
large increase from ¢.9776 Hz at mode 34 to 1.8833 Hz at mode 31

is noted. Since the structure’s natural damping will normally

]
T

L H=
N

=

Frezguem:

Figure 5. First 50 Structural Mode Frequencies
prevent instabilities arising from the higher frequency modes.
the modes above 38 are truncated and left as unmodeled modes.
Therefore, a frequency bandwidth of 1 Hz is chosen for the
attitude control system, and only the first thirty structural
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modes will be considered in the control analysis.

Actuator/Sensor Location

Many large space structures being considered by NASA require
multiple sensors and actuators distributed in some fashion
throughout the structure. (Ref 6) The location of sensors and
actuators are important to the overall control system performance.
The geometry has a major impact on the rigid-body mode behavior
while structural compliance between actuators and sensors
determines flexible mode behavior. (Ref 4) Therefore. one must
consider the spatfal distribution of sensors and actuators when
treating the problem from a finite element approach. However. the
trade-off process Iis a major spacecraft design issue and is nat
covered in this study.

Each sensor or actuator has to be attached to a node. The
direction in which an actuator is aligned and the magnitude of its
force or torque are expressed by D@ in terms of x-y-z components.
Force actuators use the first three columns of the eigenvectors.
and torque actuators use the second three columns as shown in
Appendix A since each node has six degrees of freedom. The
alignment of a sensor is expressed in the matrix Cp. If a sensor
or actuator is aligned with a coordinate axis. the corresponding
element of Cpd or ®TD is simply the eigenvector element at that
physical coordinate multiplied by a scale factor. Since the
actuator bandwidth is significantly higher than the attitude

control bandwidth, the actuator is treated as an ideal device 1in

the preliminary design. For example, control moment gyros have a
bandwidth in excess of 3 Hz. (Ref 4)
28
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It is important to examine the geometry relations among
sensors and actuators. A sensor and an actuator are collocated
when they are located at the same node and aligned in the same
direction. A gyro/torquer pair is a typical example. Note that a
linear actuator and an angular sensor at the same location do not
satisfy the definition of collocation. If a sensor and an
actuator are separated by rigld structure, they can be considered
collocated with some caution. When an actuator and a sensor are
collocated on a free-free structure, the rigid body modes and all
the flexible modes stably interact with each other. In general.
actuator/sensor pairs are not collocated. (Ref 4)

To determine the actuator and sensor locations. the first
twenty-four flexible modes {(shown graphically in Appendix B) are
examined. For each mode, relatively large translational and
angular displacements of node points are noted. Then, the
actuator and sensor locations are chosen to effectively correct
these displacements. The number of sensors and actuators were
kept to a minimum. Therefore, to satisfy the sensor/actuator
requirement shown in Section I1l, sixteen pairs of collocated
sensors and actuator are initialily chosen. However. the
structural damping was not improved on eight modes so eight more
;ensars were added. The locations are listed {n Tablie 1V and
shown in Figure 6. Both force and torque actuators are used, but

only position sensors are chosen.
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Collocated Sensors and Actuators

State
Pair Node TX TY TZ RX RY RZ Coordinate
1 1128 1 g g g g g 1
2 1126 g g 1 g '] g 3
3 139049 g g g 1 g g 16
4 15000 g ¢ ¢ g g 1 18
5 64 1 g g g g g 31
8 64 g g 1 g g g 33
7 56 g g g 1 g g 46
8 56 g - | g g g 1 48
9 24 g g g 1 g g 160
19 24 g g g g g 1 192
11 12 1 g g g g g 109
12 12 g g 1 g g g 111
13 156140 ] g g 1 ] g 172
14 150149 g g g g ¢ 1 174
15 1226 1 g ] g g g 181
16 1226 g g 1 g g g 183
Additional Sensors

1 1100 1 g g g g g 19
2 1100 ] g 1 g g @ 21
3 56 1 g g g g g 43
4 56 @ ] 1 g g ] 45
5 24 1 g g g g a 917
6 24 g g 1 ) a a 99
7 1200 1 g g g g g 163
8 12840 g g 1 e g g 165

Note: The orientations are given in terms of
direction cosines

Table IV. Actuator/Sensor Locations and Orientations
on the Phase 1 CETF Space Station Model
Modal Assignment
Modal resjidues are used as a measure to determine which modal
states to consider as controlled states and as residual states.
The modal residue represents the contribulion of a mode to the

input-output transfer function. I1f a mode has a very small

residue, it has a very small contribution to an i{input-output

relatlion. Therefore, the mode can be removed from the transfer

function with hardly any impact. From a state-space point of

view, the mode is either almost uncontroliable from the input or
g
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s
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S, A& S
A denotes actuator —
S denotes sensor EE:
Circle denotes torque
actuator/sensor [
Arrow denotes force
actuator/sensor
S, A& S
A& S
> 5
A & S
A & S

Figure 68a. Actuator/Sensor Locations and Orientations
in the X-Direction and about the Z-Axis
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Circle denotes torque >
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S
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Figure 6Db. Actuator/Sensor Locations and Orientations
in the Z-Direction and about the X-Axis
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unobservable from the output. From this consideration, it is
possible to select those modes which contribute most to the
transfer function as dominant and Kkeep them in the controlled
state, Z.. Modes that contribute 1little are modeled 1in the
residual state, Z,.

The residue of each mode i{s determined by multiplying the
mode’s displacement at the actuator location by mode's
displacement at the sensor location for each input-output pair.
(Ref 14) In terms of previously defined matrices, the residues of

the multi-input. multi-output system is computed as follows:

Ri = (Cp€i)(niTD) (43)
where
Cp = matrix defining the location and orientation of
position sensors
€ = fth structural mode shape, column vector of the
matrix ¢
niT row vector of the matrix ¢T

D matrix defining the location and orientation of

actuators

The residue matrix R;y is an m x | matrix (m outputs., | inputs)

(Ref 13), and it can be plotted as a bar chart for each
Input-output pair as shown in Figure 7. From the modal residues,
the following dominancy classification has been derived. For each

input-output pair, the modes are ranked from 1 to 38 in descending
order of the magnitude of their residues. Then, the rank of each
mode is averaged over every input-output pair. Table V shows the

dominancy order derived from the modal residue consideration.
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From the dominancy measure of the modal residues, the
following modal assignment is made. The three rigid body

translational modes are not included in the control system design
since they are not controllable by the attitude control system.

Each of the three rigid body rotational modes is assigned to a




Mode Average Mode Average
Rank Number Rank Rank Number Rank
1 217 2.74 16 6 16.43
2 28 4.76 17 22 16.52
3 29 7.68 18 16 17.49
4 12 8.12 19 24 17.440
5 11 9.12 20 24 17.79
6 26 9.16 21 17 18.23
7 39 8.186 22 18 18.83
8 7 9.29 23 19 19.50
9 8 9.3¢9 24 14 21.92
10 ] 11.19 25 13 21.29
11 10 11.560 26 5 21.47
12 25 12.62 217 4 22.91
13 23 16.217 28 3 26.42
14 21 16.30 29 1 27.24
15 15 16.39 3a 2 29.25
Table V. Dominancy Order Derived by

Moda! Residue Consideration
separate controller. The remaining twenty-four bending modes are
evenly distributed between the three controllers and the residual
state vector by considering their average rank. The resulting
assignment is:

Controller 1: 6, 7, 8, 9, 14, 11, 12
Controller 2: 5, 25, 26, 27, 28. 29, 3@
Controller 3: 4, 15, 16, 21, 22, 23, 24

Residuals: 13, 14, 17, 18, 19, 24
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V. Investigation and Results

For an effective control system design, the damping of the
controlled modes should be at least doubled and the residual modes
should not be adversely affected. With the initial choice of the
sixteen collocated actuator/sensor pairs, the resulting eigenvalue
analysis 1s presented 1n Tables VI and VII. The design
eigenvalues show that the control system does not have much
control over modes 22 and 24 since their modal dampings are not
significantly improved. A characteristic of decoupled control
is that the first and last controller will experience a loss of
observability and controllability. respectively. (Ref 3} This
characteristic can be seen in Table VII! where controller damping
is lost on modes 15, 16, 21, 22, 23, 24, and 39: and observer
damping is lost on modes 7, 8, 9, 10, 11, 12, 25, and 26. The
eigenvalues of the residual system (shown in Table VII) indicate
that the residual modes are not adversely affected by the
controllers.

Since a large number of modes do not have improved observer
damping and sensors can be relatively easily attached to the
structure, elight sensors are added to the structure. Tables VIII
and IX present the eigenvalue analysis for this case. Once again.
modes 22 and 24 appear to be uncontrollable. The overall eigen-

value analysis shows that the observer damping of modes 7 through

12 is improved with the additional sensors. The most significant

improvement occurred in modes 7, 8, and 9. The vibrational

damping 1{s more than doubled in all the modes except seven, and
36

e it ,



CONTROLLER SYSTEM 1

OBSERVER SYSTEM 1

MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING
6 g.5096 g.75186 6 §.599¢6 g.7516
K 1.2384 g.1515 7 1.2384 g.15158
8 1.27T72 9.1408 8 1.2772 .14038
9 2.6263 0.06423 9 2.6263 @.8423
14 2.9054 g.0213 10 2.9054 0.6213
11 3.0929 g.0347 11 J.0929 g.0347
12 3.4874 g.0384¢ 12 3.4874 6.03609

CONTROLLER SYSTEM 2

OBSERVER SYSTEM 2

MODE FREQUENCY DAMPING MODE FREQUENCY DAMPING
5 g.2728 g.7201 5 g.2728 g.7201
25 4.6274 g.d116 25 4.6274 g.4116
26 4.6401 g.9122 26 4.6401 g.0122
21 4.7569 9.628¢ 217 4.7569 g.g28¢0
28 4.9332 g.9308 28 4.9332 g.0368
29 5.3648 g.8284 29 5.3648 g.0284
30 6.1424 g.0137 30 6.1424 @.0137

CONTROLLER SYSTEM 3

OBSERVER SYSTEM 3

MODE FREQUENCY DAMPING MODE FREQUENCY DAMP ING
4 g.5138 g.7523 4 #.5138 @.7523
15 4.2851 g.9092 15 4.2851 g.06092
16 4.3081 g.0989 16 4.3081 g.90089
21 4.4871 9.6145 21 4.48171 g.0146
22 4.4152 g.4ag61 22 4.4152 g.04d61
23 4.4308 g.01417 23 4.4308 @.d147
24 4.47217 0.0065 24 4.4727 g.0065

Table V]!. Design Eigenvalues with Sixteen
Caollocated Actuator/Sensor Pairs




CONTROLLER SYSTEM 1

OBSERVER SYSTEM 1

MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING
] g.5996 g.7516 6 ¢.0506 g.79176
7 1.2384 g.1515 T 1.2279 g.0852
8 1.2772 g.144a8 8 1.2676 g.0850
9 2.6263 g.0423 9 2.6254 9.0058

10 2.9954 g.0213 10 2.90946 g.0a589

11 3.9929 g.93417 11 3.9932 g.8ad5¢@

12 3.4874 g.43649 12 3.4878 g.00850
CONTROLLER SYSTEM 2 OBSERVER SYSTEM 2

MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING

5 g.d815 g.70883 5 g.2539 g.7184
25 4.6271 g.0115 25 4.6271 g.0d51
26 4.6394 g.0118 26 4.6393 @.0852
217 4.7588 9.01308 27 4.7583 g.0174
28 4.93240 g.0110 28 4.9325 g.da86
29 5.3646 g.0190 29 5.3648 0.0274
39 6.1424 g.00859 34 6.1423 4.680895

CONTROLLER SYSTEM 3 OBSERVER SYSTEM 3

MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING

4 @.8752 g.7981 4 g.5138 g.7523
15 4.28386 d.ga51 15 4.2851 g.00892
16 4.3068 g.0053 16 4.3081 d.6089
21 4.4087 d.8854 21 4.4071 6.6146
22 4.4152 g.0850 22 4.4152 g.0d61
23 4.4319 @.4058 23 4.43068 g.0147
24 4.47217 6.d85¢0 24 4.4727 #.84d85

RESIDUAL SYSTEM
MODE FREQUENCY DAMP ING
13 4.0991 ¢.00850
14 4.1242 ¢.0950
17 4.31317 g.005¢8
18 4.3363 g.0850
19 4.37880 g.0605¢8
2@ 4.3918 g.0d5¢
Table VII. Overall Eigenvalue Analysis with Sixteen

Caollocated Actuator/Sensor Pairs
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CONTROLLER SYSTEM 1

OBSERVER SYSTEM 1

MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING
6 g.5096 g.7516 6 g.5541 g.7594

T 1.2384 g.1515 7 1.24@3 g.1829

3 1.2772 9.1408 8 1.27886 #.1311

9 2.62863 g.8423 9 2.6264 g.9446
10 2.9654 g.4213 10 2.9057 g.08231
11 3.9929 g.03417 11 3.4928 g.a373
12 3.4874 g.936¢ 12 3.4873 g.0392

CONTROLLER SYSTEM 2

OBSERVER SYSTEM 2

MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING
5 g.2728 g.72491 5 g.3004 g.7229
25 4.6274 g.g116 25 4.6275 @.0117
26 4.6401 g.0122 26 4.6404 6.0123
21 4.7569 g.92840 217 4.7565 g.0326
28 4.9331 g.a0388 28 4.9333 g.4d345
29 5.3648 d.4284 29 5.3649 g.0324
30 6.1424 @.0131 38 6.1424 g.0172

CONTROLLER SYSTEM 3

OBSERVER SYSTEM 3

MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING

4 g.5138 6.7523 4 g4.5586 6.7603

15 4.2851 g.9092 15 4.2851 g.0093

16 4.3081 g.d689 16 4.3082 @.0089

21 4.4071 0.0146 21 4.4871 g.d146

22 4.4152 g.6061 22 4.4152 g.08061

23 4.4308 g.6147 23 4.4308 d.d147

24 4.4727 @.0865 24 4.47217 g.0d66

Table VIII. Design Eigenvalues with Sixteen Collocated

Actuator/Sensor Pairs and Eight
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CONTROLLER SYSTEM 1 OBSERVER SYSTEM 1
MODE FREQUENCY DAMP ING MODE FREQUENCY DAMP ING
6 g.35d9¢6 g.7516 8 g.4868 g.741717
1 1.2384 9.1513 7 1.2292 g.9481
8 1.2772 8.14908 8 1.2666 g.0233
9 2.6263 g.9423 9 2.6254 g.0119
16 2.9054 g.g213 1¢ 2.9046 9.9065
11 3.9929 0.9347 11 3.9932 g.0873
12 3.4874 g.a36¢ 12 J.4876 g.8058
CONTROLLER SYSTEM 2 OBSERVER SYSTEM 2
MODE FREQUENCY DAMP ING MODE FREQUENCY DAMPING -
5 g.a815 9.7983 5 g.2962 g.7225
25 4.6271 g.d115 25 4.6271 g.0@51
26 4.6394 g.0118 26 4.6393 g.08852
217 4.7588 §g.0130 r 4.7588 g.0212 )
28 4.93249 g.01180 28 4.9319 @.414d5 -
29 5.3646 6.01049 29 5.3648 g.0313 .
39 6.1424 g.04d540 349 6.1423 g.4133
CONTROLLER SYSTEM 3 OBSERVER SYSTEM 3
MODE FREQUENCY DAMPING MODE FREQUENCY DAMP ING
4 g.8752 g.7681 4 @.5586 g.7663
15 4.2836 g.4d851 15 4.2851 g.0093
16 4.3068 g.4dd53 16 4.3082 @.0089
21 4.4087 g.0654 21 4.4071 g.0146
22 4.4152 g.0d5¢9 22 4.4152 g.0661 _
23 4.4319 @.00958 23 4.4308 g.0147
24 4.4727 g.685¢0 24 4.47217 0.0066

RESIDUAL SYSTEM

MODE FREQUENCY DAMP ING
13 4.90991 g.0495¢0
14 4.1242 g.0058@
17 4.3137 g.0058
18 4.3363 g.4859
19 4.3709 2.00850
24 4.3918 @.0958

Table IX. Overall Eigenvalue Analysis with Sixteen
Collocated Actuator/Sensor Pairs and Eight Additional Sensors
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all the modes except three have at least a twenty percent increase
in damping. Alsc, the residual modes are not destabilized.

The attitude control system must be able to stabilize
the space station’'s attitude and reject disturbances on the
structure. Therefore, its performance is analyzed by the system’'s

response to initial attitude displacements and rates and two

atsturbances - crew motion ana shuttle docking. For a system that
can be described by the eguation .i a AZ, its response to initial
conditions is given by Z(t) = eAt Z(0). The matrix exponential,
eAt, s computed for a time increment of one secaond using the
eigenvectors and eigenvalues of matrix A. {Ref 8) The forces due
to crew motion and shuttle docking are modeled as impulses. An
impulse consisting of a large force acting for a very short time
has the effect of giving the structure an initfal velocity while
leaving its {initial displacement =zero. {Ref 11) The initial
velocity of the physical coordinates is given by .R(B) = [M]-1]
where (M] is the mass matrix and I is a vector that contains the
magnitude of the impulse at the appropriate physical coordinate.
Since fi = -1X and ¢-1 = ¢TM, the initial velocity 1in modal
coordinates is ﬁ(ﬂ) = §T]. The attitude response of the system to
these initial conditions is shown in the following paragraphs.
Also, as a single measure of the system’'s performance. the
variation of the structure’s total energy with time is shown.
Response to Initial Angle and Rate

The control system must be able to bring initial conditions
of attitude position and rate to zero in a reasonable amount of

time. This performance will be necessary following transition
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Figure 8. Roll Attitude Initial Angle Response

from reboost and docking maneuvers. Figures 8 through 14 show

attitude and rate responses to #.4981 radian initial attitudes.
These results show that the control system will stabilize the roll
and pitch axes in about 180 seconds with the yaw axis stabilizing

within 28 seconds. The energy variations for the three initial
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Figure 9. Pitch Attitude Initial Angle Response
attitudes are shown in Figure 11. Figures 12 through 14 show

similar results for the attitude and rate responses to initial

rates of @.40d1 rad/s. The energy variations are shown in Figure

15. The transient responses are primarily due to the rigid body

modes. These responses are comparable to the responses of a
43
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normal mode controller designed by the Space Systems Division of

the Ford Aerospace Corporation. The responses of the normal mode

controller are shown in Figures 16 and 17. These simulation

results verify that the control system will stabilize the

attitude in about 108 seconds, a time consistent with the
bandwidth of the control system. {Ref 4)
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Crew Disturbance Impulse

crew motion is an astronaut with a mass of 153 lbm ©pushing

forcefully off a wall, reaching a speed of 7.89 ft/sec, and

stopp

repres

ing at the opposite wall,. (Ref 12) This disturbance

ents a 33.7 lbf-sec impulse. Figures 18 through 20 show the
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Figure 280, Yaw Attitude Response to
Crew Disturbance Impulse

attitude responses to an impulse of 33.7 Ilbf-sec applied at the
end of a module (node location #13d11) in the +y-direction.
Such a force Iimpulse generates maximum angular displacements of
1.930, 1.979, and 5.59¢9 about the roll, pitch, and yaw axes,

respectively. (Ref 4) Once again. these responses are comparable
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Figure 21. Energy Varifation to Crew Disturbance Impulse

to the responses of the normal mode controller shown in Figure 26.
The energy variation due to this impulse, shown in Figure 21, is a
good illustration of the control system's ability to reject crew

disturbances. The rigid body modes still dominate the transients.
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Response to Shuttle Docking
The space station will experience impacts from the docking or

berthing of vehicles such as the Shuttle and Orbital Maneuvering

Vehicles. The largest impulse can be modeled as a hard-docking by
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Figure 23. Pitch Attitude Response to
Shuttle Dacking Impulse

a fully loaded Shuttle with a mass of 242,500 lbm and a .2 ft/sec
closing speed toward the -x direction. (Ref 13) This docking
maneuver causes an impulse of 1516 lbf-sec on the structure. The
docking port is at NASTRAN node location #1351, on the +x side of

the module area (see Figure 1). (Ref 4) Figures 22, 23, and 24
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Figure 24. Yaw Attitude Response to
Shuttle Docking Impulse

show the attitude responses to the impulse from Shuttle
hard-docking, and the energy variation is shown in Figure 25.
This impulse generates large angular displacements that would
exceed the system’'s performance requirements. The net momentum

that must be absorbed is about 13,9008 ft-lb-s on both pitch and
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Figure 25. Energy Variation to Shuttle Docking Impulse
yaw axes. These results indicate that this control system alone
is not adequate for Shuttle hard-docking which agrees with the
results of the normal mode controller shown {n Figure 27. (Ref 4)
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Vi. Conclusjons and Recommendations

The space statifon {s characterized by regquirements for
evolutionary and modular growth presenting new challenges 1in
distributive control that utilizes multi-state active control.
(Ref 8) Because of these requirements, active control utilizing a
decoupled control technique 1s applied to a control system deslign
for a space station. The study emphasized basic concepts and
methodology for decoupled controller design. The decoupled
controller design for flexible structures with noncollocated
actuators and sensors was accomplished using linear optimal
regulator theory. The Phase 1 CETF Space Station model proved to
be a challenging reference plant for the {nvestigation of order
reduction and controller design. The order reduction approach
which retains modes with high modal residues resulted in a
satisfactory reduced model. Its application is straight forward
and integrated into the process of generating state space farms
out of the modal data from the finite element model. The
decoupled control concept for vibration damping and attitude
control proved to be appropriate. For the model, it was possible
to design a control system that stabilized the attitude and
rejected crew disturbances. In general. the increase in modal
damping eases the attitude controller design, reduces the
sensitivity to model uncertainties. and smooths the system
response and controller action. {Ref 14)

This investigation demonstrated the feasibility of using
muitiple decoupled controllers to maintain system stability. The

64d




control system was able to increase the modal damping by a factor
of two for a majority of the modes. Significant increases were
also obtained for the other modes while the residual modes were
not affected by the controllers. Total controller decoupling was
achieved while maintaining controllers and system stability for
the model. These results indicate that the proposed active modal
control is a feasible process capable of satisfving the
requirements indicated for large space structures.

The inability to affect modes 22 and 24 can be attributed to
two possible reasons. First, the sensor and actuator placement
may not be suitable for controlling these modes. The
repositioning of available actuators/sensors or the addition of
actuators/sensors may resolve this problem. Second. the modal
assignment to each controller can have a major impact on the
system stability achieved. This impact is evident in the loss of
observability and controllability of the first and last
controllers, respectively. Therefore, the modal assignment could
be examined again to find a more compatible grouping of modes.
Since actuator/sensor locations and modal assignments greatly
affect the control system performance, studies in these two areas
could improve the observability and controllability of the
existing system.

Another way to improve the vibrational damping of the
structure would be to select different weighting matrices to
produce acceptable closed-loop eigenvalues. A procedure for
choosing and forming both state and control frequency weighting
matrices is shown in reference 2. A different method for model
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order reduction could improve the model of the structure for
contro) system design. Several studies and methods are available
to determine which modes would best modei the structure for a
reduced order controller. For this space station model, frequency
truncation proved effective since a large frequency separation
existed between modes 3d and 31. However, modal cost analysis
could provide a more effective reduced order model than simple
frequency truncation.

Since the space station is characterized with changing
structural rigid body and flexible modes. a control system must be
robust. Numerous publications discuss the theory of robustness of
multivariable feedback systems. (Ref 2) For example. reference 3
considers the effects of structural perturbations on a decoupled
control system applied to the CSDL [ model. Therefore, evaluation
of the stability and performance robustness of the control system
design would be help to determine the feasibility of this system.

The initial objective of this thesis was to determine the
dynamic effects on space station stability and micro G environment
of crew translation on a space station structure. To facilitate
translation along the space station structure, a carrier system
will be provided that accommodates one or two astronauts and
equipment. The Structures and Mechanics Division at NASA's
Johnson Space Center has studied different concepts of crew and
equipment transliation aids. (Ref 15) Therefore. an area of
interest is in the dynamic effects of this loading on the space
station structure. However, the design of a control system proved
to be a challenging task in itself so these dynamic effects due to
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crew transiation were not studied. The modeling of this dynamic
loading would be a challenging area to study in itself.
Therefore, it is recommended that the effects of this loading on a
uncontrolled structure be considered for study before studying the

effects on a structure with a control system in place.
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-1.8747E~13
-1.8673~-13
-1.8743~1
-1.8747E~-13
-1.8741E~13 -
-1.87426-13
~1.8742E-13
~1.8742E-13
-1.8742E~13
~1.8742E-13
~1.8747E-13
~1.8747E-13
-1.8747E-13
~1.8746E-13
-~1.8746E-13
=-1.8746E-13
~1.8746E-13

17

-11 ~1.8742E-13

~1.8742E-13
~1.8742E~13
~1.8742E-13

RY

=3.7774E~12
-3.7774E~12
-3.7774E~12
=3.7774E~12
-3.8081E~12
0.0000

-4.3455E~12
~3.5691E~12

-3.8577E~12 -6.

~3.7870E~12
-3.7872E~12

-3. ~12
-3 .1870E~12

7869E~12
-3 .7869E~12
-3.7869€E~12
-3.786%-12
-3.786%€-12
~3.7869%E~12
-3.7870E~-12
~3.7870E-12
-3.7870E-12
~3.7870E-12
=-3.7870E-12
~3.7870E~12
~3.7870E-12
~3.786%€-12
~3.7869%E-12
~3.7869%€~12
~3.7869%€-12

REAL. EIGENVECTOR NO. 2

-1.4864E-09
=1.2867E-Q09
~1.1046E-09
-1.0958E-09
-4 .4840E-09
~5.0305E-0%
=5.7686E-09
-6.2504E-09

65

9578E" 11

RY

TT.3S5%E-T2
~1.4589E-12
~1.458%9%€-12

0.
-6.3124E~12
-7.3341€~12

TO86E~12
-6.6341E~12

RZ

=2 91&0E-1I3
~4.9160E-13
~4 .9160E-13
-4.9160E~-13
-4 .9160E~13
-5 1916E-13
Q.0000

~4.145%-13
-4.726F-13
-5.1170E-13
-4.8342E-13
-4 .8834E~-13
-4.8737E-13
-4.83426-13
-4.8721E-13
-4 .8700E-13
-4.8701E~-13
-4.8701E-13
-4.8701E~13
-4.8701E~13
-4.8346E-13
~4.8346E-13
-4 .8346E-13
-4.8345E-13
:3.8346E 13

~4.8345E~13
-4.8701E~13
-4.8701E-13
-4.8701E-13
-4 .8701E-13




REAL EIGENVECTOR NO. 3

-IIZB'_I mmm zzmznmm

E1genva1ue Q.0000
Radian = 0.0000
TY
-5.7808E-10 1.8619%E-09
15000 13 -4.7590E~-10 1.8619E-09
1100 19) -4.0026E-10 1.8619€~09
74 25) -3.5562E-10 1.8619%E~09
64 31) -2.7411E-10 1.4727E-09
55 37) -1.7084E-10 2.2066E~0Q9
S6 43) -~1.8517E-10 1.4727E-09
51 49) ~1.2636E~-10 . 2067E-Q9
52 55) -1.407SE-10 1.4726E~-09
13032 61) -4.8159%-11 9.9794E-~10
44 67) -5.19126-11 -4725E~09
16020 73) -1.6411E-13 1.8619E~09
13008 79 1E-12 9.9794E-~10
32 85) 8.1429E-11 1.4725E~-09
23 91) 1.8494E-10 .2068E-09
24 97) 1.70326-10 1.4725E-Q9
16030 103) 2.4430E-10 1.8397E-09
12 109 .O366E-10 1.4725E-09
1 115) 3.9987E-10 1.861%E-09
13051 121) ~4.8159%-11 1.0752E-09
13049 127) ~-2.1737E~-11 1.0
13000 133) 4.6841E-12 1.0752E-09
13011 139) 4.6840E-12 8.8955E-10
13050 145) ~2.1738€-11 9.0581E-10
1303% 151) -4.8159%€~11 8.8955E-10
13061 157) ~3.2031E-11 1.7161E-09
1200 163) 4.4431E-10 1.8619%E-09
15010 169) 5.1994E-10 .B619€-Q9
15050 175) 6.2210E-10 1.8619E-09
1226 181) 6.9608E-10 . -09
Eigenvalue '= 0.0000
Radian = 0.0000
NODE  ROW X TY
1126 T 1) T9.6723kE~12 .
15040 7) 1.5326E~11 1.9542E-03
15000 13) 1.2796E-11 1.95426~-03
1100 19) 1.0923E-~11 1.95426-03
74 25) 9.8177E~-12 1.9542E~03
64 31 1.4926E~11 6.7906E-04
55 3I7) -1.8790E-~12 . 2294E~-03
S6 43) 1.2721E-11 6.7906E-04
51 49) -2.9846E~-12 3I.2294E-03
52 55) 1.1626E~-11 6.7906E-04
13032 61 1.918%E~11 -~1.0777E~-03
44 67) 9.4375E-12 . 7906E
16020 73) 1.0094E-12 1.9542FE-03
13008 79) 1.7868£-11 ~1.0777E-03
32 85) 6.1207E-12 6.7906E-04
23 91} -1.0735E-11 3.2294E-03
24 97 O9122E-12 6.7906E-04
16030 103) -5.0680E-12 1.9542E-03
12 109) 5.9940E-13 6.7906E-04
1 115) -8.9330E-12 1.95428-03
13081 121 1.9189%€-11 -1.
13049 127) 1.8529€-11 ~-1.0777E-03
13000 133 1.7868€-11 ~-1.0777E-03
13011 139) 1.7868E-11 -1.0777E-03
13050 145) 1.8529€-11 -1.0777E-03
13039 151 1.9189%€~11 -1.0777E~03
13061 157) 3.0272E-12 1.7363E-03
1200 163) -1.0037E-11 1.9542E-03
15010 169) -1.1916E-11 1.95426E-03
15050 175) -1.4454E-11 1.9542E-03
1226 181) -2.343%E-11 3. -03

.1570E-02
.1570E-02
.1570E-02
-1570E-02
-1570E-02
.1570E-02
.1570E-02
-1570E-02

P e b b bt o b b s e b e b s o S s b
. [ [} [ L] L ]
o
3

.1570E-~02
1.1570E-02

4.47426-11
4.4742E~11
4.47426~11
4.47426~11
4.4074E~11

0.0000

4.9474E~11
4.94426~11
4.3641E~11
4.4766E~11

4.4764E-11
4.4764E-11
4.4764E~11
4.4764E-11
4.4764E-11
4.4764E-11
4.4766E-11
4.4766E-11
4.4766E-11
4.4766E-11
4.4766E-11
4.4766E-11
4.4766E~11
4.4764E-11

4.4764E-11 -8.

4.4764E-11
4.4764E-11

REAL EIGENVECTOR NO. 4

-3.57626-02
~3.9587E-02

66

-8.7986E-13
-8.7986E-~13
~8.7986E-13
-8.7986E-13
—8 2196E-13
0.0000

-1.2570E-12
-1.5128€-12
~6.13526-13
-8.9106E-13
~8.8494E-13
8. -13
~B.9109%-13

-8 097E-13

8.9293E~13

2.709%-12
2.7099€E~-12
2.7095%E-12
2.7099%E-12
2.7095E~-12
2.7095E-12
2.7095E-12
2.7095E-12

RZ

=6.7103E-13
-6.7103E~14
-6.7103E-14
~6.7103E~-14

3 -6.7103E-14

-5.83586-14
0

.0000
-6.715%-14
~8.80126-14
~6.4244E-14
~6.7720E-14
~6.7002E-14
~6.7285E-14
~6.7720E-14
~6.7295€E-14
-6.7318E~14
-6.7317E~14
-6.7317E~14
-6.7317E~14
-6.7317E~-14
-6.7716E~14
-6.7716E~14
.7717E~14
.7716E~14
.7716E~14
.7716E~14
.7716E~14
.7317E~14
.7317E~14
.7317E~14
.7317e~14

ddddddddd




Eigervalue = 0.0000 REAL EIGENVECTOR NO. 5
Radian = 0.
% ROW T TZ
ST.0724e-02 =7.9179e-05 =5.TI3Z-03 =3 .BIIE-U8 5.16ZE-4
15040 7) -6.4895E~Q3 -4.7914E~05 -5.0194E-03 ~-3.8118E-06 5.1628E-04
15000 13) —-6.4895E-03 -4.79145-05 -4.8757E-03 ~-3.8118€E-06 5.162&-04
1100 19) -6.4895E-Q03 ~4.7914E~-05 ~4.7693E-03 -3.8118E-06 5.1628E~04
74 25) -6.4895E-03 -4.7914E~05 -4.7065E-03 -3.8118E~06 5.1628E-04
64 31) -2.2550E-03 ~1.6649E~-Q5 -3.4718E-04 -3.8118E-06 5.1628E~04
55 37) -1.0724E-02 -7.9179E~-05 -2.2212E-04 -3.8118E-06 5.1628E-04
5 43) 2. -03 ~1.6649E-05 -2.22126-04 -3.B118E-06 5.1628E~04
51 49) -1.0724E-02 ~7.9179E~05 ~1.5959E-04 -3.8118E-06 5.1628E
52 55) -2. ~03 ~1.6649E~05 -1.5959E-04 -3.8118E-06 5.1628E~-04
13032 61 3.5789%E-03 2.6424E-05 -5.9740E-03 -3.8118E-06 5.1628E-04
44 7) —2. —03 ~1.6649E-05 ~3.4532E-05 ~-3.81186-06 5.1628E-04
ig% -g ~03 ~4.7914E~-Q5 . 2065E -3.81186-06 S5.1626E
.5 -03 2.6424E-05 -5.8996E-03 -3.8118E-06 5.16286~04
32 85) -2. -3 ~1. GE. 1.5306E-04 ~3.8118€E-06 5.16286-04
23 91) -1.0724E-02 ~7.9179E~05 2.7811E-04 -3.8118E-06 _5.1628E-04
24 97) -2.2550E-03 ~1.6649E-05 2.7811E-04 -3.8118E-06 5.16286-04
16030 103) -6.489SE-03 -4.7914E-05 3I.7191E~04 -3.8118E-06 5.1628E-04
12 107) -2.2550E-03 ~1.6649E-05 .6570E-04 ~-3.81186-06 5.1628E~04
1 113) -6.4895E-03 —4.7914E-Q5 -3.6438E-03 ~3.81186-06 5.1628E-04
13051 121) 3.5789%E-03 2.6424E~Q5 -2.0688E-02 -3.8118E-06 5.1628E-04
13049 127 3.5789E-03 2.6424E-05 -1.7553E-02 -3.81186-06 5.16268E-04
13000 133 3.578E-03 2.6424E-05 -2.0614E-02 -3.8118E-06 5.1628E-04
13011 139 3.5789E-03 2.6424E-05 1.4752E-02 -3.8118E-06 5.1628E-04
13050 145 3.5789E-03 2.6424E-05 1.1617E-02 -3.8118E-06 5.1628E-04
13039 151 3.5789E-03 2. 1.4677E-02 -3.81186-06 5.1628E-04
13061 157) -5.7657E-03 —4.2570E-05 1.158CE-02 -3.8118E-06 5.1628E-04
1200 163) —6.4895E-03 -4.7914E-05 -3.58126~-03 -3.8118E-06 5 1628E-04
15010 169) -6.4895E-03 —4.7914E-05 -3.4748E~03 -~3.8l118E-06 5.1628E~04
15050 175) -6.4895E-03 —4 7914E-05 -3.3311E~03 -3.81186-06 5.16286-04
1226 181) -1.0724E-02 - 179€-05 ~3. ~03 -3.8l18E-06 1628E-04
E1genva1ue 0.0000 REAL. EIGENVECTOR NO. 6
Radian = 0.0000
NODE ROW X TY TZ
1126 T 1) =3.636E-02 . . .
15040 7) -3.2591E~02 1.2616E-03 2.3343E-04 1.1616E-06 1.6995E~06
15000 13) ~2.68B23E-02 1.2616E-03 1.89€4E-04 1.1616E-06 1.6995E-06
1100 19) =2.2552E-02 1.2616E-03 1.5721E-04 1.1616E-06 1.6995E-06
74 25) -2.0032E-02 1.2616E-03 1.3808E-04 1.1616E~06 1.6995E-06
64 31) -1. -02 -2.8077E-06 1.1399E-04 1.1616E-06 1.6995E~-06
S5 37) -1.00186-02 1.6247E-05 .5880E-05 1.1616E-06 1.6995E-06
56 43 L9900E-03 -2.8077E~Q6 7.S88B0E-05 1.1616E-06 1.6995E-Q6
S1 49) -7.5082E~03 1.6247E-05 5.6825E-05 1.1616E-06 1.6995E-Q6
82 55) -7.4803E-Q3 ~-2.8077E-06 5.6825E-05 1.1616E-06 1.6995E-06
13032 61) ~1.6605E-03 1.7499E-03 -6.8318E-06 1.18616E-06 1.699%E-06
44 67) ~2.4609E-03 -2.8077E-06 1.8715E-05 1.1616E-06 1.6995E-06
16020 73 3.4861E-05 1.2616E-03 -1.4279E-05 1.1616E-06 1.699SE-06
13008 79 1.3229E~-03 1.7499€-03 -2. 1.1616E-06 1.6995E-06
32 85 5.0682E-03 -2.8077E-06 ~3.8449E-05 1.1616E-06 .6995E~-06
23 91 1.0060E~02 1.6247E-05 -7.6559E-05 1.1616E-06 1.6995E-06
24 97 1.0088E~02 -2.8077E-06 -7. SE-~0S 1.1616E-06 1.699%E-06
16030 103 1.3838E 6.7197E-06 -1.0514E-04 1.1616E-06 1.6995E-06
12 109 1.7617E-02 -2.8077E-06 -1.3372E~04 1.1616E~-06 1.6995E-06
1115 2.26226-02 1.2616E-03 ~1.8577E 1.1616E-06 1.6995E-06
13051 121) ~1.6605E-03 6.1102E-03 —5.52688-05 1.1616E-06 1.6995E-06
13049 127) -1.6883E-04 5.1922F -5.6396E-0! 1.1616E~06 1.699%E-06
13000 133 1.3229€E-03 6.1102E-03 -7. 7919E—05 1.1616E~06 1.&6995E-06
13011 139 1.3229E-03 —~4.3698E-03 3I.849BE-05 1.1616E-06 1.6995E~08
13050 145) ~1.6883E-04 -3.45186-03 3I.9626E-Q5 1.1616E~06 1 6995E-06
13039 151) -1.6605E-03 -4.3698E-03 6.1149E-05 1.1616E~06 1.6995E-06
13061 157) -1.6913E-03 -3.4308E-03 5.0952E-05 1.1616E~06 1.6995E-06
1200 163 2.51326-02 1.2616E-03 -2.0483E-04 1.1616E~06 1.6995E-06
15010 169 2.94026-02 1.2616E-03 -2.3725E-04 1.18616E~06 1.699E-06
15050 175 3.5171E-02 1.2616E-03 ~2.8105E~-04 1.1616E~06 1.699%E-06
1226 181 . 1E 1.2711E-03 -3.0963E-04 1.1616E-06 1.6995E-06

67

RZ

=3.3B71E-12
-3.3571E-12
-3.3571E~12
-3.3571E-12
-3.3571E-12
-8.395&-12

-3.3645E-12
-3.3645E-12
-3.3645E-12
-3.3638E~-12
-3.3638E~12
-3.3638E-12
-3.3638E-12
-3.3638E-12
-3.3638E~12
~-3.3638E~12
-3.3645E~12
-3.3645E-12
~3.3645E~12
-3.36456~12




Eigervalue = 1.505SE+00 REAL EIGENVECTOR NO. 7
Racdian = 1.2270E+00
NODE = ROW X T2 RX
126 T 1) =T, TZ2.8FIE-0S 3. 67/0CE-02 T3 I0CE-O4 5. 3T E-DS
15040 7) -9.8176E-03 1. 3J.9050E-02 3.1088E-04 ~5.7310E-Q5
15000 13) -7. 1.5995E~-04 2.73226-02 3.0638E-04 -5.5490E-Q5
1100 19) ~4.9965E-03 1.8514E 1.8824E 2.9246E-04 -4 .7981E~05
74 25) -3.9427E-03 1.8513E-04 1.447CE-02 - S355E .
64 31) -2.3786E~-03 -1.7799E-03 6.7541E-03 2.1366E-04 ~-3.64126-05
S5 37) -4.0261E-04 1.1340E-Q03 8.2666E-04 1.5117E-04 -1.9139%E-0S5
5 43) -7.0645E-04 -1.2204E 7 .9550E 1.6028E -1.8717E-Q05
51 49) 1.1657E-04 9.6331E-04 -1.47686-03 1.207%E-04 607206
52 55) -2.2537E-05 -8.8463E-04 -1.5046E-03 1.2699E-04 ~7.77422-06
13032 61 1.3082E-03 -1.3650E-04 -4.7709E-03 1.9168E-05 2.0013E-05
44 67) 9.7181E-04 -1.4692E -4 .3976E-03 4.4057E-05 1.5474E-05
16020 73 -S&81E 2.9156E-04 .9664E . 2. SE-05
13008 79 .3153E&-03 -1.3707E04 -5.1433E-03 .8865E-05 2. -05
32 85) 1.1300E-03 9.22686-04 —-4.0881E-03 -7.2170E-05 5.2342E-05
23 91) ~7.8249%E-04 -5.4308E-04 -7.9105E-04 -1.2717E-04 8.2135E-05
24 97) 5.8401E-04 1.5568E-03 -7.6218E-04 ~-1.4165%E-04 . 5546E-0S
16030 103) - 5.4532E-04 2.9210E-03 ~1.5787E-04 9.7227E-0S5
12 109) -1.2425E-03 2.0316E-03 7.1575E-03 -2.0131E-04 . 136304
1 115) =-3.7833E-03 1.5990E-04 1.2741E-02 -2.0611E-04 1.30826~04
13051 121 1.3083E-03 -1.2616E-04 -5.3418E-03 1.9161E-05 2.0047E-05
13049 127) 1.3118E-03 -1. -04 -5. 1.9124E-05 2.
13000 133) 1.3154E-03 ~1.2593E-04 -5.7145E-03 1.9040E-05 2.0026E-05
13011 139) 1.3151E-03 ~1.5105E-04 —4.3398E-03 1.8859€~05 2.0054E-05
13050 145) 1.3117E-03 -1.4905E-04 —4.2759€-03 1.8947E-05 2.0025E-05
13039 151 -1.5143E~04 -3.9707E-03 1.9041E-05 1.9997E-0S
13061 157) 9.4614E-04 1.9559E-04 -4 .0908E 1.9046E-05 1.9989%E~05
1200 163) -4.7066E-03 1.6002E-04 1.6568E-02 -2.5802E-04 1.32426-04
15010 169) -6.5098E~03 1.3764E-04 2.4070E~02 -2.7067E-04 1.4190E-04
15050 175 .G468E 1.2460E-04 3I.4430E-02 ~2.7465E-04 1.4350E-04
1226 181) -1.1705E-02 -2.1284E-03 4.118%-02 -2.7466E-04 1.4350E-04
Eigenvalue = 1.6069E+00 REA. EIGENVECTOR NO. 8
Radian = 1.2676E+00
NODE ROW iR.¢ TY T2 RX RY
1126 ~ 1 . =7AB3ES04 1. =7.8554E-05 TI.2805E-05
15040 7) -3.8732E-02 -1.0392E~04 -8.8566E-03 -7.8549€E-~-05 1.2803FE-05
15000 13) -2.6880E-02 -9.4279€E~05 ~5.9112E-03 -7.7131E-05 9.6504E-06
1100 19) -1.826%€-02 -~7.7731E-05 -3.8032E~03 -7.2975E~05 1.1055€E-06
74 25) -1. -2 ~7.7380E-05 -2.7144E-03 -5.8591E-~05 1.152¢E-06
64 31) -6. ~-03 -1. 3113E-03 -1.05826-03 ~5.0776E~05 -1.7895E~05
55 37) 4.9184E-04 -~1.E878E 1.9888E~04 -3.4886E~05 -4 .6883E-~05
5 43) ~-2.5411E-04 -9. 6184E—04 2.0957E~04 -3. 7302605 -4.7536E-05
51 49) 3.1266E-03 ~1.3717E-03 6.495%€E~04 -2.7400E~05 —6.4360E~05
52 55) 2.0898E-~03 -~7.509%E-04 6.6131E-04 -2.8881E~05 -6.5958£~05
13032 61 3.9008E~-03 3J.9042E-04 2. -1.0186E~-05 -1.1429€~04
44 67) 5.0457E-03 -2.6254E-04 1.1108E~-03 ~9.9343E~06 —-1.06326~04
16020 73) 6.4574E-Q3 2.6131E-05 2.1460E-03 -9.3414E~06 —-1.1465E-04
13008 79) 4.3961lE-Q3 3.8857E-04 2.6014E-03 ~1.0212E-05 -1.1443E~04
32 85) 4.5663E-03 4.3968E-04 7.8638E-04 .0254E -1.7215€~-04
23 91) 4.6124E-03 1.1975E-03 -3.3713E-04 3.5589€-05 -~2.2450E~04
24 97 . 8.1315E-04 -3. 4.1792E-05 -2.3250E-04
16030 103) ~1.0271E-03 1.2276E-03 ~1.3754E-03 3.3745E-05 -~2.5393E-04
12 109) ~7. 1.0583E-03 ~2.5027E-03 5.508%€-05 —2.7965E~04
1 115) ~1.2247E-02 ~1 4893E-04 ~1.8720E-Q3 5.3458E ~3.0889E-04
13051 121) 3.9007E-03 1.1125E-03 5.6588E-03 ~1.0345E-05 -1.1434E~04
13049 127) 4.1481E-03 9.601%E-04 5.07386-03 —1.0369%E-05 -1 .1434E-04
13000 133) 4.3959%E~03 1.1125E-03 5.8608E-03 ~1.0326E~05 -1.1434E-04
13011 139) 4.3960E-03 ~6.25626-04 ~1.9781E-Q03 ~1.0114E-Q5 ~1.1451E-04
13050 145) 4.1487E-03 ~4.7347E-04 -1.3895E-03 ~1.0082E -1.1451E-04
13039 151) 3J.9010E-03 —~6.2596E-04 —2 1747E-Q3 ~-1.0054E-Q5 ~1.1451E-04
13061 157) 5.9747E-03 -&.55586-04 ~1.4877E-Q03 ~1.0064E-05 -1.1460E-04
1200 163) -1.623BE-02 -1.4874E-04 ~2.856%E€-03 6.6032E-05 ~3.1181E-04
15010 169) -2.4001E-02 -1.6391E-04 ~4.7759E-Q3 7.1056E-05 ~3.3014E-04
15080 175) -3.47186-02 -1.7273E-04 -7.4870E-03 7.2314E-05 ~3.3302E-04
1226 181) -3.8983E-02 4.2032E-04 -9.2665E-03 7.2320E-05 ~3.3304E-04

é8

3.62186-07
3.7181E-07
3.41126-07
3.67186-07
3.88226-07
3.8829%E~07
-6.2105E-05
-6.3466E-05
-6.42526-05
—6.4255E~05

~2.8431E-04




NODE = ROW TX TY
1126 T 1) = =T IZSE-O3
15040 7) —2.1093E-02 ~2.630BE-O3
15000 13) ~7.9906E~03 ~2.60886~-03
1100 19) B8.7587E-04 -2.5746E-03
74 25) 4.5576E -~ 79E.
64 31) 1.239FE-02 ~2.9310E-03
S5 37} 7.8917E-O03 -2.1821E-03
5 43) 1.1708E-02 -2.3921E-03
S1 49 -.O97€E. ~1.5812F-03
82 55) 1.0066E-02 ~2.0927E-03
13032 61) 2.1020E~03 ~3.5790E-03
44 % 4. -03 ~1.3935E-03
i%g 5.1 04 ~2.5330CE-03
79) 4. -03 ~3.58326-03
32 85) -6.31286-03 ~2.1480E-03
23 91) -9.8744E-03 ~2.2091E-03
24 97) -7.6343E-03 -2.6800E-03
16030 103) -8.5304E-03 ~2.8011E-03
12 109) -5.0804E-03 ~3.0960E-03
1 115) -3.75426-03 -2.5319€-03
13051 121) 2.10Q011E-03 -1.3179€E-Q2
13049 127) -1.1797E-03 -1.1160E-02
13000 133) —4.4596E-03 ~-1.3178E-02
13011 139) ~4.4619E-03 9.8986E-03
13050 145) -1.1784E-03 7.8779E-03
13039 151) 2.1047E-03 9.899CE-03
13061 157) 4.2275E-03 9.1876E-03
1200 163) -6.8802E-04 —2.5382E-03
15010 169) 6.6409E-03 -2.5161E-03
15050 175) 1.7385E-02 -2.4997E-03
1226 181) 2.0385E-02 -3.1391E-03
Eigenvalue = B.4367E+00
Radian = 2.9046E+00
NODE  ROW X TY
1126 T 1 =T.
15040 7) -7.6268E-03 -3.0692E-03
15000 13) —-4.5939%-03 -3.0388E-03
1100 19) -2.0269%E-03 -2.9940E
74 25 ~04 -2.9857E-03
64 31) -5.2676E-03F -3.1694E-03
55 37) 4.9593E-03 -3.4730E-03
56 43) -1.7738E -2.6056E
51 49) 4.12926-03 -3.4687E-03
52 55) =-3.4454E-04 -2.3187E-03
13032 61) 2.0176E-03 -5.7144E-04
4 67) 1. -03 -1.7291E-03
16020 73) ~1.7370E~04 -2.9571E-03
13008 79) -~1.0626E-03 ~5.7426E-04
32 85) -1.5174E-03 ~-2.3960E-03
23 91) -7.703FE-03 -2.9610E-03
24 97) -1.0611E~03 -2.9930E-03
16030 103) -4.6575E~03 -3.1179E-03
12 109) 4.9064E-04 -3.5784E-03
115) -3.8033E -3.1464E-03
13051 121)] 2.0171E-03 -5.0806E
13049 127) 4.7687E-04 —4.1325E-03
13000 133) -1.0628E-03 -5.0804E
13011 139) ~1.0629E-03 5.7546E-03
13050 145) 4.7807E-04 4.8063E-~03
13039 151) 2.0189%€-03 5.7548E-03
13061 157) 1.7166E-03 3.0325E-03
1200 163) ~3.0042E-03 -3.1547E-03
15010 169) ~1.0879E-03 -3.1298E~03
15050 175) 2.1407E-03 -3.1084E-03
1226 181 ~4 0271E-03 -1.4855E-03

REAL EIGENVECTOR NOD. 9

T2

=1.167X-02
=7.7882~03
-1.9374E-03
1.7588E-03
3.2115E-03
8.1179E-03
6.3631E-03

-1.8474E-02

&9

RX
I S/BE-OX
-1.5779E-04
-1.5016E-04
-1.15426-04
-6 0354E-05
1.671%E-05
4.9104E-05
7.5981E-05
6.6061E-05
-04

-3 0742E-05
-6.1885E-05
1.9263E-05
1.2494E-05

-9.9565E-05

RY
- =IU286E03

-1.2667E~-03

~04 —1.2645E-03

647%-05

RZ

8.0016E-05
7 .4920E-05
9.1871E-05
3.2387E-05
2284E-04

~1.5794E-04

8.6193€-05
8.6215E-05




Eigenvalue =

Radian = 3.

1226 181

Elgenvalue
Radian = 3.

0932E+00

-1 ~-02
~3.1713E-02

1.2164E+01
4876E+00

9.5676E+00

REAL. EIGENVECTOR NO. 11

~5.3719€-04
~5.97326-04

RY

1.4784E-04
1.4095E-04
9.3611E-05
8.6190E-05

-04 -1.6761E-04
~1.6744E-04
~1.67286-04
-1.6747E~04
~1.6791E-04
~1.6835E~04
~1.6853E-04
9.9987E-04
1.2466E-03
1.24586-03
1.2459€-03

-3.8770E-04

RZ

G 312E-05
-3.3107E~05
-8.7976E-05
-8.16926~05
-2.7971E~05

RZ

1.2219E-05
8.8744E-06
2.7904E-05
~1.3973E-06
1.0387E-04
~1.0987E-05
9.2022E-05
=1.8794E-05
6.2109E-05
-9.3127E-05
-8.1169%-03
-3.7198E-05
-9.3173-05
=1.3340E-04
4.3896E-06
-1.0681E-04
1.0697E-06
2.0881E-05
4.1956E~05
-9.2811E-05
-9.2720E-05
-9.2697E~-05
=-9.323%E-05
-9.3176E-05




IR T A i SRR S O S

Eigenvalue = 1.6803E+01
Radian = 4.0991E+00
NODE  ROW ™
1126 T 1) "Z.0BISE4
18040 7) 1.5208E-04
15000 13) 3.7426E-0S
1100 19) ~3.6811E-05
74 25) -5.6271E
64 31) -1.4042E-05
55 37) ~3.0260E-05
56 43) 6.5078E-05
51 49 .0958E
52 85) 8.7300E~05
13032 é61) -1.5111E-05
4 67 —%.315@-06
i% ;3 4.876%—06
32 85) 1.8917E-05
23 91 -05
24 97) 3.3221E-0S
16030 103) 3.4367E-05
12 109) 4.2813E-05
1 115) 3.6014E-05
13051 121) -1.5101E-05
13049 127) ~5.1097E-06
13000 133 4.8744E-06
13011 139) 4.8926E-06
13050 145) -5.1237E-06
13039 151) -1.5139%E-05
13061 157) -1.36926-05
1200 163) 2.7290E-05
15010 169) 6.1565E-08
15050 175) -4.374CE-05
1226 181) -6.8126E-05
E1genva1ue 1.7009E+01
Radian = 4. 1242E+00
NODE = ROW X
TI28 T 1 .
18040 7) 1.5301E-04
15000 13 . 3974E-05
1100 19) —4.3056E-05
74 25) -6.2786E-05
64 31) -S.4636E
85 37) 1.8211E~05
5 43) 1.4037E-05
51 49) 4.5055E-05
52 55) 6.688%E~-05
13032 61) -1.2335E-05
44 67) -5.5157E-06
16020 73) -1.8013E~06
13008 79) 8.2059%€E-06
32 85) 1.71626-05
23 91) 3.4294E-05
24 97) 2.8946E-05
16030 103) 3.6526E-05
12 109) 3.7459%E-05
1 115) 3.4313E-05
13051 121) -1.2336E-05
13049 127) -2.0584E
13000 133) 8.20526-06
13011 139) 8.2179%-06
13050 145) -2.0712E-06
13039 151) -1.2344E-05
13061 157) -1.2636E-05
1200 163) 2.4910E-05
15010 169) -2.4484E-06
15050 175) —4.2926E-05
1226 181) -7. -05

1.0426E-05
3.3745E-05

TY

2.2314E-05
2.1107E-05
05

2.8357E-05
3.4676E-05
~3.7765E-05
~3.1424E~05
~3.7747E~05
~2.4591E-05
2.4560E-05
2.4328E-05
2.3959%-05
4.0167E-08

REAL EIGENVECTOR NO. 13

RX
5.1746E~06

2.8419E-06
2.8427E-06

REAL EIGENVECTOR NO. 14

TZ
=2.938X-03
=1.7800E-04
-4.2199%E-06

1.04026-04
1.2942E~04
9.3747E-05
1.2487E-Q5
6.5095E-06
-4 .2695E-05

3.2808E-06
-9.8747E-Q7
5.6219%€-07
4.2140E-06
8.0310E-06
7 .9436E-06
-8.3817E-0S
-1.83426-05
8.8708E-05
1.6048E-04

71

RX

~4.7033E-06
~4.2711E-06

-6 S071E-07

522

-09
-1.67156-05
-1.4691E-08
2.4637E-08
-3 1826E-07
-1.5651E-07
-3.14686-07
~2.7756E-07
-314851E-07
1.942%-07
134708
1.5451E-08
1.742%€-08
2. 1800E-08
1.8416E-08
1.5032E-08
1.¢e64e-08
2.
8.
8.

....

3600E~-O7
3204E-07
1489%€-07
1510e-07

2.1691E-07
3.7126E-07
-2.1475€-07
1.0259€-06
1.0240E-06




Eigenvalue = 1.8349E+01 REAL EIGENVECTOR NO. 1S5
Radian = .28365+00
NODE = ROW 1. T2
TI28 T 1) =2, Z2.8207EF04 "1 33BFEDI 2814805
15040 7) ~6.1406E-05 3.76826E-0S 7.9266E-04 2.6139%E-05
15000 13} 3.4405E-05 4.0698E-05 ~1.6415E-04 2.3624E-05
1100 19) 8.949FE-~-05 4 2845E-0S -7.5800E-04 1.8435E-05
74 25) 1.0788E-04 4.2639%E-05 -9.1912E-04 1.1090E-06
64 31) 1.8195E-04 7.9169E~05 ~7.7562E-04 ~2.6186E-04
55 37) S5.1714E-05 ~3.4260E-05 ~5.5714E-04 -9.6083E
5% 43) 1. -04 1.0576E-04 ~5.5878E-04 -6.9550E-05
51 49) 5.3831E-05 —4.6443E-0Q5 ~4.0665E-04 5.3588€-06
852 55) 9.6826E-0S5 1.0882€-04 ~4.0711E-Q4 -1.0371E-04
13032 61) 6. JE-O5 1.5361E-04 6.3251E-Q6 ~1.1474E-0Q5
44 67) 3J.8610E-05 8.8357E~-05 —4.6780E-0QS ~1.3863E-04
16020 73) 1. 2.2960E-05 1.1789%E-04 ~7.6824E-06
13008 79) 1.2238E 1._5385E 2.28186-04 ~1.1386E-05
32 85) -5.3811E-05 9.6129€-05 1. -04 1.7685E-02
23 91) -3.2152E-04 1.4552E-04 5.013%E-05 -6.53795E-04
24 97) -5.09B1E-04 &6.9974E-Q5 L9B22E-05 1.0357E-Q2
16030 103) -7.0778E~04 9.2067E-05 -9.0910E-05 4.7626E-06
12 109) -9.1007E-04 22.9786E-Q5 —-1.4657E-04 4.0152E-05
1 115) -B.9217E-04 2.7663E~05 -1.9123E-04 7.5148€E-07
13051 121) -6.5749E-05 4.2919E-04 1.1839E-04 -1.1257E-05
13049 127) 2.82726-05 3.7128E-04 2.0452E-04 -1.1215E-0S
13000 133) 1. 04 4.2911E-04 3I.3692E-04 -1.1214E-05
13011 139) 1.2265E-04 -2.3429E-04 7.6032E6-05 -1.1486E-05
13050 145) 2.8262E-05 -1.7620E-04 ~1.4989E-05 ~1.1721E-05
13039 151) —6.6121E-05 -2. -1.5328E-04 —-1.1764E-0S
13061 157) 5.7 ~06 -3.9001E-04 -1.29526-04 -1.183%E-05
1200 163) -6.8923E-04 2.7595E-05 -1.7687E-04 -2.5157E-06
15010 169) -1.7147E-06 3.17426-05 —7.7424E-05 -5.2164E-06
15050 175) 1.1065E-03 .5468E~05 1.3150E-04 —5.9209%E-06
1226 181) 1.6358E -1.3058E-05 2.7724E-04 -5.9240E-06
Eigenvalue = 1.8549E+01 REAL EIGENVECTOR NO. 16
Radian = 4.3068E+00
h_%)_DEm ROW TX TY TZ
=IT0497E0d =3, - .
15040 7) 1.0S09E-05 -2.2962E-04 6.9763E-04 2.3417E-0S
15000 13) 2.6435E~05 -2.2620E-04 -1.5964E-04 2.1139E-05
1100 19) 3.3227E~05 -2.2261E-04 —-6.905%E~04 1.6397E-05
74 25 . 3479E -2.2133E-04 -8.3340E-04 9.4178E-07
64 31) 9.2275E-05 -1.8234E-04 -7.0176E~04 -7.7144E-04
55 3I7) -3.3091E-05 -2.7965E-04 -5.0120E~04 —~2.1124E-05
5 43 .0340E~05 ~1.5677E~04 -5.0137E~04 —-6.1663E-05
51 49) ~3.2806E-05 -2.8613E~04 -3.6747E-04 1.9905E-0!
52 55) 2.5985E-05 -1.5314E~04 -3.6624E~04 -2.12968E-04
13032 61) 1.8547E-05 1.5739€-05 -5.0886E~05 —1.0663E-05
44 67) -8.32186-06 -1.6201E~04 -9.73I97E~05 ~2.2443E~04
16020 73) —8.4884E-05 -2.3995E-04 7.E180E-05 —6.4580E-06
13008 79) -1.2912E-04 1.563%E~-05 1.5774E~04 —-1.0660E-05
32 B8S5) 6.5541E-05 -3.6626E~04 2.5763E~04 2.0027E-02
23 91) 4.45126-04 -2.7852E-04 7.8408E~05 ~5.7453E~04
24 97) 5.0723E-04 -3.6058E~-04 8.4987E~05 1.0947E-Q2
16030 103) 7.4972E-04 ~2.8647E-04 ~7.1240E~05 3I.0169E~06
12 109) 9.1917E-04 -2.7366E~04 -1.5287E~04 5.0865E~05
1 115) 8.7431E-04 ~2.3715E-04 ~2.29126~-04 S5.2779€-07
13051 121} 1.8561E-05 —2.0084E -6.7970E-05 ~1.0753E~05
13049 127) -5.530%E-05 —-1.5535E-04 4.0445E-05 -1.0763E~05
13000 133) -1.2915E-04 ~2.0083E-04 1.4193E~04 ~1.0752E-05
13011 139) - 3.193%-04 1.7888€-04 ~1.0537E-05
13050 145) ~5.5248E-05 2.7395E-04 7.2844E-05 -1.0538€~05
13039 151) 1.8601E-05 3.1942E-04 -2.633%E-05 ~1.0536E~-05
13061 157) 7.8732E-06 8.32186-05 -2.9908E-05 ~1.0544E~05
1200 163) 6.6157E~04 ~2.3827E-04 -1 .8821E~-04 -5.4651E~-06
15010 169) —-4.6578E-05 -~2.4571E-04 -2.4450E~-06 -7.
15050 175) -1.1539%E-03 -2.5202E-04 2.8851E-04 ~7.7137E-06
1226 181) -1.8713F-03 ~-3.1540E-04 4.7854E-04 -7.7149E~06

~3.6701E-06
~3.7048€-05
5.1635E-06
7.5190E-05
~7.6191E-06

~05 ~7.2029E-05

1.4470E-06
~7.6207E-06

1.7900E-02

6.627FE~04

9.984%E-03

6.5322E-06
.1313E-04
.9498E-06
.5832E-06
.5718E~06
.5781E~06
.5768E~06
.S727E-06
. S770E~06
.5948E~06
. 1738605
. 7000E-05
.0113E~-05
.0123E-05




Eiganvalue
Radian = 4.

= 1.860BE+01
3137E+00

_I'IZS"'I m’ﬁm

6.3497E-04 1.6673E-05
1500) 13 1.22326E-04 1.6700E-Q5
1100 19 -2 O0981E-04 1.6087E-05
74 25) -2.9560E-04 1.5873E-05
64 31) -1.1040E-04 3I.2942E-Q5
55 37) -1.4496E-04 -5.8208E-05
56 43) 2.2284E-05 2.9107E-05
51 49) -7.3477E-05 -4.6090E
52 55) 4.6753E-05 2.3685E-05
13032 61) -1.2213FE-05 -1.5337E
1 44 67) 2.18726E-05 7.4312E-06
1 ;3 % -1 .5366E-05
32 85) -2.395FE-05 -6.692F-06
23 91) -1.2885%E~05 4.8565E-05
24 97) -6.2014E-0S5 -7.7765E-06
16030 103) -6.1626E-Q05 2.0544E-05
12 109) -9.2241E-05 2.2730E-06
1115 -8 3J197E~05 1.6883E-05
13051 121 1.2227e-05 -2.3770E-05
13049 127 -1 5106E~05 -2.2005E~-05
13000 133) ~1.7974E~-05 -2.3781E-05
13011 139) ~1.7974E-05 -3.4677E-06
13050 145) -1.5074E-05 -5.2507E-06
13039 151) -1.2173E-05 -3.4620E-06
13061 157 1.9916E-05 2.2090E-05
1200 163) ~6.7284E-05 1.6956E-05
15010 169) -9.5855/5E-06 1.6571E-05
15080 175 9 O996E-O0S 1.5816E-05
1226 181 1.1781E-04 -7.4462E-05
Eigenvalue = 1.8803E+01
Radian = 4.3363E+00
NODE ROW X TY
126 T 1) =1,
15040 7) -8.2436E-Q4 8.598E-05
15000 13) -9.899¢E-05 9.1731E-05
1100 19) 3.6501E-04 9.7265E-05
74 25) 4.90326-04 9.6912E-05
é4 31 4.4943E-04 2.1524E-04
S5 37 1.8988€-04 4090
56 43 2 2392604 1.6280E~04
S1 49 1.1470E-04 5.3318E-05
52 55 1.3437E-04 1.4707E~0O4
13032 61) -3.4219E-05 9.3786E-06
44 67) 6.2448€-06
16020 73) 2.553FEE-0Q5 6.5341E-05
13008 79) 2.5006E-05 9.5932E-0¢
32 85) 3.071F-05 8557E-05
23 91 8.4858E-05 1.3051E-04
24 97) 2.3825€E-05 3.9759%E-05
16030 103) 4.689FE-05 8.9465E~05
12 109) 2.2027E-05 6.5543E~-05
115) 2.5817E-05 9.2107E-05
13051 121) ~3.4228E-05 9.
13049 127) -4.6027E-06 7.8075E-05
13000 133) 2.4991E-05 9.6288E-05
13011 139) 2.5057E-05 ~1.1253E-04
13050 145) -4.6043E-06 ~9.4252E-05
13039 151) -3.4227E-0Q05 ~1.1248E-04
13061 157) ~1.0841E-05 ~6.2202E-05
1200 163 1.4709%€E-05 9.2639%E-05
15010 169) -7.3948E-06 9.1864E-05
15050 175) -2.7257E-05 9.0202E-05
1226 181) ~-9.5497E-05 —-5.4745E-05

REAL EIGENVECTOR NO. 17

~3.6231E-04
~3.9217E-04
1.1073E-04
8.5944E-05
8.2235E-05
~-3.9114E-05
~1.3752E-05
-9.6700E-06
$.4704E-07
-3.3121E-04
-9.2851E-05
3.0855E~04
5.7945E-04

REAL EIGENVECTOR NO. 18

'rsszm

7.8138E-04
=7.1996E-05
-5.9259€-04
-7.0941E-04

-1.9701E-04
~7.3708E-05
=7.1974E-05

8.4350E~-05

m

~1.1734E-05
-1.6170E~05
~1.7907E-05
~1.7912E-05

~2.9453E-07
~2.9411E-07
-2.9765E-07
~2.9743E-07
~2.9762E-07
~2.9832E-07
1.6632E-06
2.4660E-06
2.8051E-06
2.8063E-06

-3 2426E-03

-4.4979%-07
=4 .4944E-Q7

al

hl




Eigenvalue = 1.9097E+01 REAL. EIGENVECTOR ND. 19

Radian = 4.3700E+00

NODE = ROW X TY T2 RX RY RZ

TIZ26 T 1) TI.5IR0E-04 -1, =g, =1- . =

15040 7) 4.0165€-05 1. -05 —4.5592E-04 -1.5596E -8.9437E-06 -1.5536E-06

15000 13) -1.9794E-05 1.7501E-05 1.14286-04 -1.4051E-05 -9.6726E-06 ~-1.4872E-06

1100 19) ~5.48026E-05 1.5957E-05 4.6534E~-04 -1.08486-05 -7.6934E-06 —-9.7633E-07
74 25) -6.5862E-05 1.5842E-05 5.5797E-04 ~4.07S0E-07 —6.8433E-06 -3.7848E-07
64 31) -1.0524E-04 ~8.636FE-06 4.6533E-04 ~2.0563E-04 6.2014E-06 -8.2367E-05
55 3J7) -2.9616E-05 6.1246E-05 3I.257FE-04 -6.3522E-06 -8.1675E-07 —-4.24126-07
56 43) ~7.2181E~05 -2.4947E-05 3JI.2585E-04 7.8712E-05 -8.2351E~06 1.3595E-05
51 49) -2.8251E-05 6.7145E-05 2.3176E-04 1.6957E-06 -5.7615E-07 -1.1969E-06
52 55) -5.2071E-05 -2.6119%E-05 2.3130E-04 -1.2542E-06 -1.7725E-06 -1.3941E-05

13032 61) 2.9872E-05 ~1.0891E-05 6.4533E-06 1.9730E-06 -2.6919E-06
44 67) -1.5838E-05 -1.3353E-05 2.3602E-05 1.3959E-04 -8.3871E-06 2.7776E-05

16020 -4 .3955E~05 2.8799E-05 ~7.689FE-05 4.3324E06 1.3656E-06 4.2504E-08

13008 79) -2.2346E-05 88E~05 ~1.3601E-04 . -06 010E-06 —2.6899E~-06

24 97) 7.6326E-05 B606E-05 -8.06B6E~05 ~1.4787E-04 2.5725E-05 1.3559%E-04
16030 103 1.8966E~04 —9.1756E-06 7.2387E-05 —6.7951E-06 —1.6688F 4. 3224E-06
12 109) 3.9301E-04 5.2208E-05 B004E~04 -2.1876E-02 I.7735E-03 2.1966E02
115) 5.3135E-04 3.2632E-05 5.8725E-04 -2.8415E-06 —4.3588£-06 1.05226£-07
13051 121 2.9825E-05 -1.4446E-04 -6.658B1E-05 6.3758E~06 1.9421E-06 —-2.6745E-06
13049 127) 3.7628E-06 -1.2841E~-04 -~1.1700E-04 6.3585E-06 1.9329E~06 -2.6719E-06
13000 133) -2.2282E-05 -1.4443E -1.9050E-04 6&.3543E-~06 1.9236E-06 —~2.6710E-06
13011 139) ~2.2474E~-05 3.9634E~-05 -5.943FE~05 6.5169E-06 1.9295E-06 ~2.6925E-06
13050 145) 3.7487E-06 2.3494E-05 -7.3980E-06 S3IBE~06 1.9513E~06 —-2.6878E-06
13039 151 2.9964E05 3.9657E-05 6.8B234E-05 6.5528E-06 1.97326-06 -2.69126-06
13061 157) -5.7929E~-06 1.4247E-04 5.6417E-05 6.5852E~06 1.9776E-06 -2.6976E-06
1200 163) 4.1226E-04 3.2991E-05 5.0960E~04 1.2235E-05 -5.8954E-~06 -1.4373E-05
15010 169) -8.04726E-05 3.1787E-05 7.8514E~-05 1.8557E-05 -1.7891E-05 -1.9743E-0S5
15050 175) -8.9375E-04 3I.1078E-05 -6.7791E~04 2.0834E~05 -2.0331E-05 -2.2306E-05
1226 181) ~1.27626-03 2.0201E~04 -1.1909E~03 2.0841E-05 -2.03426E-05 -2.2315E-05
Eigenvalue = 1.9289E+01 REAL EIGENVECTOR NO. 20
Radian = 4.3918+00
NODE  ROW 1R, TY T2 RX RY RZ
1286 T I . = B.Ba50E-04 ~T1. =1.780%E-08
15040 7) 4.9208E-05 9.4560E-05 -4.7806E-04 -1.65885~05 ~8.4776E~-06 ~1.7402E~06
15000 13) -1.8094E~Q05 9.2147E-05 1.2837E-04 ~1.4934E-05 -9.2520E-06 -1.6562E-~06
1100 19) ~5.8608E-05 B8.9931E-05 5.0069E-04 —1.1464E-05 -7.5129€-06 -1.1336E~06
74 25) -7.0460E-05 8.9377E-05 5.9813E-04 -3.8534E-07 -6 7042606 -3.1436E~-07
&4 31) -1.0896E-04 6.0732E-05 4.9874E-04 -1.8257E-04 3I.0167E-06 -9.3311E-05
55 37) -2.3700E-05 1. 3.4596E-04 ~9.0213E~-06 —1.2539%E~-06 2.37186-06
56 43) ~7.289%E-05 4.2023E-05 3.4536E-04 1.2155E-04 -B.2798E-06 6.23586-05
51 49) -1.7546E-05 1.3842E-04 2.44526-04 -3.7603E-06 2.7201E-06 -1.8868E-06
52 55) -4.9730E-05 4.0501E-05 2.4322E-04 1.4506E-05 -3.6477E-Q06 -~1.2109E-05
13032 61 3.2478E-06 ~2.973E-05 2.7327E-06 6.6701E-06 6.01226-07 1.6239%-06
44 &7) -B8.083226-06 5.1617E-05 3IJ.6200E-Q5 3.2021E-04 —-4.9045E-06 2.5351E-04
16020 73 1.11426-05 1.0306E-04 ~7.3076E-05 4.4151E-06 3I.S000E-07 -2.1436E-07
13008 79) 3.4731E-05 -3.0025E-05 ~1.2722E-04 6.6441E-06 6.0466E-07 1.62686-06
32 85) -7.5526E-06 1.3937E-04 ~1.7069E-04 1.7829E-04 5.46426-06 2.3383E-04
23 91) -1.3034E-04 9.2215E-05 -5.1889€-05 1.1145E-05 -1.7950e-06 -1.0385E-05
24 97) -1.2681E-04 1. -04 ~5.1245E-05 ~1.3465E--04 ~3.3619E-06 —1.6938E-04
16030 103) -2.4377E-04 1.4565E-04 1.2357E-04 ~7.79926E6-06 4.7971E-07 -4.2851E-06
12 109) —-4.3034E-04 2.1466E-04 3I.8819E-04 -2.1957E-Q02 3I.8520E-06 —2.1887E-02
1 115) -5.6643E-04 7.3430E-05 6.4840E-04 -2.5109€-06 ~1.650QE-06 5.1922E-07
13051 121 3.2253E-06 1.6259%~-05 -1.4395E~05 6&.666F%FE-06 6.0105-07 1.6193E-06
13049 127 1.8998E-05 6.5490E-06 -7.5771E-05 6.6624E-06 5.9980E-07 1.6170E-06
13000 133) 3.4774E-05 1.6276E-05 —1.4429E-04 6.6556E-06 5.9854F-Q7 1.6202E-06
13011 139) 3.4657E-05 -9.45358E-05 -1.028lE-04 6.6466E-06 6.0880E-Q7 1.8083E-06
13050 145 1.8967E-05 -8.4908E-05 -4.1610E-05 6.6561E-06 &.1057E~Q7 1 &0I9E~-06
13039 151 3.2641E-06 -9.4575E-05 2.7011E~0F 6.6666E-06 6.1233E~07 1.8111E-06
13061 157) -7.8431E-06 3I.5933E-05 2.3346E-05 64.6843FE-06 6.1461E-07 1.6150E-06
1200 163 -4 2163E-04 7.3696E-05 5.50265—04 1.4378£-05 ~1.9106E~-06 1.6B15E-05
15010 169 1.3507E-04 8.1585E-05 S.5553FE-05 2.0083E-05 ~4.1597E-06 2.0899E-05
15050 175) 9.9986E-04 8.8741E-05 -7.66486-04 2.22886-05 ~-4.0037E-06 2.3416E-05
1226 181 1.6094E-03 2.7172-04 -1.3154E-0Q03 2.2294E-05 -4.0015E-0& 2.3424E-0S
74




~4.8046E-07

Eiganvalue 1.9435E+01
Radian 4.40855+00
NODE = ROW
1128 T 1
15040 7) 4.1743E-05
15000 13) -1.8239%E-0%5
1100 19} -5.36426-05
74 25 . S066E-05
64 31) -9.8876E-05
S5 3I7) ~3.5764E-05
5 43) -7.0640E-05
51 49) -3.4311E-05
52 55) ~5.2814E-~05
13032 &1) 2.1949E-05
44 67) -2.13126-~05
16020 73) —~5.4180E~05
13008 79) -3.7721E-05
32 85 . 7807E
23 91) 5.9480E-05
24 97) 1.3049%€-04
16030 103) 3. ~04
12 109) 4.9401E-04
1 115) 4.9520E~04
13051 121) 2.1914E-05
13049 127) -7.8849E-06
13000 133) -3.7663E~05
13011 139) -3.78386-05
13050 145) -7.8980E-06
13039 151) 2.20326-05
13061 157) -~1.2390E-05
1200 163) 3.8980E-04
15010 169) 1.8480E-06
15050 175) ~6.3509E-04
1226 18l1) -9.4363E-04
Eigenvalue = 1.9494E+01
Radian = 4.4152E+00
NODE = ROW TX
11286 T 1 . -
15040 7) 1.2920E-04
15000 13) ~6.2133E-06
1100 19) -9.2633E-05
74 25) -1.2134E-04
64 31) ~1.3951E-04
55 3I7) -9.8517E-05
56 43) -1.1666E-04
51 49) ~5.3157E-05
52 55) -5.5044E-0S
13032 61) 7.3019E-05
44 67) 7.4070E-06
16020 73) -1.6632E-06
13008 79) -4.6028E-05
32 85) -1.1722E-04
23 91) -2.7577E-04
24 97) -2.22686-04
16030 103) -3.0852E-04
12 109) -3.3053&-04
1 115) -3.2241E-04
12051 121) 7.3011E-05
13049 127 1.3454E-0S
13000 133) -4.6003E-05
13011 139) -4.6149%-05
13050 145) 1.35%40E-05
13039 151 7.310&—05
13061 157) 5.7964E-05
1200 163) -2.4381E-04
15010 169) -1.2845E-06
15050 175) 3.6331E-04
1226 181) 6.6583E-04

REAL. EIGENVECTOR NO. 21

-2.9371E-05
=7.7435E-06
2.5637e~04
3.9108E-04
4.6217E-04
=7 .6698E-05

-4.0274E~04
-7 .5186E~04

-1.5138E-04
-1.1314E-05
1.4710E-04
~-8.5788E-06
2.1936E-05
1027E-06

1.4179E~05
1.4184E~05

RY

=7.307E-086
~7.4907E-06
-8.1164E-06
-6.4429€-06
-5.7209E-06

RZ

=T.5680E-06
~1.5677E-06
~1.4857E-06

-06 -8 7511E-05
3.8997E-06

1.7788BE
~5.8713-07

-1.4872E-05

REAL. EIGENVECTOR NO. 22

~5.0561E-05

~7.0334E-05

-6.3498E-05
1.0038E-04
3.9205E-04
3.9935E~04

-8.5176E-05
-8.6066E~05
-3.2585E~05
-3.8710E-05
-3.4605E-05
-3.9670E-05

7.2195E-04

2.1495E-04
-6.3786E-04
~1.2122E~03

75

RX

~5.3058e=06
~5.3045E-06
~4.7941E-06

-1.99126-04
—2 2597e-07
1.7302&-02
~1.1494E-06
~3.3561E-07
9.7017E-05
~1.93835E-05
1.4814E-04

3 2007E-Q7

RY

=2.925%€-07
-2.9296E~-07
-3 .6564E~07
~5.4695E-07
~5.4923~07
~7.7761E-05
G .8648E-06
1.44926-04
3.6828E-04

i

1
WOO~NOOO N~ W~

}
[N

. 3242806

4

9.6064E~05
-2.8429€-06

RZ

=3.6857E-08
~3.6847E~06
~3.3191E~06

-7 9519E-05
-6.1642E~06
2.4532E-02
~1.4761E-06




Eigenvalue = 1,.9643E+01 REAL. EIGENVECTOR NO. 23
; Radian = 4.4321E+00
NODE TY T2 RX RY RZ
1126 '—I ‘1“63555-‘03 =3 . Z73IE-05 -7.5268e-04 -1 4200605 <6.571T1E08 =
. 15040 7) 6.1462E-05 8.3695E-05 —4.0314E-04 -1.419€E-05 ~6.571FE-06 -1.9558E-06
15000 13) ~1.3256E-05 8.1529E-05 1.155%€~-04 -1.2762E-05 -7.2163E-06 ~1.8293E-06
] 1100 19) -5.9131E-05 7.9537E-05 4.3254E-04 ~9.72BlE-06 —-5.9260E-06 ~1.3182E-06
74 25) -7.2255€-05 LS903E~05 5.1405E-04 -1.9227E-07 —5.2942E-06 -2.7716E-Q7
64 31) -1.0201E-04 S.2332E-05 4.2495E-04 ~4.7234E-05 4.1581E-06 .2803E
55 37) ~2.61886-05 1.1633E~04 2.877CE-04 2.4492E-06 7 —4.961%E-06
56 43) -6.7693E-05 3I.6731E-05 2.8674E-04 2.1808E-05 -1.4719E-05 -1.1092E-04
51 49) -1.723F-05 1.1932E-04 1.9921E-04 2.2077E-06 -8.4659%-06 1.6974E-06
52 55) -4.6005E-05 3.5200E-05 4.2024E-05 . -06 -6.5384E-06
13032 61) 2.2886E-06 ~1.9772E-05 -3.1114E-Q6 5.1950E-06 1.9511E-07 2.0851E~-06
44 67) -1.3857E-06 4.5270E-05 2.24226E-05 ~1.5598E-04 —-3.4415%E-05 -5.4293E-04
16020 73 . 9.0260E-05 —6.3739EQ5 3.6774E-06 1.0049€E-Q7 2.4779e-07
13008 79) 4.2672E-05 -1.9831E-05 -1. 26-04 5.1750E-06 . 1635607 .0885E~-06
32 85 1.11786~04 ~1.4817E-04 1.0991E-02 -6.0324E-05 1.0339E-Q2
23 91) -1.17426E-04 7.5028E-05 -2.9459%E-05 2.1965E-03 -6.1840E-05 -7.7335%-04
24 97) -8.8718-05 2.261FE-04 -2.5061E-05 ~1.9954E-02 2.7829E-05 -1.8513E-02
16030 103) -3.2957E-04 1.1456E-04 -6 . I39E~06 —6.0817E-07 ~3.4479E-06
12 109) -4.1949E-04 . 3308E 4.0769€-04 2.4478E~-04 —1.4801E-06 2.4417E-04
1 115) -4.3225E~04 7.9065E-05 5.1394E-04 ~9.5540E-07 —6.2698E~07 1.3405E-06
13051 121) 2.2727E-06 3I.9512E-05 -8.7926E-06 5.2089%€-06 2.0239%E~07 2.0755E-06
13049 127) 2.2489E-05 2.7063E-05 -5.8364E-05 5.2078E-06 2.033FE-07 2.0725E~-06
13000 133) 4.2709E~05 3.9525E-05 ~1.1034E-04 S.2012E-06 2.0427E-07 2.0765E-06
13011 139) 4.2615E-05 -1.028CE-04 ~9.5486E-05 5.1519E-06 22.1243E-07 2.0673E-06
13050 145) 2.2458E-05 -9.0402E-05 ~4.6699E-05 5.1586E-06 2.0896E-07 2.0679%E-06
13039 151 2.2831E-06 -1.0283E-04 4.8685E-06 5.1666E-06 2.0549E-07 2.0710E06
13061 157) -1.4424E-06 3.2041E-06 3I.6370E-06 B.1769E-06 2.0609E~-07 2.0761E-06
1200 163) -3.2914E~-04 7.9425E-05 4.3726E-04 1. 5E -7.2196E~-07 1.1087E-Q5
15010 169) 3.2534E~-05 8.4203E-05 8.8438E-05 1.4221E-05 -2.1891E-06 1.3620E-05
15050 175) 5.9427E~04 8.8840E-05 ~4.9197E-04 1 S775E-05 -2.1602E-06 1.5231E-05
1226 181) 9.8712E-04 2.1834E-04 -8. -04 . 1.5780E-Q5 -2.1589%E-0& 1.5236E-05
Eigenvalue = 2.000SE+0O1 REAL EIGENVECTOR NO. 24
Radian = 4.4727E+00
NODE = ROW T TY T2 RX RY RZ
1126 =7 174305 ~ -57 -T.0054E-05 =T,
15040 7) -1.1511E-04 5.1116E-05 -3. 2E-04 -1.0051E~05 -1.238BE-05 2.3661E-08
15000 13) -3.0553E-05 5.01486-05 6.1878E-05 ~8.9772E-~06 -1.3082E-05 2.019%-06
1100 19) 3.016Z2E-05 4.9345E-05 2.9021E-04 ~7.1186E-06 -9.2830E-06 2.0537E-06
74 25) 4.814FE-05 4.9066E-05 3.4749E-04 1.8385E-07 -8.0041E-06 7.6492E-08
64 31) 2.36l0E-05 3.2653E-05 2.7601E-04 -2.2376E~03 3.49086-04 1.
55 37) 3.5493E-05 9.8506E-05 1. 7E-04 -5.6703E-04 1.8843E-04 ~-2.2596E-04
5 43} 3I.0205E-05 2.3610E-05 1.8146E-04 6.2B46E~-03 —1.0162E6-03 —4.5730E-03
51 49) -5.2591E-06 1.0141E-04 7.8876¢E-05 -7.0928E~04 -1.8842E-04 ~9.0044E-05
52 55) -6.4508E-06 22.7387E-05 7.1455E-05 2.1472E-03 -2.1439%E-04 ~1.6794E-03
13032 61) -2.5562E-05 3. ~06 ~1.0449E-04 1.8890E-06 2.5734E-06 2.5077E-06
44 67) -2.65926-05 3I.IV0E-05 ~-3.2145E-05 2.4295E-02 ~3.6635E~-03 ~1.7129%E€~-02
16020 73) -5.4553E-05 5.6541E-05 -1.302¢E-04 .O358E-08 1.3668E-06 1.6477E-07
13008 79) 2.2984E-05 3.3877E-06 ~1.4088E-~04 1.8041E-06 2.6197E-06 2.5142E-06
32 85) 9.9091E-05 1.1294E-04 9.9880E-05 2.0279E~06 3I.6971E-06 -3.5782E-05
23 91 7.2895E~05 ~7.8225E-05 5.7458E~04 -4 .7556E-05 1.6290E-05 2.2587E-06
24 97) 2.4237E-04 1.2705E-04 5.8837E~04 3I.4001E~04 -~2.2140E-05 -1.2189%E-0&
16030 103) 2.4381E-04 2.2719%€-05 9.2104E~04 -1. 1879E-05 9.7300E-06 3.3979E-06
12 109) 3.6563E-04 9.7353E-05 1.2029E~03 Z.1646E-04 —1.4244E-05 6.1184E-06
1 115) 3.32886-04 3.838%F-05 1.3477E-03 —4.82615-07 ~1.3810E-06 -8.8690E~07
13051 121) -2.5533E-05 7.4692E-05 -1.7802E~04 1.9098E-06 2.5876E-06 2.4948E-06
13049 127) ~1.2499E-06 5.9766E-05 ~1.8106E~04 1.8969E-06 2.5895E 2.
13000 133) 2.3027E-0S5 7.4770E-05 -2.14968E~04 1.8690E-06 2.5914E-06 2.4935E-06
13011 139) 2.294FE-05 -9.6558E-05 -3. 1.77586-06 2.6285%E-06 2.49086-06
13050 145) ~1.3462E -8.1624E-05 ~3.4011E~05 1.7944E-Q08 2.6226E-06 2.4922E-06
13039 151) ~2.5663E-05 -9.66126-05 ~7.2366E~07 1.8131E-06 2.6167E-06 2.4964E-06
13061 157) ~7.3205E-05 —4.8872E~05 -1.6431E~05 1.8093E-06 2.6328E-06 2.5027E-06
1200 163) 2.7320E-04 3I.8711E-05 1.1583E~03 2.3730E-05 -2.34897E-06 —6.3753E-06
15010 169) 5.3889%€-05 4.0533E-05 3I.6119€~04 3I.3576E-05 ~1.3724E-05 -9.3609E-06
15050 175) -3.2891E-04 4.3415E-05 -1.0019E~03 3.7467E-05 -1.6357E-05 -1.0706E-05
1226 181) —-4_.5827E-04 3JI.S08LE-04 ~1.9244E-03 3.7478E-05 ~1.6367E~05 ~1.0711E-05
76




p—

181

Eigenvalue =
Radian = 4.

§

TY

2.6708E~06
-2.2891E-07

~04 —-1.1018€-07

~3.5195E-04

6393E+00
X

2.2407E-03
=1.773%E-04
~1.6910E-03
-2.1276E-03
~2.2005E-03
~1.3067E-03
=1.5493E-03
-8.2455E-04

-1.2529%€~04
3.9499€-05
2.0414E-04
6.6527E~05
9.1571E~04
1.7646E~04

-1.11186-03

-1.5925€E~03

-1.2005E-04
3.1899%€~04
-1.4319E-04
3.3448E-04
~1.1984E~-04
~3.7654E~05
~05

~1.682
1.7241E-04
=5.2280E-06
1.23686-04
1.2505E-05
~7.0038E-05
-6.32086-05
-6.9953£-05
8.2729%-06
1.3799E-06
8.2222F -06
8.2151E-05
l 2686E-05
1.5534E-05
2.0703E-05
5.0441E-04

2.1523E+01

TY

-1. 280303
-3.0994E-04
-3 3163E~04
-3 4622€-04
-3.4471E-04
-6 4658604
-5.780%-05

~6.1476E-04
—6 6961E-05
-3.4809%E-04
-1.2403E-04
-2.9151E-04

-2.9313E-04

-2.9404E~04
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Eigenvalue

NODE = ROW
1126 T 1
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1.1570E-02
6.2881E-03
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-4 .3251E-04
~3.4164E-04

4 3161E-03
4.3385E-03

4.3344E-03
5.7017E-03

~6.0162E~03
-5.9417E-03

REAL. EIGENVECTOR NO. 29

~1.7671E-03
~2.1111E-03
~6.8182E-04
~5.6750E-04
6.1130E-05
1.5400E-04
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1.4267E~-03
-1.29686-03
~2.5901E-03
~-2.2776E-03
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6.024E-05
-1.0437E-05
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-5.4207E-05
6.1982E-05
6.2657E-05
6.3332&-05
6.4463E~05
6.3103E-05

RZ

1.0807E-03
9.1945E-04
6.9897E-04
=~2.7497E-05

-4 .1255E-05
-4 .7979E-05
~4.7996E-05




APPENDIX B

Structural Flexible Modes
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