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1.0 INTRODUCTION

This volume of the final report presents space station and solar array
data and the analyses which were performéd in suppbrt of the integrated
dynamic analysis study. It is intended to supplement the informa tion included
in NASA CR-112118. '

The presented analysis methods and the formulated digital simulation
were developed by the combined efforts of Fairchild Industries and its
associate, Wolf Research and Development Corporation.

Section 2 of this volume preéent_s the spéce station and solar array con-
figurations which were considered during the courSé of this study. These are
resulting configurations from studies performed by various aerospace companies.
Control systems for space station altitude control and solar array orientation
control (Report Section 3) include gehéric type control systems. These systems
have oeen digitally coded and inéluded in the simulation. .

Report Section 4 presents the detailed analytical formulations which were .
derived and digitally simulated to provide an automated method of dynamic analysis.
These formulations and corresponding simulations were derived for two study
phases. The first study phase considered only the rigid body dynamics of thé'
space station; while the second study phase included the flexible body dynamics
of space station as well as the rigid and flexible dynamics of spinning space |
stations. Required input to the simulation includes the vibration mode dat_a
associated with the controlléﬁle and non-controllable appéhd_age’s, and the .space
station. Therefore, extensive str.'uc‘tural analyses were performed on the |
structures in support of the study work and analyses resuits are presented in
Report Section 5. Appendix A presents detailed information and structural
analyses data associated with the models utilized.

Verification analyses performed with the simﬁlation are presented in Report

Section 6. These analyses used simple structural configurations for the sub-

sequent comparison with the simulation. Numerous documents were written

during the course of this study which present interim study results and user

information for the simulations.



2. SPACE STATION/SOLAR ARRAY
STRUCTURAL CONFIGURATIONS

The formulation of an interaction analysis method for the determination
of solar array structural reqli‘irernent_‘required structural concept definitions
for purposes of providing analytical baselines. By direction from NASA/LRC,
two solar array configurations weré specified as analytical baselines for this
study. One corifiguration consisted of the flexiblé rollup array studied by
the Lockhéed Missile and Space 'Compa-tny(Reference 2.9 and is sized to meet
a 100 kilowatt power requirement. An initial version‘ of the fully extended array
and space station configurations is shown in Figure 2-1. The other solar
array configuration which was used in this study was the foldout panel concept
shown in Figure 2-2, The structural configuration of this array is based:upon
a Boeing Aircraft Corporation design which was proposed for a Mars mission
vehicle. This design was updated to meet the 100 kw power requirement and
to meet the geo'metrical constraints. of the space station's shroud for the launch
phase of powered flight. These two array configurations were utilized to derive
structural vibration mode data which are required in the implementation of
the dynamic interactions analysis. _

A space station configuration concept utilized was that presented by the
North American Rockwell Corporat.ion (NAR) in Reference 2, 2. The confing
uration is comprised of one or more modules which can be assembled in space
in "cruciform' and "bar bell" arrangements, Typical arrangements are depicted
in Figure 2-3. The specific arrangement of modules analyzed for vibration
mode properties, is that given in Figure 2-4. It is comprised of a power boom,
a core module, and eight attached modules arranged in a cruciform configuration,
An artificial ''G" space station configuration was alsb chosen and analyzed and
is shown in Figure 2-5. | _

An updated version of the rollup solar array configuration was also analyzed.

This design was configured by Lockheed under Contract NAS9-11039. A review

of their study is given in Reference 2, 3 and a sketch of the array is shown in



Figure 2-6. It is comprised of a series of 10 flexible solar cell substrates
deployed with a center boom and tensioned between an inner and outer boom,
During a proposed artificial 'G'" mode of operation, the roll up array con-
figuration is changed to that shown in Figure 2-7. All array configurations
were analyzed for cantilever vibration mode properties.

REFERENCES

Reference 2.1 - "'Space Station Solar Array Technology Program Mid-

Term Review'', Lockheed Missile and Space Company, May 1971,
Reference 2.2 - "Modular Space Station - Phase B Extension, First

Quarterly Review', North American Rockwell, Space Division, PDS-71-2,

May 1971, » , |
Reference 2.3 - '"Space Array Technology Evaluation Program, Second

Topical Report'', Lockheed Missile and Space Company (LMSC-A981486),

November 1971, '
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CRUCIFORM CONCEPT

Figure 2-3, Space Station - Modular Concept
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3. GUIDANCE AND CONTROL SYSTEM CONSIDERATIONS

3.1 SPACE STATION ATTITUDE CONTROL SYSTEM

The guidance and control system for the North American space station
incorporates two generic types of control laws/torquers for attitude control.
A control moment gyro'(CMG) control system is used for precision attitude
stabilization without the need for propellant expenditure. A reaction jet control
system (RCS) is used for reference attitude acquisition maneuvers and for

momentum desaturation, as required, for the CMG system.

The attitude control requirements as given in Reference 3.1 during

zero G operations are as follows:

o Stabilization of the Station, prior to manning, to an accuracy of

iS‘degrees

o Stabilization during initial docking to an accuracy of +£1 degree
e Stabilization during routine experiment operations to a £0. 25
degree attitude tolerance, and with angular rate excursions below

0. 05 degree per second.
3.1.1 CMG CONTROL SYSTEM

The CMG control system has been designed by the General

Electric Company for North American.

A simulation model has been developed and is based upon a

- number of reports provided by G, E. A block diagram of this simulation moldel
as given in Reference 3. 2 is presented in Figure 3-1. The detailed equations’
for the control law are in accordance with the system selected by GE, which
can be characterized as follows. It consists of three two—,deg-ree-of-freedom"
control moment gyros with parallel outer gimbals and with their momentum
vectors initially equally spaced in the orbit plane. This configuration permits
simpler steering laws and a planar, rather than three dimensional, anti-hanvgup

law,

3-1



Reference 3.1 indicates that this control system has a natural fre-
quency of 1.414 Hz and a damping. ratio of 0, 707. It was found that during the'a'
performance of various digital simulations, that a relatively small numerical
integration interval (At = .005 second) was required to stabilize solutions to
motion equations when the CMG was chosen as the active control system. This
was due to high frequencies of inner control loops. Since small integration
time steps were required for stability of solution with the CMG of Reférence 3.2,
a simpler system for the control structural motions was also derived to
represent CMG controlling torques. This system which was suggested by NAR,
produces a more efficient computer simulation time to real time ratic when the -
CMG is chosen as the active control. It is programmed in the simulation as
represented by the diagram shown in Figure 3-2, It‘is comprised of a lead-lag
compensator, a constant multiplying the moment of inertia properties of the
spacecraft under investigation and an output torque limiter. The time constahts
of the lead-lag compensator, the constant multiplying spacecraft inertia and
the limiting torque are allowed as input quantities to the control subroutine in
the simulatioh. This simplified representation thus allows a certain degree of
flexibility when analyzing general space station configurations. The commanded
position angle is obtained from parameters calculated within the computer
program (Reference 3. 3). The actual angle is calculated within the program
logic and is comprised of rigid plus flexible spacecraft body structural
motions. Since space station structural fléxibility is considered in the feed-
back control loop, the position of angle sensors and angular rate with.in the
structural system is allowed to be specified. In like manner, the position of
the control torque is ‘specified so that generalized modal torques produced by

the control system can be considered as input to modal degrees of freedom.

A simple wobble damper control representation is included in the
simulation for control of spinning structural configurations. It consists of a
single degree-of-freedom control moment gyro with its gimbal axis along
the nominal spin axis and its momentum vector normal to that axis, With
reference to Figure 3-3, the spinning structural system is considered to be -

about the X axis. The control moment gyro is torqued so that its momentum

3-2



vector h always lags the wobble rate, @_, by 900. A correction torque is

T’
applied to the space station which is equal to the following.

TC =‘(wS +a&) x h

An increase in the nominal spin rate also occurs to the correction wobble

torque and is given as

Tq ==Y xh

The magnitudes of parameters associated with the wobble damper control sys-

tem are an option when performing the simulation of a spinning space station.

3.1.2 REACTION JET CONTROL SYSTEM (RCS)

The reaction jet control system (RCS) is used for reference
attitude acquisition maneuvers, momentum unloadihg of the control moment
gyro, and as an alternate to the CMG for controlling the attitude of the space
station. A RCS is composed of four thruster modules and each module has
four thrusters. The modules are located at the periphery of a space station,
as shown in Figure 3-4, All sixteen thrusters compose a fully redundant

three axes attitude control system.

A jet thrust level is indicated in Réference 3.1 to be 10 poun&s
in order to provide the same torque magnitude with the RCS as with the CMG
control system. Reference 3.1 further states that this small jet size requires
significant pulse durations for most maneuvers and thus should minimize the
need for a minimum impulse provision which was'a major problem area for
Apollo. Expected orbit makeup (correction) firih'g'times are indicated to range
from 7 to 14 seconds. Reference 3.1 indicates that thé preprocessing electronics
for the RCS sums the outer loop attitude and rate signals with any attitude
maneuver command signals. It also includes the phase-plane deadband logic

which then feeds the jet drive electronics.

Based upon the foregoing information, a suitable model of the
RCS for the North American space station should be as depicted in Figure 3-5.

Because of the indicated comparable torque levels of the CMG control system

3-3



and the RCS (and the low thrust levels and relatively long firing times) the
former will represent a dynamic excitation element for the space: station/array
that is comparable to the latter. All maneuvers using the RCS are performed
by fifing two thrusters as a couple. The primary thrusters for each maneuver

are selected by choosing the pair of thrusters with the longest lever arm.

The torque equations in the simulatibn of a rigid space station,

and based upon the block diagram in Figure 3-5, are

P [ B [ .

Tr Br Ko ¢e v+ Ky &
. 6

TP = BP‘ Ke ee * KG

TY BY Ke ‘//e * Ké lI/J

. - - b

where

TR’ TP’ TY are the torques applied to the space station about the
roll, pitch and yaw axes respectively.

BR’ BP’ BY are the torque dead .bands for each axis

Ke is the gain proportional to the space station angle error
K§ 1is the gain proportional to the space station rate about each axis

¢¢O9:¥ are the angle errors in roll, pitch and yaw >respective1y

¢, 0,y are the space station rates in roll, pitch and yaw,

These equations are used in the RCS digital subroutine
in the simulation to develop the control torques for the thruster system, |
This proportional control system, when used as an alternate to the CMG control

system, will permit more economical computation of the interaction dynamics.

3-4



Since the computerized method of simulating space station
motions was modified in Phase II study efforts to account for space station
flexibility, the reaétion jet _control‘syste‘m in the simulation consists of six
individual constant-thrust-magnitudé thruste'rs at specified structural locations
to control the three ‘angular figid body motions. Location of each thruster,
thrust magnitude and thrust direction, are allowed to be specified prior to
performing a simulation. Program logic computes the generalized forces
into space station modal degrees of freedom using other appropriate input

structural mode constants. The typical applied torque equation is

T = Kol (EC -,EDB)
where :
T = output torque of the reaction jets at any given time for which the
computed "error'' is EC.
K = torque capability of the reaction jets

1( )= unit step function having the value zero for negative or zero argu-
ments and the value unity for positive arguments.

E c computed equivalent attitude/rate error of the space station

determined by

EC = KI(K2¢ - w)

where K, and K, are input constants and ¢ and w are attitude and

2
rate errors of the space station respectively.

EDB = deadband threshold level for equivalent attitude/rate error which

determines when tha reaction jets are active.

(F>]
|
[S)]



3.2 SOLAR ARRAY ORIENTA TION CONTROL SYSTEM (OCS)

The operating characteristics of the Orientation Control System (OCS)
for the solar arrays being considered in this study effort cé.n have a major
: imﬁact on the latter's design requirements. Hence, in developing an 'analysis
method to evaluate the design of such arrays, the significant dynamic character-
istics of the OCS must be properly modeled. Two generic types of OCS drive

systems have been considered and are characterized by the following:

e The continuous array drive system

e The non-linear (bang=-bang) drive system.

3.2.1 CONTINUOUS ARRAY DRIVE SYSTEM

A block diagram of the continuous OCS }is shown in Figure 3-6.
The difference between the commanded array angle and actual array angle are
used to genérate the angle error signal. This error signal is then filtered by
the provided compensation in the control loop. The array angular rate 8 is
multiplied by the back EMF coefficient KB and added (negatively) to the filtered
error signal. This gives the effective drive signal for the motor. The drive

motor is modeled as a first order lag with K. as the torque gain of the motor

M _
and Ty 23S the motor time constant. The output torque of the motor is reduced

by the friction in the reduction gear unit as shown by the K_, feedback loop.

The effective torque of the motor is increased by the ratio Fof the reduction gear
and delivered to the solar array. To determine the stability of the OCS, the
solar array is assumed to be rigid and have an inertia IA about is axis of
rotation.

To assess the effects of the two rate feédback loops in Figure 3-6
the value of KFé afld TM were compared for é equalto drbital rate. The
results showed KFG to be significantly smaller than TM and hence the KF
feedback loop can be dropped from the simulation without any loss .of gener- -
ality. This is generally éxpected to occur for this class of control systems.
With one of the feedback loops removed, the OCS continuous drive model can

be simplified, The drive mechanism can then be modeled ‘by two first order
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filters to smooth the array angle error and rate signals. The two signals
are weighted by the appropriate gains and added togefher. The sum is then
filtered by a third first order filter (i.e., the motor) where the gain of the
filter is the product of the torque gain of the motor and the gear ratio of the

drive system. This is shown schematically in Figure 3-7.

To evaluate the stability of the continuous drive OCS, the
T-2170 Inland torque motor is assumed as the prime mover in the system,
The characteristics of this motor are generally representative of the class
of DC torque motors that would be suitable‘ for the array drive system, These

characteristics are:

3x 1075 Henrys

LM =
KT = 18.9 oz-in/amp
. = 3.3 0h
RT ohms
KB = 1,3 volts/rad/sec

The motor gain and time constant.are defined as
K~ Ky = 5,727 oz-in/volt =
R _
= 0, 00091 sec,
T
A larger torque motor than required was chosen to allow the motor to operate
near its rated speed without an unusually high gear reduction ratio.

The chosen motor requires the use of a 6800:1 reduction gear,

The open loop transfer function of the simplified continuous
drive OCS is given by equation 1, |
K K K_ : (Equation 1
& _ G(S) _ e M G3 S . )
© - s( | - z K-
c | Tom'a® * WYy S+ &y KKTg+1)8

* Ky K Ka}'
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The steady state hang off error for the system when following

a velocity input (orbit rate) is given by equation 2.

o, | ' ~ (Equation 2)
e = ¢ -
S8 lim S G (S '
§—» O

Hence, by selecting a suitable steady state following error, -
.the value of Kg can be determined, The steady state error is chosen to be
1 degree forv'the determination of K g . This is somewhat tighter than
required but it allows for other components in the system to contribute to
the steady state error without exceeding the desired overall system value,
Substituting equation 1 into equation 2 gives an exﬁression for Kg in terms

- of known quantities, -

De

Kg = KgKg € . (Equation 3)

€
SS

Using the values for KB’ K ., and € s previously given and assuming an

GJ
orbit period of 100 minutes, the gain of the loop compensation is

Kg = 530

The time constant for the loop'compensation is selected by
restricting the maximum overshoot to be less than 1 db. Using the charac-
teristics of the T-2170 torque motor and an array inertia of 77,000 slug ftz,

Equation 1 reduces to

G(s) = 1/166.8 Tgo L : ' (Equation 4)

SEa)
' e

when all small terms are neglected, An appropriate time constant for equation
4 is | '

TG ~ 0,01 sec.
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The values presented in this section are considered repre-
sentative of the continuous drive control system. If other values are desired,

provisions are available to include them in the digital simulation.

3.2.2 NON-LINEAR DRIVE SYSTEM

| _The non-linear drive OCS is similar to the continuous drive
system with the exception that the control logic is operated in an on-off
manner, When the error signal exceeds some pre-selected threshold value,
the motor is turned on until the 'arfay is driven to the null position at which
point the motor is switched' off. The time that the motor takes to reach its
running speed when switched on is very small compared to the total time that
the motor is operated to drive the array back to the null position. Similarly,
the tirrie the motor takes to coast to a .stop when the power is turned off is
small cofnpared to its total on-time. This would allow the motor to be mbdeled
as a square wave rate generator, i.e., when the motor is commanded on, the
array begins rotating at a constant velocity and when the motor is commanded

off the array .stops rotating,

A non-linear orientation control drive system has been formu-
lated by the Ball Brothers Research Corporation (Réference 3. 4), and this
system is included as a control subroutine in the simulation. It is represented
by the diagram shown in Figu_r_e 3-8. Values of thé various constants shown
are those received as representative of the BBRC system. In order that -
simulations could be performed with thé many conStant.s varied as parameters,
the following were allowed to be iriput variables to the program subroutine

representing this system.

e Deadband angle
e Bus Voltage Generator time constant,
e Bus Voltage Generator amplification constant, A

e Motor Gain (KTN/R)

e Coulomb Friction

- ® Scaling constant, G.
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Ratio, K
o Gear Ratio, G

° Back EMF

The relative velocity vector and angular error are computed by

the simulation program for the space station rigid body and flexible degrees

of freedom and the solar array degrees of freedom. _

3.3
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4. DYNAMIC INTERACTIONS ANALYSIS FORMULATION
AND DIGITAL SIMULATION

Three phases of interaction analysvis formulations and corresponding
simulations resulted during the study period. Separate digital simu-
lations and the associated user information were derived on the basis of

each analytical formulation . The formulations are categorized by the

following:
° Rigid space statioh with two flexible controllable appendages
| in a zero "G" orbit environment
® Flexible space _statibn with two flexible controllable appen-
dages and four flexible non-controllable abpendages in a zero
"G' orbital environment
° Flexible space station with four flexible non-controllable

appendages in an artificial ""G" orbital environment.

A detailed description and derivation of each of the formulations that

were digitally programmed are contained in the following report subsections,

4.1 RIGID SPACE STATION/FLEXIBLE CONTROLLED APPENDAGES

The interaction dyriamics study simulation is designed to determine the
effects of important solar array structural characteﬁstics on the motion of
an orbiting space station. Two flexible solar arrays are connected to the
space station by means of rigid driver assemblies which are totally con-
strained in translation and allowed two rotational degrees of freedom for
each driver about the attachment point. The array drivers are rotated to
obtain the desired sun/'solar afray aspect, The space station is attitude
stabilized by a Control Moment Gyro System (CMG) which is a>ugmented by
a reaction control system to provide maneuver capab111ty and "'momentum

dumping''. The simulation model utilized for this system is described below:

4-1




The space station and the two rigid array drivers are each

" modeled as rigid bodies with each of the rigid dr,ive~rs per-

mitted to rotate about the spacecraft attachment boints along A

an axis parallel'to the spacecraft roll axis ahd— an a;(is normal

to that in the plane of the solar array. The rigid array driver
rotation may be additionally constrained in rotational freedom |

by user input to the digital simulation. |

The flexible array is modeled by the synthetic modes tech-

nique of Likins (Reference 4.1), i.e., the array is modeled in
terms ofé finite number of orthogonal cantilever modes suit-

ably aﬁgménted by six synthetic modes to assure that the steady
stéfe (rigid)-conditions for constant acceleration are met. The
appendage equation is an exact formulation which includes all
accelerations of the appendage base. In aécord with the syn-

thetic modes approach, the effect of the two flexible arrays

upon the rigid body systé_m is obtained in the form of the equi-
valent force and torque exerted by the flexible arrays upon the
system by the modal accelerations. The effects of the rigid

system motion upon-the flexible arrays is éccounted for by system
acceleration in the appendage equation of each array.

Maneuver and attitude control of the space station together with

the solar array orientation control are modeled in terms of the
appropriate time varying forces and torques produced by closed loop
guidance equations. The guidance and steering commands are computed
external to the dynamics section and provide the space station with a

fixed orientation relative to orbit coordinates.
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Formulation of these equations is given in the Command and
Control description.

° The array driver gear train for the axis parallel to the space
station roll axis is modeled as an ideéyl mechanical transformer
referenced to the spacecraft side of the gear train. The other
driver axis is directly driven. Either axis of both drivers may

be locked.

° The simulation orbit genérator uses Lyddane's method for

near earth orbits which may be circular. (Ref. 4.2).

A block diagram representation of the simulation program is presented
in the following where important logical switches and function interconnection

have been delineated (Figures 4-1 thru 4-5).

4.1.1 CONVENTIONS AND COORDINATE SYSTEMS
The coordinate systems given below represent the main com-

putational frames utilized in the simulation.
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INITIALIZATION

BLK 1 : é

" EDIT ROUTINE

BLK 2 é

MAJOR CYCLE FUNCTIONS
© APPENDAGE EQUATION UPDATE
© SPACE STATION GUIDANCE
{o SOLAR ARRAY GUIDANCE

| INTERMEDIATE STEP
BLK 3 v

DYNAMICS EQUATIONS

e - CMG/REACTION JETS

o APPENDAGE DYNAMICS -
RIGID BODIES DYNAMICS

o
 BLK 4 j ’

INTEGRATION PACKAGE

Figu_ije 4-1 Overall Flow Chart
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YES

e YES
| pLo'r?/ ,
| - NO

‘

/

NO

BLK 2

FINISH LISTING
AND

PLOTS

STOP

Figure 4-2 Blk 1 Edit Routine Flow Chart
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- FLEX.
APNDAGE
OK

NO

READ 1 YES
NEW
VALUES

7SS :
or SA YES

GUIDﬁiSE/)/r

.NO ' ORBIT GEN.

SS/SA GUIDANCE

"BLK 3

Figure 4-3 Blk 2 - Major Cycle Flow Chart
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SOLVE DIFFERENCE | UPDATE BACK
EQUATIONS DERIVATIVES

APPENDAGE EQUATION .

INTERACTION 1
EQUATIONS l

CMG

REACTION JETS

NEITHER

R.B.
FORCING FUNCTIONS

RIGID BODY EQ.

BLK 4

Figure 4-4 Blk 3 - Dynamics Equations Flow Chart
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&0

0-2

INTTYPE

INTCNT

ADAMS - BASHFORD
PREDICTOR

BLK 3

RUNGE-KUTTA
SOLUTION

ADAMS -MOULTON
CORRECTOR

Figure 4-5 Blk 4 - Integration Package Flow Chart
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4.1.1.1 COORDINATE FRAME 1
Earth Centered Inertial (ECI) Coordinates

X[ In equatorial plane
pointing at Aries

7. - Points to geocentric
north polev

YI - Provides right handed
i d , Y, Z
set in order X[ I

I
4.1.1.2 COORDINATE FRAME 2

Local Level (RTN) Coordinate

ce Se 0 1 0 0 ce SQ 0 X

R 1
T}{= }S6 Co O 0 Ci Si -S@ €0 YI
N 0 0 1 0 -Si Ci 0 0' 1 ZI
R - directed along geocenter to space station radius vector
N - normal to orbit plane
T - completes right handed set R, T, N)

where {1 - l‘ongitude of ascending node _
i - orbital inclination
@ - sum of argument of perigee (w), plus the true anomély (v)

C,S - cosine and sine functions

As mdlcated above, the Euler rotations are about the Z the XI and the N axis where
)% is the XI axis after rotatlon through L1,

4.1,1.3 COORDINATE FRAME 3
Commanded Space Station Coordinates

The desired space’station orientation Xc, Yc, Zc represent, in order, .




the commanded orientation'qf the space station roll, pitch and yaw axes. The vehicle

command orientation is related to the R, T, N,set by means. of three Euler rotations:
a,  about T axis

1
Bc about N axis

Yo about xc (commanded roll) axis

]
where N is the N axis after rotation by a.

i T,T'
P R:' Bc Rot_atlo_n
) /’ ,
a_ Rotation . ’4\ a_-
c .7 c R
i
4
\
a. '
N \ {
Nl
S, T—"

Y'c Rotation | {Yc




4.1.1.4 COORDINATE FRAME 4
‘Actual Space Station Coordinates

The actual orientation of the space station is similarly related to the
RTN frame by a set of Euler angles &, B, 7 . The order of rotations is the same as

for the command angles and the resultant direction cosine matrix is given below in

expanded form

0 O CB S8 0 Ca 0 -Sa R

| Xg | 1
\ ' Y| = O Cy Syjj-se C8 0fj 0 1 0 T
Zg 0 -Sy cyfjo o0 1f fSa 0 Ca N

)(S,_YS,ZS - actual roll, pitch, and yaw axes of the
: space station

a, B, Y - Euler angles

"in more condensed form

Xs R
ZS N

4.1.1,5 COORDINATE FRAME 5
~ Solar Array Driver Coordinates

Each rigid solar array driver is constrained to rotate about an axis

parallel to the space station roll (XS) axis and about the array vane (Z A ) axis where

the resultant set of axes for the first driver are X, , Y A and Z A as shown below.
‘ 1 1 1



The resultant direction cosine relation is

form

c c
Yc = Q. Cy. Sy | jSB CBC
Z, 0 -Sy. Cv, 0 0
X, - commandéd“ioil‘axis

YC - commanded pitch axis

ZC - commanded yaw axis

IS

a_,B_,Y, - commanded Euler angles ?'

or in more condensed fashion

Xc R

Y = C, T
c Ac

Zc N

4-6-A

Ca
c

0

Sa_
¢

in expanded

0 -Sa
1 0
0 Cac

N



o s
s -
¢A . ’.A
Ys
Rotation LN o
_about Xs —
{xs’xs
XA cbswAf glnwA
Y = 7sin¢A cosxpA
Z, o 0

In condensed form

XAJ .
A YAl N Cl YS.

Z Z

AL. ] s |

(4}

'_fﬁ” 1 -

0 0

co_s¢A sin¢A Y

1 0 -sing, cos¢A oz
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where

Ya@,2)

Zaq,2)

The second rigid'driver nominally has the same Yo axis as
the first and the remaining axes are reversed.

: XAZ | 1 0 0 )(s
9 = ] : .
YAz 0. 1 0 _Cl ] Y.s
'Z, 0 0 -1 .'z'
-1 0 0
C2 = 0 1 0 -Cl
0 0 -1
. — T
XA2 _ -1 xs
YAZ = Cz YS s
Z, A : )

is normal to the plane of the (1,2) érray and is pointed to the sun,

is normal to the space station roll axis and in the plane of the array,

The Z A axis provides the seasoﬁal adjustment and is referred to as
the vane axis,

S O
Z, aright'handed set..

makes X., Y A

A, A’
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4,1,1,6 COORDINATE FRAME 6 -

Control Moment Gyro Orientation -

The Cohtrol Moment Gyro is oriented with respect to the spacecraft

axes in the following manner:

X 0 1 0 X
YG = 0 0 1 Ys
ZG Outer 1 _ 0 0 _ ZS
Gimbal : -
or

‘ - Xg ) Xs

| Yol = 1%| Y
Zg | Z

Transformation from outer gimbal axes to inner gimbal axes is treated in the discussion

of CMG dynamics, S - .




Direction Cosine Identities

T
xs xI
v.| - c, Y,
Zs zI
F -] T [ ] r
Co = CA Cs]
[ b [ h T r T
CA = Co' Cs
L L] !
-C
W = tan-l A 13
Ca 11
g = 51n'1 (CA 12
-C 
; = tan’! A 32
\ i 22
: 0 wyz ¥y,
Cil = IS vz O vy,
Wip Wiy O

'iTH coordinate frame

'_.
1

0 - space station basis
' 1,2 - driver bases

W, = rotation of iTH rigid body about its C of G.
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.1.2 INITIALIZATION PROCEDURES

4.1.2.1 GENERAL INITIALIZATION PROCEDURES

The program is eapable' of initializing the simulation with any of -
the integrals or key parameters to user specified values. The input will utilize the
Namelist feature of FORTRAN— v _a.nci the default (no input data) will be to use the
values 'given in the Data Statements, Such a procedure will assure that any run will

not fail because of omitted data and is at the same time extremely flexible.
4,1.2.2 DIRECTION COSINE INITIALIZA TION

Space Station Commanded Attitude (c' )

- The basic philosophy used for space station orientation is "belly down'!
or ea.rth pointing attitude control Therefore the desired or. ientation can be spemﬁed
in terms of the three Euler angles given in Section 1, a, about T, ,3 about N' and 7
about R" (or yaw) Specmcation of these three commanded angles wﬂl give any
desired space station attitude with respect to the (R,T N) orbit umt vector set. The
steps in computing (C ), the direction cosine matrix of deSired space station orienta-

tion are as follows:

A. Computatlon of Inertial ta RTN Dlrectlon Cosine
Matrix (C )
A K. ¥ . |
. R = T—?T- - where R is the vector
: R - _

position of the orbiting
space station in ECl co-
v.v o 'ordinstes and V is the

- vector velocity.

Z>
n
I

4-11
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| R1 Rz RS
[CS] L = 'I'1 'I‘2 ,T3
N N N
1
— 2 3“Initia1'

(RTN +« ECI)
Mote that [SS] is computed throughout the simulation.

B. | Computation of the Commanded Attitude Matrix (C Ac)

Performing the multiplications in the order indicated in Section 4.1, 3 we find:

cB_ Ca_ S8,  -Sa_ €8, ]
SYC Sa .
CYC SBC Cac CYC CBC CYC>SBC Sac
[CAC! = | + Cac SYC
SYc: SBC Cac -SYC SBC Sac
-CYC_ Sac ' —éYc CBC CYC Cac

(Command S/S <+ RTN)

where
C and S imply cosine and sine respectively, (C Ac) is computed once, at the

start of the simulation,
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c. Computation of the Command Direction Cosine Matrix (C.)

|
(Ic.) is computed throughout the simulation)
in which the commanded roll axis unit vector and com- -’

,CAc

manded pitch axis unit vector are respectively:

K, = (c (1), €. (12), € (13))
“lecr

Po | = (c.21), € (22), C (23))
“lect

Space Station Attitude (C)

Rl

T

In1t1a1

where [CA] is the d1rect10n cosine matrix of actual space

station attitude relative to the RTN set. This matrix

is identical in structure to the [CA ] matrlx except

that a, B and y are used in place of a.
respectively. [C ]

[Col matrix.

Bc’ and Ye
is defined as the transpose of
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' SOLAR ARRAY
The solar array drivers are allowed to rotate about an axis parallel .
' to the roll axis and about the array vane axis. In addition, the two vane axes are 180
degi'ees apart and the two axes normal to the arrays are parallel. Therefore only two

angles are needed to specify the direction cosines of both arrays relative to the space-

craft. ¢ A is the rotation of the vane axis of Driver 1 about the space station roll axis,

. O - :
_ 'PAO is the rotation of the solar array about the vane axis.

_ | - _ _
Xpq Cyy, Sy, O 1 0 0 X,
o o
Y = | Sy, Cy, 0| |0 cCo, S¢ Y
Al A, VA A, S0 s
Za1 o o 1| |0 -se, Co, Z
- | ~4 L o o_| SJ
or
e
Xa1 X,
Yoo | = [c{l Y,
J Initial
ZAl_ : Z,
and
X i } ] ]
Yool =] 0 1 0 Y,
A 0 0 -1 z
A2
] i | Al_
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4,

“Cran

]

RIGID BODY EQUATIONS OF MOTION

) G
Initial _

G131
L

2

[»)

10

| 1
Cazny Cramn
122y Ci23)
Gey Yen|
' -

4.1.3.1 GENERAL RIGID BODY DYNAMICS FORMULATION

The space Staﬁon and the rigid array drivers are modeled as a sub-

system of interconnected rigid bodies whose motion is described by the Newton-

Euler equations of motion, This is shown in Figure 4.6, As stated earlier the

effect of appendage dynamics is modeled as an external force and tofgue. The

pertinent equations are given below:

N System Force'
2
d®(R,+0)
my ““'g“‘ = Fy + R
cdt J
' I
o Space.Station Moment
d o o
™ (T, (CG..)) = (T-Zp) x Fp - 2.7y x Fy
t 3 J
I _
= 2Tt Tac * Tome
J
[ Hinged Body Moment
2 T T F
— (T, (€G)) =T + T, + r; X
at J J | AJ J J Hjy
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CGg s,

CGgys

CGJ

Index of solar érray. J is edual to
1 or 2 ‘ '

are the force and torque exerted by the

-flexible array on each rigid driver

torque exerted on spacécraft by rigid

driver along constrained axes.

total system mass

Newtonian reference point

Spacecraft reference point

Space Station center of gravity

Center of gravity for the entire rigid
body system
TH

Center of gra?ity for the J rigid

driver

Distance space station has moved from
unperturbed orbital position

External force annlied by reaction

control system

Angular Momentum of g rigid body
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Hj - Vector from space station reference
point to hinge point for rigid drivers
and CMG package

Ty - vector from the respoctive hinge point
to the JTH rigid body (on space statiqn)"

IR - vector from space station reference
point to rocket location |

T - vector from space station reference to
rigid systam CG

T, - hinge torque'gngTH driver produced by
control system

T; ' - (?6 - E&) hinge force moment arm
T, - hinge force exerted by space station

Hy TH =

, ' on J body
d ' ' ’ . )
—()]1 - implies differentiation w.r.t. an inertial
dt reference frame | '
Te - - control torque exerted by the control

Mg moment gyros

Before proceeding further, it is instructive to present the
principal coordinate frames and direction cosine identities
to be utilized in the matrix formulation of these. equations.
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where

{XI} is the vector basis defined by unit vectors
in the XI, YI, ZI directions

-

{XS } is the vector basis defined by unit vectors

along XS, Y and ZS directions

S

{XA }- . is the vector basis for the i solar’
1! array ' ‘
T
[ ]' indicates that the transpose of the matrix
is required. S

~ We have previously shown how the CO’ C1 and C2
matrices are initialized in terms of Euler angles.-iThe
updating of these time varying matrices during the course
of the simulation will be performed by the following equation.
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: . — 1.
. 19 Miz Vi
[C1] = [Ci] Wis 0 Y31
, L.wiz. . _wil 0

where
Vi "] are the rotatiqna.l rates about iTH coordinate frame axes ( = ‘0,1,2').
wi2 For i equals zero, these rates ére the spacecraft roll, pitch and
W yaw rates.
i3 . L
- , : .

This equation is derived in Section 4.1,7. The four vector equations presented may
now be formulated as a matrix equation(‘in a .conventent coordinate frame, In the

- equations that follow the space station frame was chosen for the .syste,'m force and

space station moment equations. Each driver moment equation is written in terms of

driver coordinates.

'

In the following formulation the square brackets used to denote a matrix are
~ dropped and it is assumed that all quantiﬁes given are in matrix format, A few

useful identities are given Bélow.
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- where

pama

AB~

-

--BA

RO + 2 wo RO + (w0 W0+W0)_R0

~ -~

+ (wy worwy) (g ro+§uJ (hy+Cy 15))

L]
~

* ?“J Cylwy wytwyl 15

-~

+ 2 wo CJ LAIRS

-~

(SYSTEM FORCE)

(RIGID DRIVER MOMENT)

p

-~

(wg wg * wo) (RO + hJ) + Zwo _RO + RO

-~

-~ -~

-~

+ (2w, CJ W, + Wy W CJ + W, CJ) Ty

4-20
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where

R

RO and RO

0’

(3x1 matrix)

g (scalar)

Iy

(3x3 matrices)

Iy

(3x3 matrix)

‘Wo, wo

(Sil matrix)

w

12 71

(3;1 matrix)

Y2r W2

(3x1 matrix)

The '"apparent" (space station
referenced) acceleration of the

_ space station reference point

and 'its first two integrals.

my .
J
/mo
. TH _. ..
Inertia tensor of the J rigid
driver referenced to the driver

basis and center of gravity,

Space- station inertia tensor
referenced to the space station

~basis and center of gravity.

Space station angular accelera-
tion and rate. ‘

v

Driver angular accelerations

‘and rates.
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4,1,3.2 MATRIX FORMULATION OF RIGID BODY DYNAMICS

The equatlons developed must now be rea.rranged in a form sultable

for sulution; This mvolves formulating the problem in terms of coefficients of R _, 0’

Wor Wy and w2 and then inverting the coefflment matrix to.obtain these derivatives.
In additioﬁ some changes are required in the form of the equations to

" obtain the following model requirements:

° The rotational motion of the rigid solar array drivers is constrained
to motion ebout an axis parallel to the spacecraft roll axis and an axis

in the plane of the solar array normal to the space staﬁon rqll axis.

° . The gear ratio for the array rotation in the roll direction is explicitly
incorporated into the moment equations by considering all array driver

rotation on the space station side of the gear train,

In effect, this reduces the three 'eqhations for each rigid driver to

two, the first of which is solved for the scalar varlable ® i whlch is the driver

rotation referred to the space station side ‘of the gear box. The roll axis rotation
of the driver is taken to be the orbit adjustment while the rotation about the array

axis of symmetry is considered nominally to be the seasonal adjustment,

In addition the effect of the constrained axis of driver rotation (rotation

about an axis normal to the roll axis and the vane or Z A axis) must be included in the

Space Station Moment Equation, This is done by solving for the constraint torque in

terms of R 0 and w 0 and addm_g the terms In these variables to the equatlon of space
station moment to obtain the set of ten scalar equations presented on the following

page in matrix form,
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Definitions -

ol

My, My, Mp

Direction cosine matrix (3x3) relat-
ing driver bases to space station
basis

Al |

, X
Ys | = [Ci] Yai
va Z

s . Ai

direction cosines relating array basis
to normally unconstrained axes

direction cosines relating array basis

to normally constrained axes

3x1 vectors in space station basis
giving hinge position from reference
point R

inertia matrices of space station,
driver 1 and driver 2 respectively.
Each is expressed in its own basis

gear ratio for array driver orbit adjust
mechanism

vector from driver CG to appendage
connection point given in the driver
basis

masses of array drivers and total
system respectively '

4-24



Yo

Wl, WZ

Ya1e Va2

[ ]

1’

vector from Newtonian reference to
space station reference point in
space station basis o

vector from reference point to space
station CG in space station basis

vectors from hinge point to driver
CG in the driver basis

vectors from hinge point.to space
station CG

rotation rate of sﬁace station

-

rotation rate of rigid driver (on

-array side of gear train)

rotation rate of rigid'driver on
space station side of gear box

v

matrix equivalent of vector cross
product

mass fractions my - m,

My = ——  u, =
1 - 2
omy
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Equation Set g System Translatjop

Rl + As) wo1 (A1 wy;1 TRl w,r - Fql
[All = mT [I]
(A1 (R Ho [rg]

Rl -+ (¢1 Faal o+ [C,] Fp2l

2 [w,] fol ¢ fwy] [wg] (R01 T Dy ro]) \ |

* Iwg) (] (hll Y )
-mT
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where

{I ] is the identity matrix,
[ 1 and ( ) indicate that the cross product form
- is required

Xy 0 - X3 X,
X, Xy 0 - X,
Xy X, X, 0

KG'is the gear ratio for the array driver

T . ) ~ . . ' p
% = .
[Ci-] transforms wy; to grray basis (xAi’ YAi’ zAi)
21T
x =
[C;*] Ci; O
Ciz 0
0 1

C;q is the direction cosine between the Xé space station
axis (roll) and XAi

Cip is the dlrectlon cosine relating X, and Yas

Wy = C11 0 1/KG 0 Wai1
CiZ 0 0 1
Wai2
0 1
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Equation Set II - Space Station Rotation

(A;] Rgl *+ [Ag] wol + [Agq] ;Ai]“f [Arg] wppl = Fpl

B IR PSRN G I e W A L P (T R A e I CH L) I
[AJ) - ML) ¢ om0 (Rl ¢ )+ 0G) 7)) ; |
+ my [13] (Ro] + hpl o [Cz]‘;rzl) ~
- 1T S T . N "\ .
v tepr1 (11,0 e omy 11,7 161" (Rgl ¢ my1 o+ 1)) _rll‘))
v 15 (11 1607 my (70 16517 (Rg) # hy) + (e %) )
o - . . 7 [1/%6% o}
[AIO] = ¢+ ml [ri] [CI] [r]_] [C].] ' .
o S T
e rxe? oT
[_A14] = +m, [rzl '[C2] [rzl [CEJ 0 A

- -
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o =

2l = -
+
+
+

- and

| [ir]- FR] - TI] - Tz]

0 1 0

_[;ro] [I5] wol +J1/K6 0 0 [;;]. Fip!
| 0 o0 1| | -

-1 0

1/KG 0 0O [ré] Fﬁz]v +. TCMG]’
0 |
0 0 1

-~

~

et (al - (1607 v ) 1 161 gl - G5y fey)T Fi)

ot ‘(TA‘ZI"-‘, ([CZ] “'0]) 121 16,1 wpl - [EANCAL Fﬁz])

gl Dol (Rl + my1) v 2 Tl Rl

(2 tvg) ey g1+ bigl [w,] (€1) =yl

(€] W] w1 ]

[(2 o) 1650 tup) + [wg] Ty CHNENT

ICARCANCAIES

4-28

- -

- - o - ) T
[w0] [w0] (Rol + hz]) +  2 [wol Ro]

* [C] Fyyld

+ [C,] FAZ] .



r{]l = 1l - hjl

. Fﬁll- & FQZ] - are the hlnge force equations less
B L 33the 11near ‘terms in Ro, wo, and w1

The terms in C}* repreSent the effect of the normally constralned
rigid driver axis momént’on the spaCe statlon moment equation

. 112 A :
| ct* = 161 G| (Cup - G 0

: »0
i=1,2 gives fhé_projection of constrained axis

component -of the iTH driver variables onto
the space station-axes.

4-29




. -~

-Equation Set III. - Rigid Driver 1 Dynamics

The dYﬁamics of the Xa1 andeAl_axes,are réstricted
to rotation about the X  direction. ' '

[A3] Rgl + [A;] wol + [A) wal o+ [Ag] Wyl = Fyl

L]

[A] = + [€2] [m)) [ry] [C)1T

[}

1A [1/KG 0][[C{] (131 137 - my 150 1637 g+ Byl + (G rlli}
| ‘ 3 .

0

1

Ayl = [i/KGZ o] [c1 (1;] - ml.l;ll [;il) (11"
o 1) T

[A

151 =

F

[I/KG ol [C}] fTAll +([C1]T‘T1]) KG ',_' | 7
0 1 - |

- [11] ([CI]T wo]) w1]

© .~

(e wghT e ) g1 gl e [c;17 wol)

RE ARG
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Equation Set IV - Rigid Dr_ive'rl 2 Dynamics

(A Rgl + [Ag) wol * [A] wgl ¢ TAjgl wpl = )

A = o+ €8] m, [, (c,)T S I

!

[1/1«3 o] [[c’z'] (1,0 16,17 - my 11,1 16,17 Ryl + b1 + [C,) )

i}

[Ag]

[A o.'

u

12]

(A1) = [1/1(02 o] [C8] ([1,] - m, [r,) [r,]) [C§]T
0o 1 ~

” T ‘ | R
Ty, +([c2] Tz]).x(w | |

u

F

1/KG © [CE],
0 1

o~

") (1607 wgld wal =[] (€07 Fyy)

L (ae” WD) T+ 1h,0) * 1] y] ¢ [c,)” )
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where

and

u_:ly

1¢c,]

T ~
*
[Cll ;/KG 0 Yall
Y S N
*
[C2] 1/KG o0} YAZl
0 1 wA22
= [Clj [wlll'
= [C2] [wz]
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4, 1,3.3 APPLICATION OF ADDITIONAL CONSTRAINTS

The constramt torque imposed by the rlgld driver axis SLmultaneously

normal to the roll axis and the array vane axis has been mcorporated_ into simulation

 by:

e Solving the driver equations for the constra.int torque about the locked
axis. - ’ '
~TCon=f(R Yo Yo' A H)
e The moment applied to the space statlon is the negatlve of this con-’ .

.t

straint torque which is apphed by combmmg the terms in R and w o

with those of A and A for the unconstrained case and addmg the

-remaining berms to F2
This results, as we have previously noted, in the addition of a set _of ‘terms preceded
by Ci"* which is the direction cosine matrix relating the normally constrained driver

axis to the space station axes.

We could perform the same procedure for,additic'mal constraints }
imposed by the user and solve a further reduced matrix. However, s_ince the values
-of these constraints are of real interest for engineering analysis an alternative

scheme is utilized: _ . o,

o The matrix equation for the affected axis is changed from an equation

in RO w0 and wA to an equation in R0 w0 and TC the constramt
torque. In other words, we now solve for the constraint torque instead

of the rotational acceleration,

In terms of matrix changes the appropriate row of matrix A 11 and A1.’6
is changed toj-1 0, if the axis parallel to the roll axis is constrained ‘

or 10 -1 if the vane axis is constrained.

] Since the affected matrix variable is now constr'aint torque, the columns

of A 10 and A 14 2TC changed to give the projection of the negative of con-

straint torque in space station coordinates. If the vane axis is constrained,

4-33
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the second column of these matrices become
Cia1

Cia2 i=1,2

c _
133_

_ If the other axis is constraised the first column is changed to

1.
0
0

and both are changed accoi'dirigly if the drivers are compleﬂy locked.

4.1.4 FLEXIBLE ARRAY DYNAMICS

4.1.4,1 GENERAL FORMULATION OF A FLEXIBLE APPENDAGE EQUATION

The model for the flexible array dynamics is adapted from the synthetic

" modes approach developed by Likens in Reference 4.1. The utilization of orthogonal

modes augmented by a set of synthetic modes is an attractive approaéh for simulating

the dynamics of large, driven, flexible structires fro_m both a modeling and a compil-

tationé.l efficiency viewpoint. The geometry of the system considered is shown in

Figure 4-17.

Force on i

Major Assumptions and Conventions

Each flexible arra.y' utilizes the basis associated with the rigid driver

to which it is fixed, This is the basis in which the equations are solved,
The particle masses have: negligible"'inertias about their reépectiv_e Cd's

The appéndage deflections are sufficiently small that conventional . |

strucmrai‘analysié is valid; i. e, , the system is linear,

Particle

a?

+“Ui)

dt® i
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" In order to simplify the notatioﬁvin the following list:

_ T

Rop = G Ro
. T

o = G v G
R0+2w0&+(Y£+EY—)(EQ+EI—+2J+1-1+U1]

Because of the linear elastic propérties of the flexible array
the force F; is also related to the deformatlon of the array
and the app11ed loads: . , -

[M] g + (K] q=-[G] q - [B] q+L
where ' '

K is the:Symmetric stiffness matrix

L is the matrix of app11ed loads and rigid body'
forc1ng functions. : :
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my ' 0
0 m,
0 0
0 0
0 -0
—Z;T.ml

3x3

0.

0

0

o 0
0 0
0 0
m4 0
0o .
3n x 3n
o 0
0 0.
2me3 0
0
~3n x 3n
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my
3x

1o

Before formulating the expression for the L term the following
identities are useful '

2 0 0 o o |
3
m, 8 0 o 0
3x3 '
0 msy a o 0
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.+ “where

1]
—
o
o

[ E] |
13x3}) 0 1 0

0 0 1
— - : T
r = [r ?2 Tg = - - - rn]
AB = -BA
L .
wp = Wg * g
| Sy . ~ .
L =-M :E: [RJ - 2J wT] + Mr W
E
-M Z C-MDT +2
. E '
where
r = Ty 0 0 0 11:
3x3  _ .Xz
- 3x3 :
0 L]
' SYMMETRIC A3n
“ L - ’ _ . [ S
3n x 3n | o , ~  3n x1
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€1 = vy Ty Yo Gy * vty
— : . o
o] (2, 2] (2, %) (2, %)(Z, )
3nx3n E . E E E
c2(X ] (T %)
| E— E
i | | |
(Z w) - w 0 o0 0]
- E 0 w 0 0
0 0 w o
.0 o o Wl

Let

U = Ry
Wr
~ T AT
- aZ Y (T )E
E EO E OE
-M(' c+n?>+x
E
where
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Conversion to Normal Coordinates -

There exists a unique orthogonal transformat1onv
wh1ch has the following propertles o

a. ¢ M¢ = [E]}

' . - _,1 :
b. ¢ K¢ = lo? , |
]
2 = ;7
o 2
-N
L. T

such that
a (R,t) = ¢(R) n(t)

A finite number of cantilever modés (E)‘satisfying (a)

and (b) are'utilized'to.trénsform the appendage. equation:

‘Mfn + Kén = -G¢n - Bé¢n + L
Premultiplying by $¢'we'have

e 2GR+ n = T GEN- T BFn+ 3L

- 4-40
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0,0 are N x 1 matrices where

N is the number of cantilevered mo'des' utilized. ‘Note that a modal damping term has -
been arbitrarily inserted in the classic manner of structural analysis.

Now since the a:ppendage mass, mode- Shepe, and geometry are all knewn a

pmorl and remain invariant, the appendage equatlon can be reformulated to reduce

the reqmred computatlonal effort

7+ 2800 + 57 q,=_--A1'ﬁ - Ag T
"A4 C - AS
AT U+ et L '

-where

7,7 are N x 1 vectors

4.1.4.2 ADDITION OF SYNTHETIC MODES . -

A particularly important term in the Appendage Equation is the next
to the last term A” U where

-

| T ~ o
SREDND S SIS SR >
E EO  "TE T 0E “OF

If we define A =1lim A” it can be shown that

N + o
T, B .
A'S = My 1-Pa My
3x3 1 3x3
..... cLITT L
P, M,
ATAL I
a |
4-41



where

MA - Appendage ‘me._ss

IA - Apendage inertia

P A Centroid vector for aPPOl\d‘\w relatwe to attachment point.

ST T
Since &7 A7 # A" A, the rlgld or steady state representatlon of the appendage is

inaccurate. In order to circumvent this difficulty, synthetic modes may be added in
| termslg of additional rows for A 7
|
LetA=A7
A7

The synthetic modes are then defined as ' -

- -2 ' L
+ + ..
ng * 2 E:s'c’sr‘s 0g Ng = & u

..
—

To avoid impacting the frequency range of mterest the followmg procedures is utilized:
(OMIN >> Oyax

gs >« 71 ’ .

The synthetic modes are computed in ternm:

: s of a difference equation to avoid potential
~ integration instability: .

Ng(NT) = a8”<U(NT) + bA”“U(NT-T)

-d ng(NT-T) -e n (NT-2T)
for each synthetic' mode,
- Six synthetic modes will be employed, each one will be chosen to ‘satisfy the

o'wonstrain‘ts for a given column and thus the first synthetic mode will have six co-

"'efficielnts the second will. have five and so forth until the sixth mode whmh ‘has only '
- 'o"" coefficient.
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The capability of ushig a steady stg_té mode function is also included in this case

‘ n_(NT) = KA”“U (NT)
where Cs T . S

a+b |

1+d+e -

Forces and Torques Induced by the Flexibl_e Appendage (from Likins)
T
= E _ M¢oz n
' E

' T T
17 =) g > JMea?n
E . EJ °
where f and 1”7 are respectively, the force and torque'upon the rigid driver,

Let

A’ = f£° | : ' ’ "7.

v ZEQZE*.ZO Z“"Z wostn

A = -aT o2 n (for ideal aT)
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! ‘; “or the case where A is approximated by a finite number of cantilever modes augmented

" by the synthetic modes as discussed earlier

A = - -A-TO—Z H

=g

. where
- external force impressed upon J rigid driver (F AJ)

KT a;z-ﬁ - external torque impressed upon J TH rigid driver (TJ)
Difference Equation Formulation for Synthetic Modes

Given an equation of the form
q+aq+tbq=F (),
A difference equation formulation utilizing a staircase step representation of F(t)

can be readily obtained by the use of Z transform theory, The equivalent block

diagram corresponding to this approach is shown in'the following figure.

F(t)y Al A3 com

T s | |s®+as+b T

-ST 1

- ——

- Sample and Hold

C(NT) - Output of system to staircase step representation of F(t)
at t=NT | |
- Sampling interval

s - LaPlace transform variable |



}

In terms of the sampled data Z transform:

C(Z)
F(Z)

-1

——9

S(s +aS+b)

Z transformation

Let
a = af2
82 = b - o
1
. 7 N
S{(S+a)” + 8“]

1

S

S + o

(S+a)?
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‘Laplace Tiansform
1/8
-(s+a)/[(s*a) 2 + 8%

- =/[(s+a) + 8%

(@]

T

™

e

=~

[}

-

o1~
)

™~

Z Transform

Z2/2-1
) L}Z - 27T cos BT) -
(Z2 - 22e7°T cos BT + e°2qT)

_a _ (ze T sin BT)

B(Z2 - 2ze70T

cos BT + e

2aT

cos BT + e /

e °T cos BT - % e T sin 8T)

T cos BT + % ze oT sin BT)

L

+

(z-1) (2% - 22 °T cos BT + e”2%Ty

7 (1-e

(e-ZaT aT

- -

oT T

cos BT - o/Be %' sin BT)

-e" " cos BT + % e ®T sin BT)

Z

Z

al

- 2le cal

cos BT + e

- ZGT) '




'The equivalent difference equation is:

Yhere

C(NT) =.ai F (NT-T) f §éF (NTQsz

-ag C (NT-T) - a, C (NT-2T)

a, = (I-e'“T-géswéT - a/8 efaTvsinlBT)
a, = (e-Za?.ié-aT cos Bf ‘ a[Béj“T siﬁ
ag = -2e-9T cos 8T )

;4 - ejZaT |

X(NT) - present sampled,value of X

X(NT-T) - previous sampled value of X

- 4-47
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4.1.4.3 PR.ESIMULATION COMPUTATIONS

. The form of the appendage equatlon given in the Apreoeclling‘ éection ié:
n+2an ol -Al;'\. - Agf - AyC - Ag - AU
In their most general form these equaﬁons -reciu;lre the multiplication
‘of 3nx3n matrices where n is the number of mass pomts used to defme ‘the appendage.
The form of the mass matrix employed allows conSLderable sunphﬁcatlon of the com-
putation and permits the calculation of a set of coefflcxents of much reduced order
.pr.ior to the actual simulation,

Computation of A s A 4 A 6.

From the precedmg equation we can defme the A, 1 and A 3 matmces in terms of
rigid body rotation parameters and A gr @ ‘constant matrix:

>
—
©
=
[}
Mo

-
n
[
[
]
[
[N
C
©
8

i=1 J=1 iJim
where
n .
= m £

A2 sem DI AIEIAEN

v k=1
£, m - cah,tilever mode numbers '_ (0 < 2,m < N)
k - mass point n_umber (0 < k<n)
i, J - :_1dent1fy the three components of the

n mode shape dlsplacements (0 <i,J < 3)
A kTH mass element (0-<-~k' i n)
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A4>is an Nx3 matrix which:multiplieS'the“le o matrix which
'is a summation of rigid acceleration terms '

L4

n S
= e o
A, ~ Z ki ™
- k=1 .
L - cantilevér_mode number (0 < 2 < N)
i - component identifier (0 < i < 3)

‘The AS matfix,can'be reduced to the product of a
constant matrix and a matrix of rigid angular accelera-
tions: ‘

3 3
ZE: 2 4y A

6...
J=1 i=1 ) ‘J12
where
_ n' : ‘
A = :E: m ¢z r
6,., ‘ k ki “ki
Jig k=1
where S - . N )

dJi are rigid acceleration terms

ry; are the coord1nates of the undeflected mass
po1nts relative to the attachment point,
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Corhbutaﬁoh of the A Matrix

The-A matrix is an (I\I-i-6x6) matrix which is composed enﬂreiy of constant
parameters. It is formed by calculating the unaugmented A matrix A7 (Nx6) shown
. below and augmentmg this ‘matrix to obtain the desired A A product,

a* = -¢™M [z fTp, 1 1T
EA_Eo ~ E OE
where each bi isa 3 x 3 matrix formed by b (r +1 )

The matrix multlphcatxon may be performed yleldmg the general formula

for A”, an (Nx6) matrix shown below:

. . 1
a) Alm'zmi%m

.2 - {1 1
b)) ATy, T Z my ~(¢ik. b‘ij 4)13 blk)

for £ and m such that 1<2<N and 4<m<6
where the J's and k's are related to m by:

v &g
SRV N
N X
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Six rows will be added to the A “matrix to form the A matrix. These rows will
be added in such a manner so that the new A matrix will; represent the real '
world. This is accomplished by performing the multiplication A'A. This multiplication

Should equal.

A 0 00 M Ry
| 0 M,y 0 . -PysM, - 0  PpM,
aTa=| 0 o.M, PiMy  -PaMa 0

(ideal)| O PasMy  PyMy Tann Ta12 Tas
PasMa 0 PaMa Lan Tz Tass
PaMa Parta O LI Tazz o Iass

where

a. MA is the total mass of the flexible.appendage
A. . . is the(coordinétes.of the appendagé mass
1,2,3 centroid, with respect to the attachment

~ point. ' |

b. P

n . .
Pai = :E:‘(rki * 1) med /My
B T o
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c. IA is the moment of inertia with respect to the

attachment point.

Since evety element of the ATA.productehas the form:

T _ A e A A . ’ .
(878)55 = By3 B85 * B3 By ~mom-- By * By;

We can add a row of-augmenting A's to obtain a perfect row
in the ATA matrix; e.g., add ‘ ‘

AN+1,1 AN+1,1 to idealize 1, 1 ¢1em§ptf

AN*itl ‘AN+1,Z to idealjze[l, 2 element

.and so forth, | ot

We canfperform the same function for the second row and

by making its first entry zero, avoid changing the pre-

viouslf obtained result. This process continues until

six rows of augmenting A's have been developed (The :

last rdw is a single element )
e

B

. {-
i




The six augmenting ‘A rows are def1ned by the
follow1ng set of equatlons

T N e
bene1)1 MAw-Zi; bi1 841
| i=1
A N _ |
fovenyy T 103 5 15 841 )/ Buenyr G = 2,38
1=1 _ _
. N}
benenys = | PasMa ‘:E:“A151A11 / AN+1)1
| BT R |
Aove1ye = {PaMa :E: bi6 831}/ A(N+1)1
» § o=1,2,...k-1
k = 2,3,4,5,6
. N+1 1/2
Baveyz S Ma- :E: 852 242
» i=1
N+1 o
‘ae2)i T ZIAiJ' biz flhanezya T T8
1= :
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A(N+2j4

B N+2)6

B (N+3)3

A(N;3)4
BeNe3ys
AeN+3)6

O

A(N+ays

It

}E: Big B2 /B(ne2y2
i=1

PaiMa - :E:; Big Biz /B(Ne2)2

N+2 2

Pa2Ma -

PaoMa -

PazMa

N+2
:E: B4 B33 /B(Ne3)3
in1 °

N+2 |
:E: Bis B33 /B(N+3)3
i=1

N+2

- j{: 856 833 /B (N+3)3
i=1 .

N+3 . J1/2

IA11":z: Bi4 844

Tpo1 -

i=1
N+3

:E: Bis 814 /B (Nsa)a

i=1
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N+3 | |
beneays = lazi '_:E: 8i5 814 /B(N+a)a

Beneays = laziC Z Bi6 Bia /A(N+4)§
: N+4 R 1/2

Benesys T |Tazz -.}E: Bis Bys

Benesye = lazsz C :E: Big Bis /B(nes)s

N+S 1/2

A33 ~ :Z:'Ai6 Bie

]
L]

8 (N+6)6

As we have shown the equations, the inertial
quantities not absorbed by the modal representation
are accounted fof by the synthetic modes representation.
For the specific case which we are considering, the
allocation of some of the mass and inertia to the rigid
"body driver is advisable. This requires that biased
values of mass, moment of inertia and centroid location
be used in lieu of the values now used. |
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4.1.5 GUIDANCE AND CONTROL

The STRISS simulation has two principal guidance and control functlons

e The space station is to be oriented Wlth the roll axis normal to the
orbit plane and yaw axis along the negatwe of the radius vector from

the geocenter to the spacecraft.

° - The two solar arrays are driven normal to the space station to sun

~ line within the limits of permissible arrey motion,
4.1.5.1 SPACE STATION GUIDANCE
| .

Since the commanded attitude is fixed relative to the R, T, N frame,
computaticn of the space station'comma.nds consist of updating the (CS) matrix as a’
function of orbit position and then multtplymg by the constant (C ) matrix to obtain

the current value of R0 and P

c ‘e
[c.1 = [Cy.} [C T
'Tio - = row 1 of [C_] (Commanded roll axis)
e . ‘ :
Fi = tow 2 of [C_] (Commanded pitch axis)
c S

where the vectors given'above» are-expressed in inertial coordinates, For the nominal
case where the roll axis is normal to the orbit plane and yaw is along the -R direction,

the required Euler angle commands are:

. = _9 oa
ac
B =Y =
pc Cc 0

4.1.5.2 SOLAR ARRAY GUIDANCE

Orientation commands for the solar array drivers are obtained by

using the cross product of the array Y A axis and the earth-to-sun unit vector as an

X 4-56



error slgnal. When the Y A axis, which is nprmal to the plane of the solar arr.ay,.
is pointing toward the sun the error is null, Other orientations result in an error
signal of proper sign being generated, The components of the error signal along

the pe'rmitted axes of notation are then input to the array driver control equations,

Earth-to-Sun Unit Vector

S = cr
EC1
ST CA
SI SaA
! r - rotation of sun in'ecliptic plane
b - deflection of ecliptic
s = 17 s
ss ECI
Cross Product Law
El = Q' p 4 § ]
Al ss
E2 = Y,, x 8
Rt ss
dpp1 = - E1(1)
¢apz = "E2(1)
YaEr T ly1 ¢ Ep
Vag2 = 1y - B
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where

. -]
1y = 0

fS¢A2

Conz

¢AEi and wAEi'are the solar array error components along
the axes of allowable rotation for the iTH driver,

-
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4.1,5.3 SPACE STATION CONTROL

The space station attitude.controls-are-»a.ffected by one of two methods:

. Control Moment Gyro. (CMG)
° Reaction Control System B

The program permits the selection of one'or the other by setting a
logical flag. | A -

4.1.5,3.1 Control Moment Gyro (CMG) Dynamics

The CMG rf_xodelléd in the simulation is the Three Parallel
Mount (3 PM) configuration shown ‘lvr-x Figure4-8., This CMG and the mathematical
description utilized'were developed by the General Electric Company Defense |
Electronics Division (References 4 3 through 4, 5) and utilizes threé individual two
degree of freedom CMG's mounted w1th thetr outer gimbal axes parallel The CMG
is mounted in the spacecraft with the pax;allel outer gimbal axes aligned w_tth the -

space station axis of minimum moment of inertia which is, in the present case, the
roll axis, h |

-

CMG COORDINATE FRAMES

The CMG will be mounted in the space statlon WLth the followmg orientation -
of the Outer Gimbal basis relative to the space station axes,

- . -

X6 ] 10 X,

Y, = o o 1 '

Z -~ EE I U T O A 3
Slouter b s
~Gimba1 0 -~ - 4 b

This orientation assumes that'minimum momentum requirement is along the XS (roll)

Scecraft axis where

XS_\ - froll 0 “ro ! ‘(_¢
Y, p1tch wpl 8
zs_ yaw- wya v




The ITH

CMG Inner Gimbal'axl_s is defined by the f_ollowlng-'transfor_matlon
7 r 7] ™
X . COCS Oi - sin Oi‘ 0 X
Y = -sin Oi cos ei 0 ‘ Yl
o 0 0 1| I
Inner ! ' B , Outer
“Gimbal - : — Gimbel
8y T * 4 “where §, = 0
[ §, = 120°
24, 24 2
S 2 8§, = 240
WM | 3
Outer L :
Gimbal Y and the §'s are fixed
i
. "’Y’gi . C e
= — Y, a, is the outer gimbal
_ ’/' ' angle ’
\\/
Xo ei /.
’
4
X5

In the pa.rallel mount configur'ation_ émployed there 'aré three individual CMG mds.
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Gyro Array . -

rol Moment



The ITH

CMG wheel momen:um vector, h, in the inner
gimbal space is '

h, =0 h - magnitude of each..
1 CMG momentum
h = h cos y. _
Y cos ¥y |
. .- i imbal angle
h = h sin vy. y;- inner gim
z _ 1 TH CMG

i o of 1

T. . .
i (spin axis)

—i Yi

The CMG momentum wheel vector is; in OutervGimbal'space:

hxo _ - - h cos Y sin Ch
h = .

yo - hcos vy, cos 6,
hzov | h sin Y
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TheITH

A

X

\r

z

Inner

*Ginbal

ccs 0.
l.

0

Outer
Gimbal

-sin 9.
1

. 8

CMG Inner Gimbal axis I8 defined by the following transformation

- ~
Sin—Oi'- 0 X
cos 8, 0 Y
0 1)z

N ¢ Outer

{ Gimbel

where 61 = 0

2 = 120
. = o
63 240

and the §'s afe fixed

AYO- a; is the outer gimbal

angle

In the parallel mount configuration employed there are three indl\'ridual. CMG gyros.
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where

where

—

Gimbal

CMG TORQUE EQUATIONS

. o 1 | _

Tg = Ré = H + Wé x H = (Torque Equation)

‘Tg - external torque exerted on CMG

0 o : .

ﬁg - change in magnitude of momentum vector in

CMG coordinates '

'ﬁg .. rotation rate of CMG in inertial spéce'

H - CMG momentum vector * 4

H h w

is the CMG moment of inertia matrix
(inertia tensor)

° implies the derivative with fespect
to inertial ‘coordinates

0 implies ;he_defivative with respect
to CMG coordinates
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Initial Conditions

L Initially the CMG's have, for the nominal case,
zero inner and outer gimbal angles. Thus . we have

- -]
91 - O .
= 120°
. — ¥
63, = 240

and the net momentum of the system is identically zero.

-, U
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The torque on the space station is equal to 'TC
(= e _ -
Tout = “\lcimbal " %g * g x h

Performing all computations in the Inner Gimbal space we

.. |have
Tout . = “Iog Yyt Wy h cos y - wyi h sin y
xi ] '
T = w._. hsiny )
out, xi
Tout . = -1 ; - w_. h cos
zi Go ¢ xi 1 SOS Y
where
w, is the total inertial rate of the iTB CMG gyro

with respect to inertial space

Wxi TOY* Qi
wyi = Qyi
w = &A4 9]

zi zi

4-65



| ﬁhere N is defined as:

- r~ . ] [~ o _ 7]
_nxi . COS ei sin ei | 0 |- 0 1 0 wro,
nyi = -sin 84 cos 6, 0| 0 0 1 wpi
nzi 0 0 N | 1 0 04 wya

— - p e —
nxi-
ﬁi | is the rotatlon rate of veh1c1e transformed
A to inner gimbal space
Q.. _

21

and
®, Y; &, Y are the scalar derivatives of outer and'
inner gimbal angles and gimbal rates,

respe;tlvely -
Therecfore,
X5 = IGi Yy + (o + wro) hvcos Y "Qyi h sin y
“wut | y; < (y + Q ) h sin y
TH .
CMG)

2i = Igo @ - (Y *Ay) b cos v
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let

where

Go

Iei = Joi
I = J + Jao cos2 y +J sin® vy
Go Go Gi(z)~"" Gi(Y)

ap = ot Wi

Yy = v Qxi
] X4 IGi Y + ?I h cos y- Qyi h sin y

T o . .

out . :
y. = Yy h sin y
| z; IGo a - YI h cos y.

I.; - inertia tensor of inner gimbal expressed in
the inner gimbal coordinate frame

Jgi - inertia matrix of inner gimbal in inner.
gimbal coordinate -

IGo - inertia tensor of outer gimbal plﬁs inner
gimbal (suitably transformed) expressed in
inner gimbal coordinates |

J - inertia matrix of outer gimbal in inner

- gimbal coordinates
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- CMG MOTOR TORQUE CONTROL LAW

= - . - i
TMl Ypl Yi K * Yai ¥
M1
. . Yy H cos y
Tva = %35 "% * " Kz
M2

are the equations for the motor torque for inner and _outer_ gimbals respectively,

~ where the terms divided by KM1 and KM2 are used to decouple the torque motor

dynamics between gimbals in a g.'nien CMG. KM1 and KM2 are, respectively, the
inner and outer torque motor gains. If the motor torqué exceeds the stiotion torque

plus the reaction torque proddced by the CMG mdﬁon, the gimbal acceierates

TgiMBaL = TMli - Treact1 -~ Truni.
if
(TMli - TReact1 - TsTicky) > O
otherwise
T o =0
GIMBAL =

(INNER)
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Similarly for -

TeiMBAL
(OUTER)

where

TREACTI T

L s
OUTxi Gi

in 6ther_words,.TREACT is the torque exerted by'the gyro
about the inner gimbal axis when the gimbal is not ac-

celerated. .
Treacrz = Tour,; ~ Teo @

TSTICK is the stiction torque
TRUN is the running torque

4

o

E

ol

©

-

™ - TReact
Y = Tgimba1 ./ Joi ® = Tgimba1,/Jeo
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1f TGIMBAL =0, it is necessary to set the gimbal rateé'

about the affected axes to the component of body rate
on the axis, e.g. '

ToimBaL =0 Y1 =8 » v =0
_ (INNER) |

TgimpaL =
(OUTER)

o
[
P
[}
O
N
[ o
Q
i
o
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COMPUTATION OF CMG GIMBAL COMMAND RATES

The terms Ypi and o 4 represent the commanded gimbal
rates and are obtaingd from the following computation:

T = [ (T - T

xc xe xv) dt
Tyc = f (Tye - Tyv) dt
_'Tzc =S (T, - Tyy) dt
where : ' .
'T( Ye is the disturbance torque applied fq the

CMG by the control law.

Teyw is the torque presently applied by the
~ gyro to the vehicle ‘ -

Ypi = -Tzc/Sh cos Yy

= T cos ei + T

pi B {4 yc S0 0; + T

AHi

The last term in the second equation represents the torque
term to eliminate '"hang-up" or antiparallelism,
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Anpther term
Ya1 = [(Yl + Yz' + YS)/3 - Yi]. » K

is added to the inner gimbal commanded angle to assure
an equal distribution of orientation and reduce the
ossibility of gimbal limits being encountered

T, 0 1 0 (K

xe D % ~ FR Yro)
Tye =|0 0 1 (Kp 8 - Kp wy;)
T, (1 0 o (KD v, - Kp wya)

Where~¢e, ee, and welare the space station attitude
errors.
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ATTITUDE ERROR EQUATIONS

ET = R

0 x R

0C

<
1]

™
[ ]
(e ]
QO
Ly
LS 4
-]
o
L1

&
n
.
b
, H-.q
(@]

where

ﬁb, Fi - unit vectors of roll and pitch axes
‘in inertial coordinates |

ROC’ FiC - unit vectors of roll and pitch'axes\in
in inertial coordinates

El’ EZ - . error vectors in inertial coordinates

El], EZ] - 3x1 matrix representation of El and
E2

and [COT] is used to transform the attitude errbrsiih%b the
space station frame.
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.
b aid

CMG CONTROL TORQUE

The computation of the CMG cohtrol torqué involves
the transformation of the output torque of each CMG to the

space station basis followed by the summation of the
three torque terms:

Toi - cos ei - smei 0 To
= | sing. + cos 6. 0 '
(™ cMe) . 1 ) 1 ™ cMe)
Ss 1 Inner
Gimbal
To | ‘ - . '
= To + To + To
1l 2 >3
(TOTAL) s Ss Jes s
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4,1,5.3,2 Reactlon-Contxgdl gyswm '

. A perfect proportional control system is modelled as an
alternative to the Control Moment Gyro. The utilization of this alternative control

system will permit more economical computation of the interaction dynam-lcs, '

- — ™

. =~ . * =
i _10(33) ‘L(Ke ws + K6 wya)_
Ke, K6 are}:'control_ gains chosen to satisfy '

frequency and damping characteristics.

¢.» 6., and y_ are computed in identical fashion to that.
presented in the previous section.

. 4,1.5.4 SOLAR ARRAY CONTROL EQUATIONS

The solar array drive controller mechanism ébns:lsts of two first order
filters which smooth the attitude error and driver rate slgriéls. The two signals are
weighted by appiopr.iate gains, added togethex; and then the sum is ’ﬁltered by a third
first order lag filter. The control system equations are é.daptlve with reSpecf to

driver inertia and roll axis gear ratio.
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where -

4-176

Tig

Filter Input Signals

Y1 = P Yt Ym

Y1z ® P12 Y1z T %12 Y12

"a1 % Pa1Va * % Va1

a2 % b2z Y22 * 822 Yoz

®aE1 = P11 %aE1 T %11 ARl

Yap1 = P12 YaE1 * %12 VARl |

*ag2 = P21 ®aBz * 221 %aE2

Yagz = P22 YaEz * 222 Vamz

Wiy JTH component of iTH driver rotation rate
: X TH .

¢AEi - roll axis ¢rror of i driver

~ : .TH ;..

Yapi - vane axis error of i"" driver

i - implies '"smoothed" or filtered value of X

X_l - implies immediatély previous value of X

a;y - difference equat1on'coeffici¢nt aiJ=exp(

bijg - 12y

1 - filter time constant




<)

where

Computation of Hinge Torque

4-71

Teir = X8a - Iiroy * ®ak1 * X0 - Ti(roy - Y12
Teyz = KOp » Tyezzy « Yae1 * K9, - Tis3y) - V12
Tear = ¥0a - Izroy - ®aEz * KOa - T2qro) - Y21
Teaz = KOp « Tp(zzy » Vagz * KO - @33y * V22
Filtered Hinge Torqué
~ - _,/
Tein = Pas Tenn * 213 Tenn |
Tz = P13 Terz * 213 Teaz g
Tear = P13 Tear * 213 Tear
Teaz = a3 Tezz * %13 Teaz
K8, 4 KéA - displacement and rate gains
IJ(RO) - root sum square (?SS) of 11 and 22
- elements of the J H inertia matrix
divided by XG
I - vane axis moment 6f ihértia for JTHw
rigid driver ‘
o Integration Step
313 T eXp ( T )
b3 -1 - ags



- 4.1.6 ORBIT GENERATOR

-~ The calculéjtion of thé spéce station orbit is re‘qulre._d. to pex;form the previqusly
| specified guidance functions, TLyddane's method is employed In this s-iniulati'on to :
6btain the desired orbital state vector. This method provides a closed foi'm of solu-
tion and is much more efficient and economical than n&xﬁerical .integfation techniques.
WOLF R & D has developed a standardized Lyddane's method subr‘out:ine which will
be utilized in the simulation. A completé' analytic treatment is presented in Referenbe
4, 2 and will not be repeated here. Lyddane's 'method is an extension of Brouwer's }
theory which -'pro'vides'closed form solution of orbits from mean orbital elements.

A brief exposition of the method is given below.

K) o - Brouwer/Lyddane Theory , _
Brouwer's theory utilizes the standard elliptic elements a, e, I, |, '
w, M. The end product is typified by ‘

wosc =w'+ (t_to) fl (a",e",I") + fz _(an’en, I, ",W",M")
t-t | \
o .
where
Vosc = *real world" or "osculating' value of the argument of
t-t . . .
o perigee at time t—to.
wt = "mean" value of the argument of perigee at time t;).

These "mean" values are related to the constants of
integration of the differential equations of motion,
- : They do not represent real world values, but are

required for the prediction of osculating,elements.

The difficulty with Brouwer's theory is that the function f2 involves terms with
e' and sin I" in the denominator, and for very small values of e" and/or I", these _

terms present a situation which violates the basic founidations of ""small perturbation'

theory.

4-178



' In order to overcome these difficulties, Lyddane used a different set of parameters, _

which were first suggested In Athe 1800's by Poincare'. -,'lfhese variables, _whlc_h do not
-produce divisions by e or sin I, are:v. | -

a
e (sin M)
e (cos M)
(sin f) (singq)
" (8In 1) (cosQ)
w+Q + M )
With these parameters, numericél values are computed for each of the above six

quéntltles from equations similar to those given by Brouwer. Then the individual

values for e and M are obtained from o
o {

2 . 2 ¢

92_ = (e sin M) + (e cos M)

_ _ e (sin M)
Tan M e (cos M)

Similar Procedures are performed for I and. , and finally, w ié cdmputed from

we=(W+tR+M) -0 - M
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4.1.7 EQUATIONS OF CONSTRAINED MOTION FOR A
| SYSTEM OF THREE RIGID "BODIES

Case A - Unconstrained Rotation

Body
1

Consider the three body system presented above in which

bodies one and two have unconstrained rotation about the
two hinge points and neither of the two bodies can have

translational motion with respect to .the central (zero)

body. - |
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Definitions:

Oy © - Newtonian referencetpoint
Oy - Zero bodyfreference point
Ry - Dlstance of body reference p01nt from °

Newtonian reference

T - D1stance of zero body cG from body
. reference point

h, - Dlstance between body reference p01nt

i
TH
i=1,2 and i hlnge p01nt(
ri - .distance betweenllT hinge point and ¢
i=1.2 i iTH body center of grav1ty
' . .

Fo, TO - fVector force and torque app11ed to
- body zero

1,'T1 -ffVector force. and torque applied to -
f-body one

2 Ti -~ . Vector force and torque app11ed to
--body two
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Coordinate Frames and Relationships-

{1} - _ Inertially fixed coofdinéte}basiéf
{x} - Coordinate bééis fixed to bddy zero
{xq} - Coordinate basis fixed to body one

{xz}. .Coordinate bésis fi#ed‘to body two

where {I} can be represented as the unity matrix and each
of the others as a triad of or-hogonal unit vectors in the -
form of a 3x3 matrix. . | '

- = ¢y x0T = mTeT
, T T ~ T. _
{x} = meixllu,_ {X}iw? {xl}h.le_,.,_
, ‘ . T. \T ~ T
X = Gy lxd s T e T )T

where

C; are the direction cosine matrices

i=0,1,2
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Vector Representation of Variables

Each of the variables defined as distances represent
the scalar magnitude of the related vector quantity.  Each
of the vectors defined below is given in a "convenient"
frame and choice of basis is,iof course, arbitrary.

| R, = {X}T,R0
T, =
Ry = X} h;
o= ()

where the bars designate a vector quahtity.

The following identity'is offered

i i i
where
0 -wiz Wy,
wi = | Wiz 0 Wi
Wi Wy O
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EQUATIONS OF MOTION

Acceleration of the SyStem Mass Center

2 N : :
- d o . : :
My =y (E +’C)' = F, + F, [Forces external to the
T a4t 0 _ I 1 ZA(SystemA :

“total syStem mass
mo = mass of body zero
m, = mass of body one

m, = mass of body two

my To * my (Ay+ry) + my (hy+ry)

My

C is the system mass center relative to 0B

| a? |, dZFO
T gl " T T2
I I
y JP— 2 - -
d¢ (h,+1,) m, d° (h,+r,) :
s m 1771 . 2 2712 - F. +F
1 dtz dtZ ﬂl 2
I _ 1 '
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Noting %ha%'?i is
in those of body two, we
(i1} 2 0):

Fi
=1
[or
%)
+ |4
]
i
-
| o i
[
-3
N
(@}

a "-—-"T"‘n fa)

P ({117 & Rg) &

&

Y] ({1} €5 Rg) =
and

= ({I} (:o

H:
"3

- by
N>

in body one e6o%
have

in the i

+
an
Q>
(o)
FEe
Baiig 1

[ 3% B
+*
(@x
o
rp M
| S 2
23
[TVe
(S
Nt

-5
t 2 M)

22

+
o
B
(== )
e
=5
E SR M
2

B
o
o

4
t
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d

—

dt

2

(1) € € 7p) = (1)

= {x)T
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C, w

~

+Cpwy Cywmy

-~
.

L .

-~ ~ -~

+ C, C

Wo W C1 ry + 2w

+ C, W

1

-~
*

*wy €1y + Gy

-~

b |

0o ¥o Yo €171 * Co Yo

0

-~

Ciwim

-~

11 "1

*tCWp Gy T * GGV Ty

€1 %1 71

~

11N

L3 1

T

1!




mp{X}7

! This gives us, in the body zero basis

-~

Ro + 2wy Ry + wg wy Ry + wy Ry

-~
-~

(w0 Wy * wo) ry

-~
~

(g Wo *+ wg) (hy f’Cl Ty)
+ 2w0 C1 w1 rl f C1 Wy Ty

~ -~

*Cwywr

. _ !
a—
p— -~

(wQ W, + wo) (hz + Cz_rz)
+ Zwo Cz‘w2 T,

+ G, ;z ;z T,

~

+ G &2"2‘
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TH

2. Hinge Force Applied To The i’ Body

(G =1,2)

Fﬁi* the'hinge,force;
is given in the body
zero, {X}, basis

m {I}T'Ei C. (R.+h,) + ¢ c. ) - (7T ¢, (Ry.+C. F.)
i 3 \Co (Ro*hy) * Co G4 7y ) = o (Fyi*Ci Fy
Rg * 2wy Ry .
_ | o+ (wo-w0+w0) (R0+hi+Ci ri)
T T | -
{x} Fui = {x} -mi . } | |
| *aWg Gy Wy Ty - Gy Fy
Gy (g Wy rw) Ty
L ' _
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TH

Torque Equation For The i ‘Body

d - .
dt

TH

L. - Angular momentum about CG of i" "~ Body

- T o1 T T
Lo Gt g oy e )
' 3x3 <

Hi - hinge torque =~ _ ' _ 5
d d | " )
- T . T T A
I , _.

{I}T (Cq Wy C;*Cy C; ;i)'[Ii] {xi}.{xi}T (wi+ciT wo)

+ {x;}i [1;] ( CI cg c; g ) {1}.{1} (c C; ws
*+ G "o)
+ T [Ii] {xi};{I}T Co w0 4 Co C; ;i Wy
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noting that {x} - {x}T'equals the identity matrix

T it ~\ T
= {x;} (Ci Wy C; * wi) [Ii],.(wi + Cy wo)

I

" We note that

(Cl w0)~ = Ci ;0 ClT
A B = - BA
PO
w;t et wg, =l,-§i ciT'wo' = ¢, ;b;C£ Qi
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» Two of the. terms cancel giving

| l((CiT» ¥o )n.*;i) (1] '("iTl‘éiT ‘5’0) ﬁgf Tyy

=
7 . T o A ; .l T a‘v T -
g3 |+ M) wy v Gl Wy (g}l =7y Gy Fyy
BERELTY _CiT ‘;o Ci wi Ei B+ Ty

" . - L =

where THi and FHi are given in the zer0 body basis and Ti'

. F; are in the iTH body basis,
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4.

.Torque Equation for Body Zero =

Taz -Fyy

External Moments on Body lero

g+ M) T “Twa
(-tg *'h2) “Fu2 Tz

(-rg * %o Fo *To

- 4-92



Reaction Torque .

x)T

LA [Io] wd

[10]>W0

(-ro + hZ) F

4-93

(ro + hl)~ FHI.

H2
(-ro_+ zo) F

T

0

-T

Hl

"'H2



© Matrix Equations

Since {x} -'{x}T”is equal to the identity'matrix
we can obtain a set of scalar matrix equations from: the.

" preceding by formally takiﬂg thislproduct_bn both sides

of the equation. For purposes Qf computer solution we

 shall also require a formulation of the form

[A] X] = B
KT = Ry way Wes vy
Y 0 71 2

and B is_a<function'of external forces-and'terms in
W wl,‘wz,.Ro and RO' Noting the identity

XY = -YX
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System Acceleration Equation -
L.H.S.

~mp Rg) emg (R0]~* No Tol * Np(ngl ¢ G 1) ¢ Ny () + €, r2])~)‘.“o

-~ » .

-my €)Wy - my Gy Ty Wy

-My Wg Wg Tg = My W, wo‘(h1 + C1 rl)

-m

N
p—
L3
o
- =
o
~
-
N
+
@]
N
-
N
.
]
N
£ ¢
(=]
O
N
£
(3]
a
~N
e

-m, (C2 Wo Wy rz)

NOTE: L.H.S. - implies ''lefthand side"

~ R.H.S. - implies "righfhand side"
. t
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~TH

I Body Torque Equation- .

L.H.S
m t: GV R, + [(1.]¢.T -m 7. ¢.T Ry + h, + C, 7.)
i "ivi 0 i i i i 0 i i'i
‘ L) -mg oy T)

R.H.S ’

-m;CT R+2;R'+’;';(R + h

i "1 0 00 0 "0 *70 i
T "\~ ., L T
) [(Cl w0) ¥ wi] (1;] _(wl * G wO)
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| Body Zero Torque Equation

‘ | - - L.H.S.

Terms in Ro

-~

'(ml‘('ro *hy) +mp (o *.hz)i)

Terms 1in W

~

-my (-t + hy)  (Ry + hy"+ €y 1y)

+ [I
)" (Ry * hz' + C )

. - r,)
m, ( Ty + h2 2 "2

. :_o. + .
Terms in LA LP)

~ -~

o | (m1 (-rg + hy) G ?1) Wy cmz (-ry + hy)
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R.H.S.

~

myp Crethy) | )
+ 2wo C1 w1

-~

-'mz (.-r0+h2) ) )
* 2wy Cpowy

- -~

o= ('1’0 + 2,0) FO - Wy

-T +T

Ty Ty *Ty

+m Lry+hy) G F

t e

~

2w, ‘0 Yo (Ry + hy + Cy rl)

~ ~

T +;C1~w1 Wy Ty

-~

.Zwb Ro * WOAWO‘ (RO *hyt C, 1)

~ -~

[I5] w

+ mz ('rO + hl) 'CZ FZI

e e 498+



Case B - Constrained Rotation

In the previous case the hinge torques were assumed
to be arbitrary functions which completely accounted for
the rotational interaction between the bodies 1 and 2 and
the central element. In general, one.or'more axes of
rotation may be constrained and the equations given

reviously must be modified to handle the rotational
onstraints.

® . Modification to the Driver Moment Equation
If we consider the constréined axes in terms. N

of un1t vectors, the mod1f1catlon procedure
is ea511y visualized:

Consider the unit vector dficonstréint shown
above. ' The remaining two degrees of rotation
must be about mutually orthcgonal axes lying
in the plane normal to ic; “An additional
constraint, if it exists, must lie within’ the
plane and for this case the single degree’of
rotational freedom is about the unit vector.
normal to both of the constralnt axes.
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in two ways:

The moment equation is altered by the elimi-
nation of constrained degree of freedom.
This can most easily be done by taking the
dot product of the unconstrained equations

“with unit vectors along the axes of alldwable

rotation. The reduction in dimension may be

utilized advantageously by then reformulating

the equations in terms of the new driver-
rotational acceleration components thereby .
eliminating a variable for each constraint.

‘Modification of the Zero Body Moment

Equation

The constraint application effects this equafion

‘

0y

1. The negative of the constraint torque whicﬁ

nulls the outer body rotation about the

axis of constraint must be applied to"body
zero. ' |

2. If the driver moment equations are written
in terms of the reduced set of variables.
the zero body moment -equation must be
modified appropr1ate1y
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. Computatlon of the constralnt torque is 51mp1y
the reaction torque of the outer body minus the external
outer body torque; this- dlfference pro;ected onto the
constrained axis. The 1mp1ementat10n of this computation
. can be done in e1ther of two ways.

1. The constraint torque can be solved for formally
| fl ~ and the terms in R, and &O added to the L.H.S.
! of the zero body moment equation while all other
terms are added to the R.H.S. of the equation.

2. The scalar equation of the outer body rotational
acceleration about the constrained axis can be
changeo to an equation in fefms of constraint
torque'(with'suitable'coupling to the zero body
moment equation). .

The former is recommended for constraints which are
always applied while the latter is useful if the application
of constraints iS‘optional. '
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4.2 FLEXIBLE SPACE STATION/FLEXIBLE APPENDAGE, ZERO "G"
CONDITION

The flexible body considerations used in the initial study phase
have been extended to include the space station as a .non-rigid structure
and in addition, the capability of simuiat;ng the flexible dynamics of
'f_our" non-controlled appendages has also been included. Extension of the
initial digital simulation to include the capability of modeling the space
station as a flexible structure necessitated a major revision of the
systems dynamic equations which had been previously derived. Basicaliy,
appendage and array base motion must now include translation and
rotation due to space station flexibility. Likewise, space station flexible
modes must be excited by external forces and torques, and appendage and
array interaction forces and torques. However, much of the philosophy and
‘equation development techniques established in Section 4.1 are still applicable.
Space station guidarce and orbital motion, solar array guidance, ability
to constrain solar array motions and so forth remain essentially unchanged

from those descriptions given in Section 4.1.
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The equation derivations logically fall into four sebparate categories:

1. Modal analysis of a freely franslating and rotating space station.

2. Modal analysis of an appendage ;‘igidly fixéd to a base which is
arbitrarily moving in space.

3. Modai analysis of appendage hinged to a base which is moving
arbitrarily in space. |

4. Total system equation which can be simultaneously solved for
Both rigid and flexible motions of a flexible space station with

a maximum of two hinged arrays and up to four rigidly attached

appendages.
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4.2.1 MODAL ANALYSIS OF A FREELY TRANSLATING AND ROTATING
SPACE STATION* '

The space station, taken as a rigid body, rotates with an angular
velocity w o with respect to inertial space. Its translation is }measured by ﬁo’

a vector from O__, the origin of an inertial coordinate frame, to point OB, a

N,
point fixed on the space station. This "rigid body' motion is conveniently described
by a coordinate frame Xs fixed in the space station with origin at point OB.
Determination of the flexible motion of the space station assumes

that the station may be described by a collection of A disc_:rete rigid bodies
interconnected by massless elastic constraints. This systein is idealized as
initially undamped. The flexible motion of each discrete rigid body is measured
relative to the X_ coordinate frame defined in the preceding paragraph. Thus,
for example, the ith rigid body's center of mass is located by the vector

KN AN S

P =4 * X
where

- center of mass of ith rigid body Pi

a) ®L

i - vector fixed in XS; it accommodates in its changes of

orientation the motion of P due to "rigid body' motion of the space station (Figure 4-9).

N .
X, - describes small deformations of system at Pi

Likewise, the ith rigid body's angular velocity - measured in its own principal
axeé frame - is -"’\b with respect to the Xs coordinate system. Thus flexible

motion of the ith bo&y may be represented by the variables X{ 0 X xi , Oi R
Gi ) Oi , and their respective derivatives. 1tz 3 1

2 3
*See Reference 4.6.
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4.2.1 1 Coordinate Frames and Relationships

(1]
(%)

i

inertially fixed coordinates
coordinate basis fixed to and moving with the space

station taken as a rigid body (origin at O_, angular

velocity @ o with respect to inertial spac?e)
coordinate basis with origin at the center of mass of
the ith elastically connected rigid body ;Jsed to define
space station flexible motion (angular velocity Qi

with respect to inertial space). This basis is initially

oriented along [XS]

The relationships between these frames are defined by the following

direction cosine matrices:

where

Q
I

Cp Fﬂ i=12,--,n
; | |
0, -0, i
3 2 R
1 o, = E -9
1
-8, 1
1

E is the identity matrix. The ~ operation is basically used in cross product

calculationé and is defined by

y = y

0 Y3 Yo
Y3 0 ¥
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As shown in Section 4. 1

o = S5 @
. . T _ T
C = C ; s C = o~ 7 C
B; Bl bi 2 mDi bi

4.2, 1,2 Equation Derivation

Using D'Alembert's principle, the total external force acting on the i
rigid body is

- - Y
Defining Ro’ qi, and X in the XS frame, and derivation in
Reference 4. 1, representative calculations are

d 2 4 [T T
a ®hr = @« P ° RJ =1 0
2 ..
@2 7 . ~
2@ = 1 {eo Bo®y + By + €, T, T

ORO.W R +R

ERREN
Therefore,‘ remembering that ?1'1 does not vary with respect to time in the Xs

frame, the translational equation of motion for the it rigid body becomes

T [~
{Fi} - M X {”

@ +q. X)+2 @ +
o Yo Byt %) o B

+ L + + LN ) LN ]
wo (Ro qi xi) -+ Ro + xi]

X))
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Thus Fi must be expressed in { Xs} frame.

Rotational motion of the rigid body in the [Bl] frame is expressed by

Euler's equation for principal axes

my -B e L

where Il 0 o
i 1 5 th
I = ]0 I, 0] = inertiamatrix fori  rigid body
0 o 1;

{91} - angular velocity of itl'l body with respect to inertial space. .

i\ .
{” } - {wbi> + .Cbi {wo} in the [Bi] frame. Therefore, sub-
stitution into equation (4. 2) gives

(i, - fd - 005, o (e Ml
+ Sy [Ii] {wbi} t By [Ii] Cpi {“’o} ¥ [CM[B]{“M}MJ)
* [Cbmo}] [11] o {”o}

For small flexible rotations of the ith rigid body Cb? = E + Oi as
shown above. Substituting this along with the simplification

] = 5o [ 8]

into .equation (4. 3) gives

1

4-107



~ i ~ i
+ oW . bif + W [I] }“’of (4.4)

Note that linearization of the above equation has been assumed since terms containing

products of small variab'l_es have been neglected. -

The force equation is written in the Xs coordinate basis. Transforming
Equation 4.4 to the Xs frame involves multiplication by CbT T E - 9,
. i .
This procedure results in Equation 4. 5.

VT

]

+
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Using the following identity

=

<

|]

1

<?
£

and defining o
b} = [ fu,)

Therefore
N

B = [[Ii]_{wo} ]

L4

[;i {:o}} [11] oo} =. - T‘x Bi {wol = ir :;o {Oi}

Substitution of these identities into Equation 4. § yields the rotational equation of

motion for the ith rigid body of the space station.

o - (D6 1% b - [ e

:1 {8it - [11] :f,o {oi} . -{”b{} +

_— [ﬁoﬁ%}]{ei} - e [1‘] 3, j o'} 'ﬁi

Combining Byuations 4.1and 4.6 for all n rigid bodies into one large matrix equation'

of column dimension 6 n yields

[m] {a} +'-’[K]{q} = '-[G]{t'z} - [B] iq} + [R] ?RB} (4.7)

+{F1} + {u}
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{ Fl} - discretely applied forces and torques on those elastically

connected rigid bodies which define the space station to which either

(a) fixed appendange is attached
(b) rotating array is hinged
A
() external force is applied (FR)
; ~
1t i i -
(d) external torque is applied (’]:R /KR FR)
The applied forces and torques include those resulting from appendage

base constraints.

i g|

6n x 6n

——— —— . 2 ot iy S S - = 0
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where

(]

81

‘ T
X110 X190 X130 9930 00 » Qoo gns]

=3

. | _'Ii- _(.)..
n ]
| o T
6n x 6n
i T
mi 0 0 Il 0 0
- i
0 mi 0 I = 0 IZ Oi
0 0 m 0 0 T
3x3 3x3
] 5
om. o | | ‘
—_—1l 0 - — - = —_——
[ ...-fl mo-ir+mo T_—' 0
-
, 21-112 130—]
0 .
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{re]

[0}
Wo
6x |
-Inl - nll (Rb+q1)
0 g1l
“m, s omy Ryt ay)
0 532
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4,2.1.3 Modal Analysis

Subjecting Equation 4. 7to the orthogonal transformation '

(o - [ b

and premultiplying by [‘Y]T yields, if [‘7] isa matrix whdsé columns are
eigenvectors of the system, [‘Y]T [m] [-y} = 1,

B 10 e
B [ e [T b

Note that modal damping has been added in the classical manner of structural

analysis.

For this simulation, space station "rigid body'" motion is considered to be

small. Thus, Equation 4.8 may be linearized to the following form

Foaed s s [T LT[ o

Derivationsin Section4.251als0 show that [-y]T [R]{RB} = 0. ThusEquation

P P
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The above equation in diamond brackets is the equation modeled in the
simulation. The diamond bracket will hence forth be utilized solely for

indicating equations to be programmed.
In summary, the above equation was derived assuming-:

(a) linearization of equations because of
1, small flexible motions of system
2. small space station angular velocity, and translation

with respect to osculating orbit position

(b) free-free modes of space station are available for generation
-of [v] modal matrix

(c) moments of inertia for each of the n discrete rigid bodies
are initially defined along axes parallel to the Xs coordinate
basis

(d) external forces and torques acting on the space station to

be expressed in the space station axes system
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i 4,2.2 RIGIDLY ATTACHED APPENDAGES

Appendages, as in previous derivations, are modeled as
i elastically connected masses. Cantilevered mode shapes are used to represent

thé fixed appendage flexibility. The bé.se of a fixed appendage must be rigidly
} attached to one of those rigid bodies which comprise the space station. Therefore
base motion of the . appendage includes translational and rotational motion of that
rigid body to which it is attached plus transiational and rotational motion of the entire

space station with respect to inertial space.

Jth discrete mass
of appendage

FIGURE 4-10 FIXED APPENDAGE COORDINATE SYSTEM
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4.2.2.1  Coordinate Frames and Relationships

E(; - previously defined S/S '"rigid body'" basis

1 ] -  previously defined inertial basis

FBJ - . previously defined basis fixed to ith rigm body of space
L station ' .

coordinate basis defined with origih ‘at attachment point

P

of appendage and axes directed alo_ng principal axes of

the appendage

[CF] - direction cosine matrix relating coordinate frames Ea 1]

and [XF]
Bl = [ [

4,2,2.2 -Equation Derivation

. t : :
The total force acting on the j h mass particle m J of the appendage is,

by D'Alembert's principle

| a2 S S S
FJ‘detz' Ry * @+ % +hg + 1y +uy .

where
Y

hI:‘ - location of attachment point of appendage with respect to the
center of mass of the ith rigid body of the space station to which the appendage is
»rigidly attached. | |

? g - undeformed location of jth particle m Jof éppendage.

N
uy - location of m 3 with respect to undeformed position.
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Representative calculations, assuming hF is defmed in the [B;l

basis and T 3 and g are defined in the [XF] basis, and. noting that CF = 0 are

o %bi “bi °F s Co Cpi CF“J]

d2 T : ’
— [“.] . I [Co W, wy Cpy Cp Uy Cp @, Cpi Cp Yy

* Co % Chi i Cr % * Co ¥ Cbi 5 * Co %6 Cbi ¥ni Ca Yy

+Co Chi Fhi “bi OF U1 * Co Cb @i Cp U5+ Co CpiOpi CF Yy

m : ‘. . O
+C0 oCbiCFuJ+ C Cb bi CFuJ+C Cb CF uJ]

_ T~ ~
= X [wo wocb CFuJ+woCb CFuJ+2 Cb :fb CFuJ

+2 Cb CFuJ+Cb mbi bi CF uJ+Cb :’biCFuJ"'zcb bi F J
+ Cb CF u J]
FS) ’ .
f'l:, hF’ rJ do not vary with time in their respective frames.
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T o o .
3FJ$ B mJXF [(wowo(Ro+qi+xi) + 2 w'o(Ro+ xi)

~ : ~ ~ ' + ~ ' ~ .
+.')o(Ro+qi+Xi)-*'Ro-'- xi) + (“’o wo.cbi 2“’ocbi"’bl

& TD ~ ' ~ '
Y Chit Chi i Tbi t Cpi i) Mp (T, TG Cr

~ ' ' ~ ' x o~ ) 1 ' ES
* T CpiCr Y 2950 9y Cp * Chi Ppi Tpi Ot G CF)”

Cytu) + 20, CiCp*+Ch ¥ CP Yy * G Op “J]

T T T _~ o~ ~
"mJX-F {CF Cbi} (wo wo(R0+qi+xi)+2wo(Ro+xi)

+ o(Ro+qi+xi)+Ro.+xi)+(wo "’ocbi+2wocbi bi “’oCbi

*Chi “bi “bi* Cpi b BF t (T T, Cpi Cp t 2, Cpy CF

¥ c T C T~ Sy 2 e
2 90Ch “biCF T Cbi “bi“pi CF T Cpi 9 Cp) T3+ Yy

bi bt P %y U

+ 2w C,. CF+C

o bi J

For small translatibnal and rotational motion of the rigid body to which

T ~i
bi E + 6

mn

the appendage is attached C
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. T T{ . e
" iFJ£=mJXF %CFf’g(zo IR b Fx)F2T (R, X

' (S S ) +
+»wo(Ro +q_i+xi)+Ro+xi)+gi (wkoO(_RO+q1) 2 ’JQRO

5 S s -
+wo(Ro+qi)+Ro) (“’o~°’o+gi

. o | i
-1 oA 1 ~ ~ b A
o 0 bi+/b1/a§+wbi)hF +_(”owo+3(mo Y

+
€
+
n
&
&

‘ : | o .
- ~ ~ ~ - o~ -— d ~ ) +
(T 8ot RO+ Wy + 26, by, + T ey * Spp Cp T3 YY)

.o - . i .o

~ i ~
[ - J . +
o+20;'w 2w00 +wbi)CFuJ ( uJ

The space station motion is agsumed to be small, thus, the above
equation reduces to '

_ T T , L ~ < .
{Fgp = mpXp | Cp (@ q+R +X;+ (T + &p) by (4. 10)

+( Wyt “'bi)‘CF rJ) + U

Combining the above equation for all n particles of the appendage into

one large matrix edtiation of column size 3 n yields -

(] {a} + (K] {a} ="- [@]{a} - (] {a}

(4.11)

] fREl ¢ () b+ dd
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where ‘ _ '

T
T ° [ 11° Y12 Y Y n2’ "n 3]
m
- 0 m, 0 0
[m] = . m = 0 m, 0
i i
0 _ 0 0 m ,
m 1
n-
3
3n x 3n x 3
o] - [ - o |
t.l
{RB} = © - used to define coupling of the rigid body modes
Wo of space station with cantilever modes of fixed
‘.
bxl - appendages.
R U ]
-m CF | m1 F ((q +h')+(CF rl))
- T — T
-m2 CF m2 F ((q +h')+(C rz)>

O R

- -l



.o i : ‘
i 8 g = . - - used to define coupling of the space station flexible
wbi modes bwith the cantilever modes of the fixed appendage.
6 x1
“my Cp My Cp by +(Cpry)
S |
2 = ’
‘ o
- T - T =~ ~
"™, Cr R T S R
: 3n x6
{L} = 0 (no external forces are applied to appendages)
4.2,2.3 Modal Analysis
q = [1] n
where [7] - modal matrix of dimension3n x Npg
n - normal modes of which there are NFi
N._.. - number of normal cantilever modes used to simulate fixed

Fi _
appendage #i.
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where {

Assuming [TT] [m] [1] = I, equation (2) becomes

()0 Rl

wi .
bi 6x N N x1
8 8

the relationship between the translational and rotational motion of the rigid body to

which the appendage is attached and the normal mode accelerations' of the space

station.

assumptions:

In summary, Equation 4,12 above is generated via the following

" (a)

(b)

(©)

@

(e

base motion of the fixed appendage must include translations
and rotations due to both rigid body motion of the space station

and flexible modes of the space station,

the fixed appendage is modeled by discrete masses; cantilever

modes are used to define its modal motion,

the above equations are derived in the coordinate frame of the
fixed appendage

moments of inertia of the fixed appendage are defined with
respect to principal axes with origin at base of appendage
linearization of equations has resulted because of

(1) small flexible motions of space station

(2) small flexible motions of fixed array

(3) small rigid body motion of space station
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.4.2.3 ROTATING ARRAYS

Rotating arrays are modeled exactly as fixed appendages, except
that the base of the rotating array may have rotational motion with respect to the

rigid body of the space station to which it is attached.

m. (Xth discrete mass of array)

th
i mass
of space station

FIGURE 4-11 FLEXIBLE APPENDAGE COORDINATE SYSTEM
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4,2,3.1 Coordinate Frames and Relationships

previously defined

(1]
[x,]
[3,] )

[XJ] - coordinate basis which rotates with angular velocity o

previously defined

previously defined

J
with respect to the rigid body of the space station to which

it is attached with origi.n:at the attachment point of the

rotating array.

The relationship between [x J] and [Bi] is defined by the direction

cosine relationship

(B, = [c;] [%x;]
Likewise, as shown in Reference 4.1

A[éJ] = [c;] &;

4,2.3.2 Equation Derivations

Agaih using D'Alembert's principle, the total force acting on the
{ th mass partiéle of the rotating array equals '

FK = mJL i [T{ +a.+;.+i'+? + ﬁ\
, a2 o i i g L ﬂ-} I
where
i::l -  location of attachment point of ‘appendage with _respect to
the center of mass of the ith rigid bbdy of the space station
to which the appendage is attached
-

) - undeformed location of mg of array

u, - time dependent location of m 2 -with respect to undeformed
location |
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Representatlve calculations, assuming h' is defined in the [B ]

basis and rl and u g are defmed in the [X] bas1s are

Lo, - £ o, o
a (9); = & ! CocbiCJ u

T ~ ’ ~ -
L [C o CpiCa% tCoCh “piCruy tCoChiCy @y M

O o biJ

+ C Cb CJ uL]
2 o .
dt

.
~

+ 20, Cpy CJ“J“L+ 23, Cpy Cqlig *+ Cput 0, Cruy

+2Cp 0y, CJ“L +op iy Co L+2Cb°‘b C;W5 ug

+Cyy C A6 Uzcbi PRAN L+C CJ‘*’J“‘L+ Cpi CJ“{]
’ Fpl= m X~ (CT )({ o B *q, +x)+2w (R +;<)
. L L7a J b Lo

+O, B+ +x)+R_+x, }+{w &, Cpy v o Cpit 26 O'Cbi:)bi
0 | |

~ SO ~ 2
+Cb/:i}*ﬁgbi“Cmc‘)vmi}hJ iwo Wo Cpi C5* Wy Cpi G

* 200, Coy Wy Cg* 2 W Oy G5 @y +0Mbl € *Chi%m &

@]
@]

Bl'

Y20 W CyW g+ Oy Gy Wy +GCrly | (ry +uy)

o L] . L
+{ 2(T>ocbicJ +2%0J} up) +2Wp w4 uL]
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bi

[

Again, ignoring products of small variables and recalling that
~i
-0

{Fﬂ/}= m, x}[ (C}‘)(E+A94) ({250 ,’:50 (Ro+qi+xi)_

L
-

~ L] ~ L] L ) —~
w + W +1Ww ¢
+t20W R X)) o(Ro+qi+xi)+Ro+xi}' ! 0 9o

5~ ~ ~ X
-0e +2 w0 W o h|

i o~
o o o bi

~ ~t s
-W W o + W
(o] (o]

~ o~ ~ A ' ~ ~ i 4
HW W Crlry +uy) = 0 0 Crry +W Crry +uy)-w 8 Cy
~ ~ . ~_ - ~Ni AA"
+2w CJ L +2u. CJ wJ(rL+ u,) . 2(_.)09 CJuJJ rL

+
[\
1
c
?*.
+
e
.i_,

T T - " ~ - . A.’
my %5 [(CJ) qwo wo Byt q; +x) + 20, Ry + X))+ w_o (R, +9q; +x;)

~l
) +( - + !
0 %o 0 e, w 0 20 wb +w }h

e

+R +x}+{w -5

(o] 0
~r "'1

+50500J(r/z,+-“1)‘5o“’ ol c = +L., C (rL+uL)-~ c; 1ty

+2wow . C Ty +2woc wJ(rL+uL)'2“""o° C erL+wbiCJ 1:(),

bi “J _ J J
+ 3 )] o+ - ) + é +
2wb CJ g T Oy eyt uy) %rb Cyely@g*ug)
L o f‘Jr +2u)oCJuj'+A61£3uJ ®, +q +x)+29u) (R +x)
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Small space station motion may be assumed and therefore

T T ’:J o0 oo ~
= X » ~ ' '
{‘Fi} ™22 [‘CJ)(woqi+Ro+xi+”oh +“)b b5
+ C ) o | @ . C.5
0C3Tg * 20, Cpliyry 40 Coxy 4205, 0T T, @13

'+CJwaJ(rL+ ul') +C “JJ(L L)+2w 1— +uL]

. _ ' o T
Letting q = [uu, u12, Ujgs ¢ e+ 5 ,u . ,u }
'nl n2 n3

(] 5 []a - [o])a- ] . v+ Bl

+,{{L} . [2] {%s }

where
— ~ AN
[G] = Diag (2m wJ,Zmsz, . '_-:’ 2mn wJ)
dnx 3n
B] =  Diag (m, (J +w Sy YUY Do S Sn
30 X 3n 1 J dJ , h J Jd d
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—
w
o
—
]

e w —— —

— e v

— o~
m1 CJ [h' + CJ
— T Pt
mn CJ [h' +CJ
— T Bl
]
m1 CJ [qi+hJ+ C1
_—_ _; I
t
m,, CJ. [qi+hJ+C

st = [e5]

3x1

NOTE

3x2

T |[kKG 0

{‘*)AJ}

2x1

: Motion of rotating arrays is exactly
as defined in Section 4.1 with only
two rotation degrees of freedom allowed.
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— - 3 ~ 3 (:\J/ « e @ T
{L} [m].Dmg (CJ @ woCJu)J+CJ 3 J), yr
3n x1

_ T
r = T T r iy

1’ 9 . ’ ?
[1 2’ 713 hl [2 n3]
3n x1 '

4,2.3.3 Modal Analysis

a = ¢,

<;>T[m]q>= I

[Rj{RB}-_ & [] [!,R] {”S} | . \
TRy Frws] e [o2] o) | \
N R TR - RPR Ry P

In summary, the above equation was derived assuming

(a) base motwn of the rotatmg array includes translations and rotations

due to both space station rigid body motion and space station flexible

motion

(b) the rotating array is modeled by discrete masses; cantilever modes
are used to define its modal motion |

(c) rotational motions of the array may be constrained as previously
derived in Section 4.1. ' |

(d) the above equations are derived in the coordinate frame of the
'rotat'ing array |

(e)  small motion of the rotating arrays is not assumed to further

linearize the above equation
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4,2.4 TOTAL SYSTEM EQUATION

The above derived equations, along with fhe rigid body equations of

Reference 4.1 can be combined into one large matrix ordinary differential equation of

the form
M x + [c] x + [K] x = P (4.16)

where — -

R .

D

x = LN )
DR
. F_]

The column dimensional size of Equation 4, 16'.i‘s equalto NTT = 10 + Ns + NR + NF S. 70.

Z
1

total number of simulated flexible space station modes

8

NR - total number of flexible ca.ntilever'modes associated with 0, 1,
or 2 rotating arrays ( = NRl + NRZ)

NF - total number of flexible cantilever modes associated with 0,
1, 2, 3, or 4 fixed appendages ( = NFl + NF2 + NF3 + NF4)
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Before preceding with the make up of the [M], [C]. [K], [X], &
[P] matrices it should again be made very clear that rotational motion of the
two rotating arrays is exactly as defined in Section 4.1. Only two rotational
degrees of freedom are allowed. . Likewise, either axis of both drivers Amay
be locked. No attempt -has been made here to réqount these equation deriv =

ations, or those involving array driver gear .trains, etc.

The only departure from the equations derived in Sections 4.2, 4.3
and 4.4 has been to assunhé that the distances from the attachment points
of rotating arrays (H'J) and fixed appendages (E'F) to the center of mass is
negligible. This assumption has been made since ‘the space station will be
modeled as a collection of particle masses, with moments of inertia . possible
for each. This places the base of each array and appendage at a mass grid pt.
of the space station. T_herefore:

a h
q =
FJ 1:‘J
q B
q =
RJ J
Submatrices of { X }
. -
R
o
{R } = “o - rigid modes of space and two
‘ . rotating arrays,
10 X 1 , wAl - . o
A2 -
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n.,Rl NRl x1
L—n Rz N NRZ x1
0 o NFZ x1
N pg NF3 x1
. N, x1
= [n s] Ns X 1
My, | Mpp | Myz | My
M2v1 22 M23 M24
Mgy | Mgy | ! 0
L M41 M42 0 I




—_
.0 0 0 0
0 .
0 2§'S'ws 0 +
i .
i
0 0 2{r 0
L0 0 0 28 o owp
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‘10x 1
= P2 N x1
8
P3 NRxl
Py N x 1-
4-133

ol

0
0 0
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a1CiR1 0
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0 o I o 0 0 0 0 [ o
2
0 W, 0 0 0 o | 0 0
‘ N ! I
K=o 0 W o |7 |o o |®1B % O 0
. - - -
0 P2 B, &,
0 0 0 w? 0 0 0 L 0.
L Fl o |
As the above partitifming implies, Equation 4.16 is generated via four coupled
matrix equations: |
( i
[Mll] R + [Ml2]ns + [M13] n R + [M14J no o= p1 4.17)
21]“+ " n ‘1 n |
E\/I R+{M,,n_ + [M23] R* [M24] . (4.18)
‘ F 8 ""g] Ng sd Bs T2
[M31]R + [M32] o+ [ny + 0
'_ . 2
: _ .
+E’2 (R wR]nR +E‘)RJnR p3 .( 19)
[M41] R + [M42] noo+ 0 + 1] Do
F‘”F“’ﬂ ﬁF*F’F "r T Py (4.20)
¥
//
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Discussing each equation in detail:

Equation 4. 17 is the bésic rigid body system equation of
Section 4.1 with only slight modification

(1) Forces and Torques on the system induced by the flexible

appendage transient response are, in their own basis

S

T . .
= = . ¢ n
s },-;4 Mgs RI]  RJ
4 rotating
A T . appendages
= - T Cp n = 1’ 2
T; ZE: 'Rt MRs YRy RJ I=
) T .
/N
D = e n
FFJ g MFJ FJ FJ
’ : fixed
A T .e : appendages
) = a» ' T P n = 1, 2 ’ 3 ) 4
Tes ZE: Trs Mps Prs "E J

(2)  Addition of applied external torque '_I'R if desired

(3) Mass and moment of inertia of space station includes that do to any

fixed appendages.

(4) Inclusion of terms dependent upon modal acceleration

of space station at attachment pomts of appendages,
(see 4, 6. 3). :

Partitioning equation 4.17 into four equations:

A + o . ' | ¥
L Bo + AL W+ AgwA1+A3 A9 | (4-21)
2 4
A A
-z -
J CJ FJ_ ; CFJ FFJ
i F' % F! = F
J J J F 1
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o 10 A1l 13 “A2
2 2 4 P/
> A = ~, A _3 S %
g S3 Tyt 7 %3CF; 77 Crg ?FJ*' T Trs Crs ?FJ
2 4
-2 T. -ZT = T +F
RS A O R "2
o e . 1
Ag R+ Ay w Ay opy * A v, T,°F;
. ° 1
- - F
Ay R+ Agw 4 Ay ) +A v 5 4
S _
A1 As ’ A9 A13
A, Ag Ao Aa
10 x 10 Ag Aq Al A
Ay Ag. Ao Ale
| N |

previously defined rigid body

matrix A of Secﬁion 4.1,
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where

3xN

RJ
{- J]
3
X NRJ

i

#C, D
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Fy
[ ] TR + Fz
P, =
F3
10x1
| P4

as previously defined in Section 4.1

except for addition of external torque TR

Equation 4.18 is the flexible modal equation for the space station. These
flexible modes are excited by external forces and torques on the space -

station, including those which act at the attachment points of the

rotating and fixed arrays.

Equations for the various hinge forces and torques are shown in Section

[ 4

4, 2.5, 3.The above excluded linear terms in R .o’ L:)O, are regrouped

w o
A1’ TA2
on the left-hand side of Equation 4. 16 for proper coupling with the rigid body

modes (forming M2 1). Linear terms in 'ﬁs are regrouped on the left-hand

side of Equation 4. 16 for proper coupling with the space st‘ation modes (M22).

Likewise, linear terms in ng, and n F form M23 and M24, respectively,
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where

RJ
(NS X 3)

[G '] - the transposé of those rows of the modal sﬁace station
matrix which define the total flexural 3-dimensional
displacement of the rigid body of the space station to
which the jth rotating appendage is att;ached.

[GR:J/] -  the transpose of those rows of the modal space station

matrix which define the total flexural 3-dimensional
N_x 3)
8 rotation of the rigid body of the space station to which

the jth rotating appendage is attached.

and G at

Like definitions are also true for submatrices GF" F
; .

the attachment points of each fixed appendage.
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|

| i L i

| where
t
FH ;g - hinge force on the jth rotating array due to rigid body motion of
the array, exclud;ng linear terms in R o Yo YAl Yaor D
1 A N ’ .
T AC " constraint torque exerted on spacecraft by rigid driver along
J constrained axis, excluding linear terms, (contains hinge torque).
. th .. |
T - hinge torque on j driver produced by control system.

- hinge force on ith fixed appendage excluding linear terms.
. th . . . .
T - hinge torqueon i fixed appendage excluding linear terms.

GX - modal columns (eigenvectors) associated with modal displacements
at grid point to which "x'" array is attached or external force or
torque acts.

G - mddal columns associated with modal rotations at grid point to

which ""x" array is attached or external force or torque acts.
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Equation 4.19 is the rotating appendage modal equation in whidh

NR)(IO R2 F%]
T - | |
T T~ o T =
- ' ¥ '
) ® R1 [mm] [ e C1%m YT %G1 TR
| l N
T T T ~ ~ Tl -
- -z cTiz ¢ >
*Rre [mnz] [ E% 1% TR2 " T2 £ C21% 'TR2 "k
- I v [1/KG
T !l T T . T . T T *T¥
Pp1 €1 | "Pr1 %1 mi*Br1 1 1Bm C1 o
I o o
_ T T | T T ~ T T |
= | Pre Cz1 Dra Cp 9go * Rps Ca | 0
NRx3 NRx3 NRx2
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PR1 [mm] B GGt B G2 [
! .
- - . -
T T =
- -z 3 ¥
P2 [mnz] " E Co + Tra g [
T T T T T T
Pr1 €1 %r1 * Bp1 & Gma
Mgy XN
T T T T T T
Pro C2 Gpa * Rpy Cp Cgy
_ (Mg X Ng)_
NRxNS
| T
N. B. =
B [M3z] + [Mzs] ~
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Equation 4.20 is the modal equation for the fixed appendages

— . m—

W o
T F1 bRFd
T
- T
'F2‘;LRF2]
[Mu] - -
N
N_.x10 b
_ @
F F3 [3F3j
T -
- Prs [RFg
T .7 | T T ~ T T | ]
Pr1%1 |, ~ Pr1%r1 %1 T Rm Cm _L 0
i R S
T . T -~ T T =~ T T |
Dpa Cr2 | = DPp2Cps 952 * Rz Cpo 0
jf .j; r ‘;; -ir'f--_f'15~.T'——J o
By - o~
Prs Crs | Prs Crs s * Bps Ops | 0
T T T T ~ T T
PrsCrs 1 = DPraCpa9ps * Bpa Cpe | O
NF x 10 .
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4.2.5 AUXILIARY EQUATIONS

4,2.5,1 When freé-free modes rar-e utilized in the definition of spacecraft

flexibility it can be shown that "

& Ty
oo T
(] - |
_x6n Ty My Byt =0
-t - =
|
L m .6 -

5]

#l o

6n. x 3
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Since for the free-free case, the spacecraft structure is in dynamic equilibrium with

respect to all forces such that

.‘;i ? Y m = 0 | (Forc;e)

This equilibrium condition also applies to torques..

'611" X 3

Rearranging the remaining terms m, (Ro'-?qi) by letting

1 -—
R, = R +d
O -

where (-1. is the constant vector from point O_, to the center of gravity of the undeformed

B
system.
=11 = = ql
- ml (Ro q}) “ [~ 11 ™ ml 1 i
0 1 0
. T — _ 21z )+ 4T - 1]
My Bot b)) 272
0 0
I ) | R
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The first term is zero as shown previously. The second term is also zero since

represents the moment about the center of mass which equals zero in the free-free

case,
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4.2.5.2  Nastran Algorithm

- The integration of the system equation developed in Section4, 2, 4 wi1]
be accomplished by use of the Nastran algorithm. '

M C K ol
2" 2At T 3 zxn»,zi 3 PryotPpig *t Py
At
2M K 3 f M C K ? }
+ | — - - X + — —_— xn
"+ 1
N 1 W2 T3

]

T N |

* See Reference 4,7
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4.2.5.3 Interaction Forces and Terques

The interaction forces (orques) wh1ch exist at the attachment points of the
various arrays are calculated by summing the hmge force (torque) due to rigid body
motion of the system at the attachment pomt and the flexible appendage transient

response.
Hinge force for rotating array*:

F = m, [R +2w R +(,,, +"’o Z‘O}(Ro+hi+ciri)

Hinge torque for rotating array*: _
T ~ T
| THi =G [‘(Ci- we) Ty [Ii] (0;+ G o)
. T . T .
+'[Ii] (0 ¥ G @) * [11] €; 9 Cy “’i)]
~ T ' |
+Ci r Ci FHi +.’J;
Force induced by flexible appendage transient response
A T . e
F=-1) M, ~d>.) n,
i | i i
E
Torque induced by flexible appendage transient response.

==l M oe oy

3>

# Equations for hinge forces and torques for fixed appendages are identical
except that wi=0 (the negative of these hinge forces and torques acts on the
space station). Admittedly, for the rotating case, some products have been

neglected which couple w; with modal varlables and w , basically assuming

that w; will also be small,
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Hinge force for rotating array due to space station modal accelerations of
attachment point:

' T
[ - [ ~ Gi .
=|m '_m --l--
Fi [ it Gy [G'.'TJ s
1
' 3x6 6 x N
S

Hinge torque for rotating array due to space station modal accelerations of
attachment point:

f
1 ! GT
- —-— ~ I T — ~ 2 . 1 o e
Ty [mi(ciri) - GGy (G ][GTT] s
3x6 6 xN

The total interaction force at the attachment point of an array is

Likewise, the total interaction forque acting on the space station due to
the attachment of a flexible array is
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. 4.3 FLEXIBLE SPINNING SPACE STATION

4,3.1 MODAL EQUATIONS

R R I C R R R
+{F} + {L}

where [R] and {L} are rigid body terms, If we choose u = Ro +aq, + x, we can form

the following set of equations of motion

2 [m]{ut + [eliu} + [x] {u} = {F}
where [m]is mass matrix of the space station,

[G] is skew symmetric matrix of coriolis acceleration terms

and (K] = [K,] + (K] + (8]

[K.] = elastic stiffness matrix
[Kc] = symmetric matrix of centrifugal accéleration terms
[B] = geometric stiffness matrix

The second-order matrix equation (2) can be reduced to a first order state

equation (3) by introducing the following matrices

V] e o]

3y [plwt + (€] {u} = {F}

where . . - [m o3 1
"o ) w- (8]

w ot {g]
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~The reduced equation of mbtion (3) can be ﬁncoupled by the transforma-
tion . ‘ ‘ ' 4 .‘ '
(4 {U} ® [G] {Y} where [@] = }a]_[d_’m_’]
’ _ [d,ln)'j ,
and the transformation matrix [¢] consists of coniplex eigenvectors and their
conjugates pairs. "

[;n] [ 2}___{¢N}5{ *}{4,2*}___{(,,1\:*}]‘, [)‘n] ;DIAG(_,jwl, - jw)

é } = complex conjugate of {¢},
Y vy, -y, vy ey F )T
[ 172 NIl 172 N

where wj are eigenvalues and ¢1 are eignevectors.
In terms of the new coordinates Y, Equation (3) becomes

@ [ ¢ [ 6y - i}

. AT
Premultiplication of Equation (5) by [é ]

© [¢*] Dol i)+ o4 [E][e] {v} - [‘I’*]T_{F f

Since [E] is symmetric and [D] skew symmetri;:, [Q*]T [¢] = diagonal matrix.

(2)

Writing equation (6) in simplier form

o e+ Bl T e

where [D] [q,*] | [D] [@]
B @6

If E/\-] is the matrix of the complex eigenvalues of the operator in Equation (7),

diagonal matrix

diagonal matrix

|
ek
i

then upon premultiplication by [D’] -1 we obtain

o (i} B -
where {F} = [D'] 1 [e#]" {F}
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]

" (2N x 2N) | 4

N is the number of modes of the space station to be preserved in the simulation.
Equation (8) can be written as:

@ |7

N —
_ Y AR
e o + {F }
— % — %
Y
where i’ = [Y Y, ---Y T
1,2 Nop
—% = *__ ' :
Y [Yl Y2 YN]
Az [~
B Ny 0
| 0 AN
—* I =% '
2.
. :*
0 A
L N

I
1/2 | F--L---
!

4-159



unity matrix -

V1ot

J =
and let
(1) _ *
Z, = (1/2)(Yi +Y,)
(2 _ X
Z = (1/2)J (Yi Yi_)
aon | zPf_ o ] |2 5] [+
2O fw o | | 2@
where ok

when N modes are retained

=] :

N

(2)
EAal

Modal damping may be introduced in Equation (1) by the matrix -2 §\/\

Z - - [v
Z. " la 2 1~y z® - [V] [F'] |

where § = arbitrary chosen damping factor.
*% See Section 4, 3.86.
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In terms of the new coordinates 2, Equation (4) may be written as

a2 {up=[el{vi= . [e] [1.::] E((12))
as ot - [w] [2] | |
v @]

) - 2

Equations (11) and (13) are to be implemented in the simulation.

N.B., If desired)the variation of Qo about the nominal can be accommod'_at‘ed

by setting
_ v . 9[a
(14) G = > W
(15) . BR' = _6_@_
Jd w
‘(16) VAV I (wo _wnom)

For this case(10)is modified to give

(10a) 2(1) 0 - LAl =(1)

3(2) + ";jiu 0 ;(2) = [V] [F_TI .- [v}(G.],+[B,])Aw
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4,3.2 RIGID BODY EQUATIONS

The equations developed in Section 4, 3. 1 will be used to simulate N
complex flexible modes for the space station. The rigid body modes will not be
used. Instead, the rigid body motion will be given by the Newton-Euler equations

for the rotating space station taken as a rigid body.

The rigid body system given in Figure 4-12 describes the force and torque
relationships which exist for two rigid appendages and a rigid - body_space

station.

Newton's and Euler's vector equations of motion for the space station

can be written as
Total system force equation

D) — —- —
17 d .+ =
(17) MT = (R0 C) FE
dt™ I
Space station moment eQuation
1) d (@ w) =T
a I T ° E
where MT = total system mass,
C = vector from space station reference to system rigid body GG.
ﬁo = location of space station reference point w1th respect
to inertial space
.—iT = inertia dyadics of the space station about its
center of mass,
i c_uo = angular velocity vector of the space station, with
respect to inertial space
‘le = locat1on of attachment point of appendage with respect
J to space station reference point
r =  location of rigid body center of mass of appendage with
J respect to attachment point
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Appendage 2

Appendage 1

Station

FIGURE 4-12. RIGID BCDY SYSTEM CONFIGURATION
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FE : external forces applied to space station
X

T

Bt external torques applied to space station
< . _

Defining E—{O and C in the XS frame (coordinate basis fixed to and moving with

the space station taken as rigid body) and carrying out the differentiation w.r.t.time

we obtain (see Section 4. 2 ' for the following derivation conventions)

AN T LN
(19) R = I CR , C =ITC'C
o o o o
(20) d AN T ~ ' . ~
—_ (R +C)=I[CwR+CR+CwC
dt I o O 0O 0 OO0 o O
(21) - & ~ s T ~ ~ ~ ~ -
'——"2 (R +C)=1 Cw w R +C wR +2CwR +CR
at 2l o oo o o 000 00 0 o o
I '
+C@ W C + C ch]
00 O , o o
= xT[(za +3\(r +c)+2aR +i;{]
S woo o o . woo o
22 al (F.3) - S+ 3
(22) ?t' (IT wo> ITwO onTwo
|

Substituting equation (21) and 2 in equation (17) and (18), we obtain rigid body

equations of motion for the space station

. . ~(b ~ o~ ~ \ .
(23) MT <R0 +( o + wowo) (R0 +C) +2 woRo) Fo
(24) ITwo + onTwo = ’I‘E

N
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where

M

Qi

i=1
4 — —
r + X
Myfo *. 2 ™ Ppi* Cp TR
MT
TN 2 4 T
- - + 1
I Mo( C> 1§1 CFi [IFI] CFl
w

| T- - _T =\2
Tpi ™ My <CFi htresCpy C)'

external forces (F
( RJ)
+ force due to flexible appendage motion (FAJ)

+ force due to flexible motion of base point of appendage (FA' >
4 | J

F_.+F.__+ 2 C_(F. +F_)
1 !
R Rz 7] F; A AL

mFiWSiZS } see section 2,5.1

external torques

torque due to flexible appendage motion

torque due to flexible motion of base point of appendage -

+ -1 (1.
T‘ T (lRl)F1 (IRZ)F2



T o .
Ty = L Rp MpWp2g
1 E i i i i
Tp = externally applied torque (J = 1, 2)
J
FR = externally applied forces (J = 1, 2)
,J ‘
.th
MF = mass of i appendage
i
Mof = mass of space station
1R = location of application point of ith ekternal force with respect
i to system center of mass (negative of) -
‘ IF =. inertia matrix of ith appendage
i .
I = inertia matrix of space station
Ro = location of space station center of mass with respect to space :

station reference point

s = roo..
rF'. ( o -hF.)
1 1

Equation (23) and (24) may be expreésed in matrix form

" ) B ]

o)
© o
F_-M. (@ +3 &)R +& @ C o
_ | T Mp PE T ee) By e, o C F2a R,
T - "~
E onTwo
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4,3.3 EQUATIONS OF FLEXIBLE APPENDAGES ATTACHED TO THE
SPINNING SPACE STATION

The motion of a fixed flexible appendage is modeled as in previous . L~
derivations . Cantilevered mode shapes are used to represent the flexible
appendage, whose fixed base is excited by the translational and rotational motion

of the rigid body of the spinning space station, and the modal motions of the
flexible space station at that point.
4.3.3.1 COORDINATE FRAMES AND RELATIONSHIPS

[1] = inertially fixed coordinates
[XS]= coordinate basis fixed and moving with the space station taken
as rigid body, origin at reference point Op. (See Figure 4-13).

[_XF]= coordinate basis defined with origin at attachment point of ap-

pendage and axes directed along principal axes of the appendage.

The relationship between [I] and [ F] is defined by the direction cosine

relati onsh1p

[1] = C.Ck [XF]
4.3.3.2 EQUATION DERIVATIONS

Using D'Alembert's principle, the total force acting on the jth particle

of the ith appendage equals

(26) {F } - m d [Z{‘. + 7 +“&_]
] g L1 5T
dt I

where ;i is the position vector of the hinge point of ith fixed appendage w.r.t. inertial

space
AN T
a. = I a.
i i
A T
rj = I CoCFrj
N T
> u
uj 1 COCF
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.th
i~ appendage

Attachment point of
.th
i appendage.

Figure 4-13  Flexible Appendage Coordinate System
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dt dt
&7 =4 [ITC @ ]
— & °o Fj
dt
T ~ r
= I"CwwC_r T
ocooo Fj +1 COwOCFIEi
AN T T
-du=_d_[ICCu,]=ICG T u
at 3 & F 00 Fj + 1T CCpy
2 N 1.T o
du,,=d[ICwCu +ICCu,]
—"2 ] _dt (o] F (o] FJ
dt . .
T ~ o~ ~ ~ i * ‘ ot
= . + + -+
I [Co- _owoCF uj Co woCF uj 2 CowoCFuJ. COCFuj ]

Substituting the above equations in equation (26), we obtain.

| T(. ~
(27) 3]53‘2- ij {ai+co[(wowo+wo) CFrj

@D +a +23 n +Co_u
(wowo wo) CFuj : wocFuJ. CFuJ ]}
+

F

T T T. T r,~~
= ~ +
ij CoCF {C Co ai CF [(w W
+ ~ o~ u +20 u + U
(wowo ‘+_w°) CF i @ CF -I }

3J J
where COT'a'. is sum of rigid body and space station modal accelerations at the
attached point of ith ap‘f_)'endage
T.. ! '
(28) | CO ai = (Ri) -+ USi
.. ' ‘ h -
(R) ~ rigid body acceleration of the it appendage attachment point

(ﬁs ) ~ 'spacé station modal acceleration of the ith appendage attachment point
i -
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2 2

Y a0 o d T
3 [Ro+hF.] 2 [I Co(Ro+hF.)]
at it i

T , )
(29) I CO(R)

It

T ’-N ~ Lo d ~ .
+ + R
I Co ,.wowo (Ro+hFi) * Coo (Ro hFi) +2 woRo Ro]

Combining the above equations for all n particles of the appendage yieldsin

matrix form

(30)  [m]{g}+[k]{a} = -[G]Ha} - [Bla} +&8{RB}+4L}+&5]{5}

3mx3n 3nxl1

where . [ - T~ 1
0
2m1 C-F wOCF
[G]= 2m2 CF woCF
i 0 2m 'FTJ Cp
(3n x 3n) n o F
+
mlcF (wo s wo)CF
[B] - y
* - T ~ ~ ~~
mnCF (wowo+ wo) CF
- (3n x 3n) i
{RB} = | B
w
0
(6 x 1)
r - T  ~ T N
mCr 1 my Cq (hFi+CFr1"
________ S S
1
1
[R] = !
1
et me e e et r ,— e — . - ————
me T meTm +cr)
n"F | n’F F, "Fn
(3n x 6) -
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(L]

- T ]
rii’izf _________
s = .
—mnCFT

3nx 6

 4-169



. q
Choosing Q =[q], we reformulate equation (30) as follows

31 [DL] Q) [E ]%Q (8] irs} 5] {8} + {L}
where

ARUREN |l )
[os] [[m] 6] ] “F [ (0] {[KJ}
By the same reasoning as in Sevctio-n 2.1, , | '
2 [E(n} ) [o - 1A } [Z(DJ
;(2) IA -
Z . 2EIAI Z(2)F |
" [e) B dReb o fve) [S S+ [V

We can express {Q} and {S} in terms of the new coordinates Z

@3 1ol - F:] - [z].F
oo 1= [ B,
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4,3.4 - INTERACTION FORCES AND TORQUES

4,3.4.1 INTERACTION FORCES OF RIGID APPENDAGE

Using D'Alembert's principle in Figure 14 the interaction force of ith’
appendage is -

(35 7 - T2 .3
) Fy 7 Tmp T [ai * ri]
i 1 dt
: I
where .
' A T . . .th
a, = I a, = total displacement of attachment point of i
appendage with respect to inertial space (See Fig. 14)
?i 2 location of C. M. of rigid appendage w.r.t. attachment
point
: T
} -
r = 1 COCF, r
A i
(36) F = -m_, T T.. ~ o~ e
. I + +
H1 F1 Co Co 3 “o% T % CFrFi
.. Lot ..
but C T a, = R. +1u
o i i S

space station rigid body acceleration atattachment point 1.

s
5
o
s
o
>}
1}

e ! ~ o~ ' ~ ’ ~ . Tee
; = + + L+
R, [“’o“’o (RO hFi) & (R, hFi) + 28 R+ Ro]
ﬁi =  space station modal acceleration at point i (measured
relative to rigid body space station motion).
.o - W . *
s, : [ s] Zs
i 1
3
( XZNS)

*Approximation
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.th
i appendage

Figure 4-14  Interaction Force of Rigid Appendage to S/S

Therefore, the interaction force of a rigid appendage on the space station can be

written as

= - - + +
@D Fy Fy = mp (R, - (by CFrF) “J Far
1 1 1 - 1 1 il 2 i
where
' ~ ) ~ ~ .
= - +h_ + +w R +2 -
FH; TE, [w “o (Ro F. C 'F ) “o Ro “o Ro]
i i i i
FA' = -m.F WJ. Zs

4-172



4,3.4.2 INTERACTION TORQUES OF RIGID APPENDAGE

(38) _dqt_ L, - _’f’i FHi—THi B
where Li i} (Xi) TIi (Xi) [(Xi)T(wo v wbi)]
[l
= Iljcgcilicir,r (“’o ’ %i)
_dc;t_i . T Lcoaocilici (w + ‘%1)+ (c L.C, )(wo + ‘%1>] |

r ) :
= X ac.I.c.T w + + C.I.C;T w_ *a .
L’0 11 1 Q %i 11 1 [0} %i .

th -
where | - inertia matrix of i"" appendage

; A , .th '
modal angular acceleration at attachment rpoint of i appendage

b = ["s,) %

. c_'g\-
n

' 3 th 3 . o
Therefore, the interaction torque of i  appendage of rigid motion on space

station is

39 T. = ¥c : :'F -’CICTW z —CI:QT' (@ crc™ o +W, Z

(39) H. (Fr)H i1 sy s it %o \oiii o sy, s)
i iF, i i i

*Approximation
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or
P

THi - '<CF11”F>FHi “(Erw) (GLCT) Wy Zg

T . ~
_<CiIiCi >wo S (CIIICI )

where  E isthe identity matrix,

4,3.4.3 INTERACTION FORCES AND TORQUES OF FLEXIBLE APPENDAGE

I

(40) FAi -CF% M VV Z

See Section 4. 3,7 for com-

. putational considerations
(41) T = -C_. 2

4.3.4.4 TOTAL INTERACTION FORCES AND TORQUES

The total interaction forces and torques at the attachment point of the
appendages can be obtained by summing the interaction forces (torques) of the
rigid and the flexible appendages at the attachment point.

F = F_+F

(42) ti Hi Ai

(43)

o
r-'-
1]
]
!
m —
+
8
H"Ij
o
]
p———
=3
&)
+
Q
o
e}
N
e
€
S
+
S|
w0
Ne
)
e
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(44)
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4,3.5 - TOTAL SYSTEM EQUATION

The above derived equations of motion of spinning space station with

the attached appendages can be written in matrix notation as

wo B {E [ M- )

where
[~ ! ! ~ . .
M11 ' M12 ' M13 < Rigid Body
] ]
1 1 T )
M = 21 . 929 :_ M23 <« Space Station
______ po----99 42
i
] M31 : M32 ! 33| <« Appendages
- ] )
Ci1 : Cia : C13-\
-0 -l ————— ST
C = C 1 i 022 1 C23
- e e o] o o e e e = o = - -
] ]
| G, Cs2, Cs3 |
i ] 1
E{ll_ o _K_lz Lo I_<1_3]
] ]
K= 1 KBy oo 22+ Kaz
- - e m e - - - - - e - - - = -
] ]
| K31 ) Kgg )} Kiz |
o] \ f Ro Pl
& v
oo i (o) (o]
X ={ ---) X=4{--- P = P,
ZS Zs
5 | .
ZF F P3

For the previously derived state equations, we find that M = O.

21
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Thus, the rigid body equations (25) lead to the first equation of the

total system, which is

: R . . K
o feliel + [y 5]+ (e (2 {7
(o]
(6x6) (6x1) ‘(6x2NS) (6x2N_) - (6x1)
where
S e O e i
( 11] 0 ! IT
~
' = 4 -m ' 0 W.T
12 -3 F. | S.
]'_:1 —--1' -------- b e - - _-....1.--
-m_(c.T. ) -crc T T
FOUFRSF)D i S
i i 71 b.
1 /
[T T )
M b M
CpiPeMpiVE1 L0 Crd®p VeV
] 1 . . A
SR O it - LU I D e LU |
[ls]c 5 mMow. FlstMowo ot o IR W
Fl ERFI F1F1 F1 “"E"¥1"F1, . “F4 ERF_4MF4 F4
N I..‘l
(3x2N_.) - R T A
Fl - ' Ty Cpg T Mg Wiy
1 ]
] ]
{ poo
. ‘(3x2NF4)
. /
(6x2 N_)
F_. + - D oW FE B C+2 uR
p = R1 FRZ MT[(‘TOO wowo)Ro wowoC 2 woRo]
1 - -
T T F 1R2 FR2 onT “

R1 R2 "R1 Rl
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.. The ﬂexible spinning space station equation (11) leads to the second

equation of the total system which is

’Pi X
(47) .0 ° . - _
[C‘zl]'wo LGl 26t + [CoiZp} + o [){Zs ) iR,
where
4 m | h ﬁ
’ = m r
[Cpil” 2, [VF] F, . Fi( F, " CF, FL) S
B s Ay Aol
( F.rF.>mF.' .CFI.F.CF.+(CF.rF.)mF.( r. 1C .rF.)
\ i i iti i i1 WS R S |
L™,
- ! +
4 [ R g 31 - Fi< Bpi CFirFi>
=-zv.v.] ------- (SR g
=1 LFHET {c-T . \m :-CICT+Cr M_.(h . +C_.r
Fi'Fi ) ™Fi| CFiFi“Fi Fi'Fi Fi( Fi = “Fi Fi) !
(N x 6) (6 x 6)
g i T 1 0
) 1
4 - B ' 0 Wi N
29 Fii ' Fi |
=1 Ly T T
B 31 (CFi rFi)} GG Ws
! b, -
1
(NS x 6) (6 x 6)
_ T - , T
' 5
VFI(CFI > MFIWFI) R !VF4(CF4 E MF4WF4)
]
[Czs]_ " T, ! T ( ET - .
. Z S5 R | =
0 1 VF1 (CFI ERFIMFIWF]) o Vra\Cre & RF4MF4WF4>
Nsx 2NF . ,
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Forces and torQues actihg on space station and exciting flexible motion

include:
1, 2 externaﬂ forces
2. . 2 external torques
3. up to 4 hinge forces and torques due to 4 attached rigid
appendages | |
4, up to 4 forces and torques due to flexible motion of 4 fixed
_ appendages
5, | wobble damper control torque‘

4 ., . -
= + + + o R
[P 2] if Vri [mFi(z“’oRo “oUo By T hp; * CpyiTyy) “’oRo)]

Tw)I CTw + (C..r_.)m )[Zw].?i +
Fi Yo’ "Fi Fi “o Fi Fi' Fi’Ll“% o

& + @ + + '
@ R w w, (R +hp, +Cp, rFi)]}_'

1" "

2
F +Z V,.T +V T

Ri*Ri = ' WOB WOB

[Kzl] - [Kzs] =0

The flexible appendage equations (22) lead to the third equation of the total

system, which is
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R 0
eala) * [Can) s} + [esd ot ERIPARES:
<31 o 32 1%s 33 V4F 33] 125 3
where i " ] ( " )
F1Bp1 Vi1
- n- - = - - - - - - -
| Veolee VEoSs
V. R 32 V.S
__F3 F3 _ __ _F373 _ _
1t - 1"
| VrdRra | Ve

(for each appendage)

-—— - . = -

In order to evaluate the coefficient matrices in equ‘étion (48) the transformation

matrix [VF] derived in Section 4. 3. 6 may be used.,
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For computational speed and storage considerations, the elements of [C 1]

may be obtained as follows: 3
(49) ‘ -
o 1d T\ p T
Vel } oo [Pl Fe TR) ,‘f-
R -d ' 0 T, | T,
| Im(q)T)ri-Im(q’B) IR
1 T 9
- d I (&)
- .- In TTB- - [R]
d RE(‘PB)' ]
d1_en) ] , ,
B L _ T T e T
= ' T [m] I:ZECF :Z‘ECFhF +?ZECF]
—dRE(¢B) | |
(2NF x 3n) (3n x 3n) (3nx 3) (3n x 3)
| Define: . :
i _ 7T
‘RE =2 [m] Ry (85)
d =Z§ [m)1_ (o)
Im m B
T T |
thus, doo = Ry(e) [m]T
T . T
dIm B Im((bB) l:m]ZE
- Also define:
T =~ '
- =ZE r [m] R-E(th)
r 3T ] @)
Im _ E m B
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then

T T ~
TR - -RE(<!>B) [m] rZE

T T >
v F -Im@’B) [m]T ZE

In terms of the above definitions equation (49) can be written as

' ' ~ '
0 da T X tda TR +ar. T T
o) [v. 19" °¢ - 1, F . I FF 1 °F
F R Y |---=-=--- R R R
rT T . T T~ T T
-dd C '-dd, C_  h_, +dr C
RE F ! RE F F RE F
Similarly, we have the elements of the matrix [M32]as
0 1" 1" [~ T { . 7
L__Y_ = -m. C 0 .
(51) [VF] {s }— [VF][S] [VF] g |
e R 4 - - - A\
. ) . S1
R | R
______ P
T ' sti
- I
L rnnCF 0 .
(3n x 6) (b x NS.)
1" T
T [VF] [mRog Cp W,
(2NF x3n) (3nx Ns)
Finally, we can write equation (51) as
52 ! T
_ g 0 0 R U
dg (¢B)
E
(2NF X 3n) (3n x Ns) |
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(2NF X NS)A

The matrix [P3]is equation (48) can similarly be evaluated as
0 ' ’

@ [ - [veloed

T ~ ~ '
- +
m,C [“’o @ g (R0 ‘h

—

F

+ + & + 23 F
i CFrl) woRo 2""oRo]

]

1"
VF
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4.3.6 Transformation Matrix [V]

By Definition

(54) Vv

1]
—t
S~
[\M)

| T -1 T
11 * !
[ J— :'_'J-'] [¢ DQ] [¢:]

where D is sskew symmetric matrix defined in equation (3)

[ (0] 1 ]
(55) D = |-Fa--ER
| [ [G]]
BN N o & *
(56) and & = |-pet-l-g-f-) = | T T
i B |, *m ‘PB |<I>B
Xj ]
where X - 1 | '\'23 0
0 T

o % % {{;u }{d,(z)f}. . .{¢(N,}]
e ey

* 4
{¢ } is complex conjugate of {4> }

Using the above defined matrices, we may formulate the following equation

T ¢

T -
. & [0] -[m] & (&
(57) & D&

sr ] Ll [ [3,78]

1]
L ~
'6':'_]

i
- -

10,

-

1

ol [m] ! —Qg [m] +d’§[d :bB :q,B*
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T . . : 3+
(pl;:‘ [m](bT - CID,I’fT [m]¢B+¢B-Ii:G]¢B

o 09 - 7 1, +4 g

ks

(Note that the cross terms are the complex conjugate of each other)
In order to evaluate the matrices in equation (57 ) we introduce the

following method.

' = s L 2 J
(58) Let V¥ = (1/2)<1>[I P
* *
S ) S Op * Op IR -8
=(1/2 'é"%‘a'i d.1:d =(1/2 é'"lffl""icﬂ*‘":?é' |
B, "BJd|I,J L B B:(B B)
Ry (@)1 ()
) 'f{_E"@I_B')'“I'I"('&;')—

T I+ 1| aT - -
- = 17/ | === g @ ’
(59) V¥ 1/2 [711' J] | o
Tl T ]
SRR
- vz [ R By
J 1 J d>* Bq-, %
: T! B
and the conjugate transpose of ¥ as - .
, -
T - ) ¢*T '¢*T
* I 1 T B
(60) ¥ = (1/2)L‘jff'_j;| -d-,'T':a;"rf- |
T
J
L M A
= a/m T T DT
7 , T
_{Bel®r )y Rp %)
I (@T) 1 (e T
T ) B

. 4-185



Defining @ in terms of ¢

, I 41
(61) = ¥ 3-::3] (1/2)
)
B el i o [_1_;__1_]
Ry (B0 v "@)f 137

T ! T
(82) CD*T = [_I.._E_:‘I_] iE_:_(fTﬂT)__:-EE_(?B._)_
v J Im (q)T ) : Im (CDB T)

T [ T : . )
e o [Lo-d | Be T 0 B %O o7 ][ Bt B 1
® D& = T T T | [ RS I
' : mtr ) I % )| | =5 G RE(¢B),Im(¢B) J T

T, ! il | R
[__1_1'._34} F’Eﬁ 0 R (&, >} [ IR, @) |-G (o))

P .
R S A I o Py = Tal P S
In(Pp ™) ) 1 (B | [ ) Ry, @)+ GBI Rp () .mlm("T)J’@Im(oB)J

| i} ] N
=[ 1 ] -Ry®) [m] Ry (B + R(® (] R R (2))!
I

_____________________________________ 1,

e X i
@ BT () 71 @ )([mj () +EGJIm(<DB)) 3 3-7
Substituting the following relations in equation (62 ) 

N U I S )
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, ' T T
$ = 4 ¢ : L] = + A %
and RE( T) I ( B) A RE( T ) I ( B )

T ) I
b = - ) $ = - &

we obtain _ o |
(ouy o0 [1i3] [4-5]) 4]
where | A
a = -NL( chT) [m] R (®) + -RR(chT) <+ (ra] I (®)r+[G] RE(ch))
b = o+ .ARE(CI’BT')' 2 R(®g) + Im(<1>BT) (+-[m]' Im@B) r+ [6] RE(ch))
e = @D .[m] 1 (@) + R,E(cbéT)([m] gﬁ(QB)x + [d] Im(cbé)>
d = ARG chT) 1 (@) * In;<¢BT>(EnJ RE(ch) ‘x + [&] Im(ch))
Let - | S o |

(et - (b+a)3

| (a-a) + (b¥e)J
" la-d) - (b+a)d

s 0
'

= (atd) + (b-c)J '
‘ ‘o

' *
From the orthogonality relation of eigenvectors, ® D P should be diagonal matrix

hence, _
f=g =0, e and'h are diagonal matrices.
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Applying the above conditions in equation (66) , we have the following set of

equations
e = 2 (a-bj)
= 4+
(67) | P 2 (a+bj)
c = -b
anda =d

Then equation (g4 ) becomes

T s

% -bi
(68) ® D& = 2 [gébl"g’,-]

It can be shown that the diagonal terms of equation (57:) are purely-

@) :
imaginary;*’therefore, a in equation (. 68 ') must vanish, and hence

T
L _ |2bj;_ 0
(69 ) ® Do = [0 —§+2bJ

where

. . T T '
2bj = =2 I}RE(d)B ) [m] Ry ) + 1, (% >(+[m31m(“’3’ +[G]RE(¢B)>J

cb*T & cp*T '<1> =
s (Ml T [m) e+t [G]eg

Substituting equation (69 ) in equation (54), we obtain

) - -1 T
v o= 1/2 [I-,L_I_ E%‘EJ_.__QT &*
_J 1 J 0 :+2b] »
{
. T

= IiL ][40 J4*

(70) 1/2_J:_J] Oz—d'jq’
T
= dJ!=-aJy| . *
= 1/2 [—a'-:_—_—d']cb
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1
[y
-~
[\
| ©
do.
1
o
—
S RN
. L‘H—I
: L
V)
Gt by
i
o
¥*
~

wd'" 0

1 *Tb | T

= 1/2 [_Q_L_é'_] _I__:_.‘_I_] Op 1 Ppx
-d'} 0 J1-3)| &7 r<x>BT

= 0 ' d’ e (o) [ T
01 di | Be@p ) | cRp®@g)
-d' P o I @ T | 1 (@ T

m i m B
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3.7 Computational Considerations

T
Fpo Z MpVWp2p
i E :
mlo | (¢, ]¢’;, T1]-s
= [EE..... E] *
of o ¢ ¢ I J
B B
t
. s £] m| o 2RE(¢T)I ZIm(¢T)
veeee B | —b—0uo] | - = - - ===
ol o 2RE(¢B?|2En(¢B)
2mR_(¢ ) | 2mI (¢ ,..)
= [B........ E] ET l m T
Fi
0] I O
n 1 ' n 1 ]
= 2m R _(o_. ). 1Y '2m.I .
ng E B_]x)_ :jgl m] m(¢BJX)
L}
____________________ .:__..____.._______..____
b 1 I 1
2m.R_(¢_. . ! 2 D B
;1;1 i"u'®Bjy 3j§1 meBJy
____________________
n 1 , n 1
}
Ezm Rp(®gi,) - :§2mj1m(¢sz) .
J 1J=1
}
|
_ —
(3x2N)
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Likewise -

7
€J

H

T ~ o,
ZE Rp Mp Wi 25
1 1 1
A TR e} m o} [e q,* 1] -J
[E....... )]l _Fi i l T |'T
o) | o) 6} | O || eg | o% ||1 | J
2% mR_(¢,.) 2R mI (¢,.) -
E....... E) RFi ET ’ i R
o | o)
171 o) ~ |
2 [RE(¢T) | Im(d>T)] .
o "m F '
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5. SOLAR ARRAY AND SPACE STATION STRUCTURAL
DYNAMIC ANALYSES AND DATA

Structural dynamic analyses were performed on various solar array
and space station configurations to complifnent the formulation of the dynamic
interactioﬁs methodology. The results of these analyses in terms of modal
property defihitidns are required as basic input to the simulatidn program,
Described in this report section are the perfgrmed structural analyses for
two phases of the interactions study. T_he first study phase considered only
the derivation of solar array modal properties since the space station was
considered to be a rigid body. The second study phase considered the in-
fluence of space 4statior'1 flexibility in the dynamic interactions mefhodolc)gy
and therefore structufél mode analyses are also presented for a space sta-

tion conceptual design,

5.1 PHASE 1 STUDY ANALYSES

The structural analyses described in this report section were per-
forméd to obtain the necessary solar array vibration mode data for use as
input to the dynamic -i.hteraction analysis simula-tion° By direction from
NASA/LRC, two solar arx;ay configurations were considered in the structural
analyses;these being a rollup flexible array, coﬁfigured by the Lockheed
Missile and Space Corporation, and a fold out ;Sdnel array, configured from
a Boeing Aircraft Cér-poration design concept. Both arrays meet the 100 KW
power fequirement for the North American R.oékwell Space Station. In
addition, the stowégé' configuration of both arrays for the launch phase of
flight are compatiblé with the present geometrical constraints imposed by
the space station shroud. It is noted, however, that the design critefia_
for the rollup array includes the loading environment associated with an
artificial '"G'" environment while the fold out panel ar‘r";jis configured for

the zero ''G" mode of operation only.



A discrete structural element and mass representation of the solar
arrays was utilized in the analysis method of deriving the required modal
data. This technical approach required the generation of large-order stiff-
ness and mass matrices for subsequent use in a matrix displacement method
of modal analysis (Reference 5.1). Details of the ﬁodal analyses and analytical
results are given in the following repbrt subsections for both the rollup and

foldout panel arrays.

5.1.1 FLEXIBLE ROLLUP ARRAY

The stiffness and mass characteristics used to model the
flexible array for the determination of vibration modes are based upon in-
formation reéeived from LMSC for the North American space sfation flexible
array concept. The array wing section (Figure 5-1) consists of a central
extendible boom with inner and outer array support members attached per-
pendicular to the boom (Reference 5.2). Ten kapton membrane strips are
tensioned between the inner and outer support members to which the solar
cells are attached. Primary structural member sizes are dictated by the
loading associated with the artificial ""G" mode of operation which presents
the most severe design condition. If the array were designed only for the

zero ""G'" environment, a lighter weight structure would result.

The total array area (2 wing sections) is approximately 10, 000
sq. ft. and the .electrical power output is rated as 10 watts per sq, ft. A six
inch spacing is assumed to exist between the membrane strips and each strip

~carries a preset tension force of 2 pounds per foot of width. The main boom
and support member are specified as frames. However, they are modeled for
the discrete element method of analysis as equivalent stiffness beams. The

stiffness properties of the structural members are given below.
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AE Exi, * EIxi, * EIxi, * JG

- 1 2 : 2 2 3 2 2
Member (lbs.) - (lb.-in. ) ~(Ib.-in. ) (Ib.-in. ) (Ib.-in. )
: 6 : 6 6 6
Boom 11.45x 10 1489x 10 1585x 10 23.1x10
Inner and Outer 6 6 6
Support 23.4x 10 160x 10 840x10

*EIxi refers to maments about the Xi axis where the axis designation is

shown on Figure 5-1,

The weight distribution used for each of the structural

elements are as follows:

Running Weight

Boom 0.133 Ib/in_
Inner Support 0.958 1b/in
Outer Support 0.565 1b/in
Membrane Strips 2.45 (10*3) lbs/in2

5.1.1.1 Out of Plane Motion - Array Vibration Model

In solving for the out of plane array vibration
modes, advantage was taken of the structural and mass symmetry of the
rollup array wing section. This enables utilizing a structural model of
only one half of the wing section. By suitable adjustment of the boundary
conditions along the boom centerline, the symmefric and antisymmetric
modes about the boom axes were obtained. Figure 5-2 is a sketch of the
finite element model similar to that used for the mathematical represent-

ation of the continuous structure.

The out of plane motion degree of freedom given

the membrane nodes was an X3 translation. The support member nodes
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were allowed degrees of freedom in X3 translation and X, rotation. The
boom nodes were allowed to translate in the X3 direction and rotate about
the X2 axis for the symmetrical condition, and rotate about the X1 axis

only for the antisymmetrical condition.

The discrete element model used for computing
the out of plane modes is shown in Figure 5-3. A one-hundred node model
was used with the boom rigidly constrained at node 100 as shown, The dis-
crete weights derived for each of the various nodes are tabulated in Table
5-1. The weight associated with this model does not include equipment'

weight located on the space station tunnel,

TABLE 5-1, . NODAL WEIGHTS ASSOCIATED WITH ROLLUP
' ARRAY DYNAMIC MODEL

B , _ . . - Weight
Node : : (1bs.)
1 A 26.22
2-8,11-17,20-26,29-35,28-44,47-53 : 11.63
56-62, 65-71,74-80, 83-89 : '11.63
10,19,28,37,46, 55, 64, 73,82 _ ' | 27.92
9 ' o : ' 40,32
18,27,36,45, 54,63, 72,81, 90 ' _ 43,22
91 10.5
92,93,94, 95, 96, 97, 98 : 17.6 -
99 _ 14.87
100 . 3.2

Ross' rectangular membrane finite element
representation (Reference 5. 3) was used to model the membrane strips.
A pictorial sketch of this element with the forces and degrees of freedom
associated with the element nodes is shown in Figure 5-4a together with

the corresponding formulation of the stiffness matrix,
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An axial compression load due to the tensioning
of the membrane strips causes a decrease in the lateral stiffness of the
boom., This beam column effect was accounted for in the stiffness matrix
representing the boom, although for the values of bending and torsional
stiffnesses used, the effect is small. The beam columning effect on the

stiffness matrix (References 5.3 and 5. 4) is shown in Figure 5-4b.

5.1,1.2 In-Plane Motion - Array Vibration Model

The in-plane rollup array model had the same
nodes, mass properties and geometry as the out of plane model. -Only one
half of the wing section was modeled since the wing section is symmetric
about the boom axis., Adjustments in the boundary conditions of the boom
were made to obtain both the symmetrical and antisymrrietrical modes, |
The model is shown in Figure 5-5. The membrahe finite element repre-
sentation utilized triangular plate elements which are described in Reference
5.1, These elements resist in-plane forces only.' The effect of membrane
tension upon the elemehtal in-plane stiffness rebfésentation was found to be
negligible by use of the stiffness derivation method given in Reference 5. 5.
All nodés were allowed in-plane motion degrees-o:f freedom only, The sym-
metrical modes were produced by allowing the boom to deflect only in the
X4 direction, and the antisymmetrical modes were produced by allowing
the boom modes to deflect only in the X, direction and rotate about the X3
axis. The symmetric modes induce axial forces into the boom while the
antisymmetric modes produce in-plane shear forces and bending moments‘.
The physical characteristics of the Kapton membrane substrate that were

utilized for the analysis were:

thickness = 0,004 inch
Youngs Modulus = 450, 000 psi

Poisson's ratio = 0.5
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5.1.1.3 Rollup Array Vibration Modes

From the rollup array out of plane modal analysis,
60 symmetric and 99 antisymmetric eigenvalues were obtained with the cor-
responding sets of eigenvectors. It was necessary to obtain a large number
of modes in order to determine those of importance to the interactions study.
Many of the modes are local torsion or bending of the individual membrane
strips and do not contribute significantly as external loadings upon the space

station,

The first forty-one frequencies for the out of
plane modes are tabulated in Tables 5-2 and 5-3 with a description of the
modes. Pictorial presentations of each of the lower symmetric and anti-
symmetrilc modes aléng with other higher modes which are considered to
be important for inclusion in the interactions study are shown in Figures 5-6
to 5-22,. In determining which modes to be used for interaction computer
program runs (a total of 12 modes can presently be used for both in- plane
and out of plane motion), use was made to modal participation factors. For
the symmetric modes, the percent participation is based on the shear at the
point of.structural constraint due to a base translational acceleration when

the value is equal to:

. |
m d) x 100

% participation =
RnM

For the antisymmétric modes, the participation is based on the moment at
the point of structural constraint due to a bas‘.ve' rotational acceleration. The

percent participatidn is equal to:

© 2
(zm, Q’m;ri)

- % participation = )
R I
n x

x 100

1
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TABLE 5 « 2 LIST OF OUT OF PLANE SYMMETRIC MODE -

FREQUENCIES FOR ROLLUP ARRAY

Mode Frequency.(Hz) . Description

1 . 0441 First torsion modes of
2 .0441 membrane strips

3 .0441 :

4 .0441

5 . 0441

6 .0734 _ :

7 .0762 First bending modes of
8 .0763 membrane strips

9 .0763 :

10 .0763

11 .0864 :

12 . 0864 Second torsion modes of
13 .0864 membrane strips.
14 .0864

15 . 0864

16 . 1255

17 . 1255 Third torsion modes of
18 .1255 membrane strips.

19 . 1255

20 .1255

21 . 1429 -

22 . 1495 Second bending modes of
23 . 1497 membrane strips

24 . 1497 ‘

25 . 1497

26 . 1597 .

27 <1597 Fourth torsion modes of
28 . 1597 membrane strips.

29 . 1597

30 . 15697

31 . 1878

32 . 1878 Fifth torsion modes of
33 .1878 membrane strips

34 . 1878

35 . 1878

36 <2026 = First boom bending mode
37 . 2086 ,

38 . 2086 Sixth torsion modes of
39 .2086 membrane strips

40 . 2086 '

41 . 2086




TABLE 5 -.3 LIST OF OUT OF PLANE ANTISYMME TRIC
' MODE FREQUENCIES FOR ROLLUP ARRAY

Mode . Frequency {Hz) Description
1 . 0439 First torsion modes of
2 .0441 membrane strips
3 .0441
4 .0441
5 . 0441 .
6 . 0557 - First torsion mode
1 . 0763 of boom
8 .0763 First bending modes of
9 . 0763 membrane strips
10 - .0763 \. '
11 . 0863 _
12 . 0864 Second torsion modes
13 .0864) of membrane strips
14 . 0864
15 . 0864 ' ,
16 .1082 - First bending mode of
17 . 1255 outer support _
18 .1255 Third torsion modes of
19 . 1255 | membrane strips.
20 . 1255
21 . 1256
22 . 1497
23 . 1497 - Second bending modes of
24 . 1497 membrane strips
25 . 1497
26 . 1595
27 <1597 Fourth torsion modes of
28 . 1597 membrane strips '
29 . 1597 ' '
.30 . 1597 :
31 .1620 - Second torsion mode of
32 . 1878 boom
33 . 1878 Fifth torsion modes of
34 . 1878 membrane strips
35 . 1878
36 . 1878/
37 . 2086
38 . 2086 Sixth torsion modes of
39 . 2086 - membrane strips
10 . 2086
£ . 2086
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Figure 5-8., Mode 3, Rollup Array, Out of Plane, Symmetric
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Figure 5-9,
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-where

mi - mass of-discrete node i (Ib. ~sec. 2/in.)

@in - deflectlon of node i for moden ,

R ' generahzed jnertia of mode n (Ib. —sec. /m )

M- mass of dynamic model (Ib.-~sec. /m.

r, - distance alongX,, axis of mass i. (in.) (Ref. Fig. 5.1-3)

_le - _I_noment of inertia of dynamic model about .‘.heX1 axis (lb. ~in. -sec. 2}

The participation factors for the full wing section
are shown on the mode shape plots along with the frequencies. The modes
which were chosen to be important for subsequent 1nteract10n analyses were

» ant1symmetmc modes 6, 31, 57 and 62 and symmetric modes 6, 36, and 56.

From the rollup array in-plane modal analysis,
elgenvalues and correspondmg eigenvectors were computed up to 5 Hz.
Frequencies within this range should be suff101ent to determine the effects
~ of the array flexibility on the spacecraft control system. Six symmetric
and eight antisymmetric modes were obtained for these cases, The fre-

quencies for these modes are listed in Table 5-4,

TABLE 5 ~4 FREQUENCIES OF IN-PLANE MODES
FOR ROLLUP ARRAY

: Frequency (Hz) : . :
Mode . Symmetric 4 Antisymmetric
1 2.1199 . : .2911
2 2.2604 _ ) 1. 939
3 2.3825 : 2,177
4 2.4486 2.4139
5 2.4895 ' -2, 4757
6 2.5038 N : 2.4999
T e , 2. 7056
8 ————— ’ 4,1198
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The modal participation factors for these cases
are based on axial load due to a base translational acceleration for the
symmetric modes and shear load due to a base translational acceleration
for the antisymmetric case. The mode shapes for the full wing section and
percent modal participations are shown in Figures 5-23 to 5-2_9. On these
figures, the solid lines are the deflected shapes While the dashed lines are
the the undeflected outline of the wing section. The modes which were chosen
to be important for interaction analyses are symmetric mode 2 and anti-
symmetric modes 1, 2, 7 and 8. The complete list of ffequencies and
modal participation factors for the modes selected for use in the interaction

program for the rollup array are listed in Table 5-5,

TABLE 5 —5 FREQUENCIES AND MODAL PARTICIPA TION
FACTORS OF ROLLUP ARRAY MODES USED
IN INTERACTION ANALYSIS

QOut of Plane

Symmetric , Antisymmetric
Mode Frequency | Percent _ Mode | Frequency Percent
(Hz) Participation (Hz) Participation
6 . 0734 50.4 : 6 .. 0557 67.7
36 . 2026 12,5 31 .1620 ‘ 5.35
56 . 2873 3.5 57 »3182 ' 7.3 .
62 . 3404 7.73
In~ Plane
Symmetric _ Antisymmetric
Modé | Frequency Percent : Modé | Frequency Percent
.__lg __(Hz) Participation (Hz) Participation
2 2. 2604 57 1 .2911 55
2 1.939 - 3.1
7 2.7056 6.5
8 4.1198 v 2.7
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5.,1.2 FOLDOUT PANEL ARRAY

The foldout panel array is a multipanel array consisting
of a beryllium framework with a tape substrate. The array is based on a
Boeing concept (Reference 5; 6) for a lightweight rigid array designed for
an unmanned Mars mission. The overall dimensions of one wing section
of the array as modified for the space station are shown in Figure 5-30.
The wing section consists of thirty panels which were required in varying
lengths so as to meet the internal shroud geometry constraints for stowage
during the flight launch phase., Panels 1 through 6 are hinged together and
are the main load carrying members of the array. Attached to each main
panel are four subpanels (such as 1A, 1B, 1C and 1D) ‘hinged at the long
side only. The entire wing section is attached to the spacecraft tunnel

through members attached to main panel 1,

Each panel consists of a beryllium rectangular x-braced
frame with lateral and longitudinal stiffeners as shown in Figure 5-31.
Corresponding section properties are given in. Figure 5-32, The overall
dimensions shown are for panels 1 through 1D, The stiffeners and outer
frame members are split in a horizontal plane to hold a tape ‘mernbrane
substrate to which the solar cells are bonded. Details of this frame con-

struction are discussed in Reference 5. 6.

Ten mill cells with six mill coverglas were used in deter-
mining the solar stack weight. The remaining weight of the array was for-
mulated by ratioing the weight breakdown listed in Reference 5.6 by the
respective areas of the 100 and 50 KW arrays. The weight breakdown and
total weight of the foldout panel array used for the structural analysis is

tabulated in Table 5-6.
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TABLE 5 -6 WEIGHT BREAKDOWN FOR FOLDOUT PANEL ARRAY

| Cell Stack, Substrate and Thermal Coating

‘Weight (Ibs)

Cover Glass 674
Cover Glass Adhesive 38
Cells - 938
‘Connec‘tors : 116
Solder 8
Substrate Adhesive 130
Substrate 156
TPermal Coatmg Total 190 2950 -
Mechanisms
Main Hinges and Latches 60
Auxiliary Hinges, Latches and Dampers 72
Quadrants and Sequencers 56
Strut Assemblies 30
Solar Curtains 28
Boost Tie-down System 144
Cable, Drive and Miscellaneous - . 84

Total 474
Electrical Connectors .
Busses and Diodes 194
Pigtails and Connectors 26
Squib Wiring 8
Terminals and Crossover Busses 52

Total 280

| Structure

Shear Clips 12
Gusset Plates 34
Diagonal Tension Ties 156
Shear Ties 206
Internal Fittings 38
Main Members 2642

Total 3088

TOTAL 6092
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5,1.2.1 Array Vibration Model

'To derive a dynamic model of the total array and
simulate a11 of the structural members for each foldout panel results in an
unusually large prqblem vand Would be unnecessary for an adequate analytical
simulation, 'Thefefdre each panel was idealizea into a simpler model,
Also, since. the array is symmetmc it was possible to model only one-half
the array and adJust the boundary condltlons of the center longitudinal spar
nodes (FLgure 5- 31) of the main panel members in the same manner as was
done for the rollup array. The dynamic model derived is shown in Figure
5-33. The constructlon of one panel, such as the panel bounded by nodes 1,
3, 15 and 13_, can be con51dered as an X-braced rectangular frame with a
lateral and longitudinal sper. To aceount for the stiffness of the remaining
lateral ahd 1Qngi.tl:1dina1‘ intercostals of the frame (Figure 5-31), the stiff-
nesses of theée members were distributed and added to the stiffnesses of the
end fra'mes' ahd leteral.and longitudinal intercoetals. Adjacent panels of the
structure are 'hihged and the two adjacent beams on which the hinges are
located Were,eonsidered as a single beam, .These beams are shown as the
heavy lines on Figure '_5—33. The wing section is attached by struts to the
space stafion tunnel at nodes 97 and 98 and in determining the frequencies
of the model, the array was considered as rigidly constrained at nodes 97

and 98.

Mass loading for the idealized panel consists of

a center mass point and a mass point at each corner. One quarter of the
panel weight was allocated to the center point and the balance was divided .
equally between the four corners. The weight associated with the nodes of

Figure 5-33 are listed in Table 5-7.
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. TABLE 5-7 NODAL WEIGHTS, FOLDOUT
PANEL ARRAY MODEL

' Nodes T 3  Weight (Ibs)

1,138 o , 15.4
3,5,15 I o | 30.8.
8,0 | 20.52
12 I o 10.26
v o 66.42
19,20,35,45 = | 118
21,31,37,47 . | 35.62
24,26,40,42 B o | 23.7s
28,44 | :“‘_ L 11.87
3 .| 1
49 FORRE o 76,12
51,61,67,77 . o - : 20.25
53,63,69, 79 | o | a0
56,58,72,74 - : 210
60,76 o | - 13.5
o | | o i
B | | 85.88
83,93 | - 22.69
. 85,95,97 L y | 4s.38
88,90 | . f 30.25
92 - | . ‘ 15.13
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5.1.2.2 Foldout Panel Array Modes

Foldout panel array frequencies and corres-

ponding modal deflections were computed up to 25 Hz. For the'.- out of

plane motions, 48 symmeti‘ic and 42 antisymmetric vibration modes were
obtained. For the in-plane motions, one symmetric and five antisymmetric
modes were obtained. The antisymmetric, out of plane modes represent
the torsional deflections of the array while the symmetric modes represent
out of plane bending deflections. For the inQplane modes, the symmetric
modes represent axial'defl_ections and the antis'ymnietric modes represent
in-plane bending deflections. Resulting modal frequencies for the various

cases are listed in Tables 5-8, 5-9, and 5-10,

Graphical presentations of selected modes and |
corresponding modal participation factors are given in Figures 5-34 to .
Figure 5-45. The participation factors are based on the same quantities
as describéd for the rollup array modes. The displacement vectors for
the out of plane modes (Figures 5-34 through_5-41) are only plotted at nodes
with associated mass points, Ih Figure 5-42 the undeflected array is shown
in dashed lines while the deflected shape is shown in solid lines. 1In Figures
5-43 through 5-45, only the deflected mode shapes are shown. All the modes
shown are to be inputs to‘subsequent dynamic interaction analyses using the
generated computer program., The frequencies and modal participation

factors for these modes are listed in Table 5-11.

5.1.2.3 Panel Breathing Mode

As a verification of the dynamic model used, a
more detailed model of one panel (Figure 5-31) was derived to analytically

evaluate the fundamental panel breathing mode. It is required to maintain
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TABLE 5-9. FREQUENCIES OF FOLDOUT PANEL ARRAY,
OUT OF PLANE, ANTISYMMETRIC

-

Mode Frequency (Hz)
1 .1184
2 .3606
3 .6075
4 .8607
5 1.0980
6 1.2871
7 1.5609
8 1.7386
9 1.8536
10 1.9813
11 2.1327
12 2.3362
13 3.7286
14 3.9908
15 4,2144
16 4.4811
17 4.9012
18 5.6379
19 5.7335
20 . 6.4064
21 6.6507
22 ‘ -~ 6.8024
23 : B 7.0102
24 7.4163
25 7.8218
26 ‘ 7.8506
27 ' : 7.9083
28 ’ : 9.2626
29 - . 9.6278
30 9.9170
31 , 9.9937
32 . - 10. 1300
33 10.3267
34 10.6231
35 , 11,2053
36 11,4311
37 11.5634
38 : 12.4228
39 13.2525
40 ~ 18,7070
41 14.9116
42 ' . 17.2326
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TABLE 5-10. FREQUENCIES OF FOLDOUT PANEL ARRAY, IN-PLANE

Mode . 0 | Deécription Frequency (Hz)
1 Symmetric . | 24,76

1 “Antisymmetric : 1. 669

2 Antisymmetric : ' 6.934

3. ‘Antisymmetric _ 13. 765

4 Antisymmetric ' 19. -771

5 Antisymmetric _ 23.5
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f= 8861 Hz

Figure 5-37 Mode 4, Foldout Panel Array, Out of Plane, Symmetr.'vic —
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. f=.8607 Hz
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an adequate frequency separation between the breathing mode and the array's

out of plane modal frequencies since the model used in the array analysis

did not include sufficient degrees of freedom for the description of breathing - -+

modes. The nodal numbering and dimensions of the panel model analyzed
is shown on Figure 5-46. There are 53 nodes in the model and nodes 44
through 53 were rigidly constrained for the dynamic analysis. The first
mode of this fﬁodel was 7. 634 Hz which is sufficiently separated from the
array out of plane mode frequencies. The nodal weights are tabulated in

Table 5-12 and the mode shape of the breathing mode is shown on Figure 5-47,
5.2  PHASE II STUDY ANALYSES

Thé _stfucﬁ;ral analyses described were i)erformed to obtain modal:
data to Cor_nplimént the fbrmulated digital simulations. The analyses were
conducted on. the solar é—rray and space Station configurations described in
Section 2.0, which correspond to both the zero ”G” and artificial ""G" con-
ditions. A requlrement of the dynamic interaction analysis digital simulation |
is that cantilever modal data for the solar arrays and free-free modal data
for the space station be initially determined and 'used as input. Each of the

structural models and corresponding modal data is described in the following.
5.2.1 ZERO '"G" SPACE STATION CONFIGURATION

The stiffness and mass properties used to represent the
space station structural arrangement were those resulting from preliminary |
configuration studieé :performed by North American Rockwell (Reference 5. 7).
These properties were obtained from NAR and'a.re given in Table‘ 5-13 and

Figure 5-48, comprising the total structural arrangement,
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TABLE 5-12. NODAL WEIGHTS FOR BREATHING MODE MODEL

Node : ' , Weight (1bs)
1,5 ~ 2.059
2,4 _ 3.401
3 _ 4,578
6,9,12,13,16,19,20,24,25,29 - 1.955
7,11,14,18 S, : 2.261
8,10,15,17 S : 2.066
21,23,26,28 ; . 3.708
22,27,33,40 : 3.191
30,36,37,43 : _ 1.336
31,35,38,42 2.064
32,34,39,41 ; _ - 2.284
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TABLE 5-12

Mass Properties of Zero ""G'" Space Station Configuration

‘ COMPONENT WEIGHT (LBS,) ‘
Core Module 25, 000
Common Module 25, 000 /module

(8 in configuration)

Power Boom ' 17, 500

/

A finite element model representing this configuration Was'
derived, using a limited number of nodal points, and it is depicted in Figure
5-49. The corresponding descrete masses of the model and grid point geo-
metry is given in Table 5-14. Each of the discrete points was allowed thrée
translational degrees-of-freedom and one rotational degree-of-freedom,
corresponding to torsion of each module. Shear flexibility was considered
for appropriate ,degrees—of—f'r-eedom because of the relatively small length
to diameter ratio of each module. .TAhe model geometry, inertial properties
and stiffness properties were input to the NASTRAN program (Reference
5. 12) for the determination of modal properties, i.e., frequencies, mode
shapes, and modal masses. A partiél list of these quantities are listed in
Table 5-15, A comprehensive listing of the zero ""G' modal properties,
together with a graphical presentation of lower modes of vibration, are given

in Appendix A to this report.
5.2.2 ARTIFICIAL "G" SPACE STATION CONFIGURATION

The artificial '""G'" space station configuration was discretized
into the finite element model presented in Figure 5-50, Stiffness and inertial
properties are similar to those presented for corresponding modules in Table

' 5-13 and Figure 5-48 except for the power boom and extended boom; the mass
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NODE NGO,

29

TABLE 5 -14
Mass - Geometry Data

Of Zero G Space Station

MASS
(1b. -sec
—
16.189
16,189
16.189
16,189
16,189
16,1RqQ
16,189
16.189
16,189
16.1R6
16.189
16.189
16.189
16,189
16.189
16,189
0.

Oe
0.

0.

8.1
8.1
0.
4,05
16.189
16.189
12.15
16.189
16,189
0
8.1
12,15
0.

0.
8.1

16,189
16.189
16,189
12,7919
16.189
16,189
17.4839
16.189
16.189
16.189
19,086
16,189
16,189
16,189

Zi'

X
120.
120.
120.
120.
120,
120.
120,
120,
120.
120,
120,
120,
120,
120,
120.
120,
120.
120.
120,
120.
120.

60,

180,
0.

360.
360,
300,

360,
360.
360,
360.
360,

. 360,

420,
360,
360,
360,
480,

360.

360,
360.
700.5
360.
360.
360,
921.

360.
360,

5-72-

Y
0.
0.
492,
-492,

. D

372.
~372,
0.
0.
252.
‘2520
0.

132,
-132.
0.

0.
72,
-72.
0.

0.

0.

0.

-492.
"372.
0.
=257,
-132,
~72.
0.
12.
0.

) P

0.
0.

0.
252.
0.
0.
0.
372.
0.
0.
0.
492,

0o -

0.

132.



Table 5-15, Modal Data, Space Station

(Zero G Configuration)

Frequency Generalized Mass
Mode (Hz) (lb. =sec. %"in.)
o Va2 - __be28a%9aF 092
2 e | LI T T 60281594 92
—3- —egn | RIGABody o a1s0aE 22
" ot Modes 244773126 02
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— 18573775 90 © 2e2G7717C N2
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and geometry properties for this modal are listed in Table 5-16. It was
originally intended to utilize the stated capability of the NASTRAN program
in the performance of the modal analysis of the spinning structure; however,
initial attempts with NASTRAN failed (Version 12). An eigenvalue-eigen-
vector program obtained from the Jet Propulsion Laboratory (JPL) in
Pasadena, California, and formulated by Dr. K. K. Gupta (Reference 5.8
and 5.9) was used. As is required for modal analysis of spinning structures,
a coriolié force matrix and centrifugal force matrix were derived .

for the total description of the equations of equilibrium of the discretized sys-
tem. A comprehensive description of typical terms in these matrices can be
found in Reference 5.10. The centrifugal force matrix is a function of the
motion variables while the coroilis force matrix is dependent upon the first
derivatives of the motion variables. Orthogonalization of this system of
equations results in complex conjugate pairs of eigenvalues (zero real part)
and corresponding complex conjugate pairs of eigenvectors. The digital |
simulation, for the artificial '"G" condition, is programmed to accept this

modal data format.

For the structural configuration shown, the artificial "G"
condition was attained by spinning the space station at 4 RPM about a point
44 feet outboard of the space station-solar array attachment as depicted in
Figure 5-51, The coriolis force and centrifugal force matrices were computed
by hand and the stiffriess matrix was generated with the NASTRAN computer
program. It was also determined that the influence of static spin loads upon
the station's structural stiffness (beam column effect) was negligible and
therefore neglected.. The matrices together with the mass matrix were input
into the JPL program for determination of complex eigenvalues and éigen—
vectors for a range of steady state spin rates. Resulting frequencies are

presented in Table 5-17 for spin rates of 0, 4, 8, and 12 RPM together with
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TABLE 5-16 _
ARTIFICIAL "G'" SPACE STATION

FINITE ELEMENT MODEL DATA

NO. OF

MAS INERTIA STRUCTURAL D.O.F.
NODE | LBSEC“/IN| LB SEC?2 IN'| D.O.F. SEQUENCE NO.
X y z
Axis Axis Axis
1 21,578 -~ 66641 -- 6 1-6
2 21,578 -~ less41 -- 6 7-12
3 21,578 --  less4l -- 6 13-18
4 21,578 --  |e6641 -- 6 19-24 1
5 21,578 -~ |e6641 -- 6 25-30
6 21,578 -- 66641 -- 6 31-36 ‘
7 -- -- -- -- 6 37-42
8 -- -- -- -- 6 43-48
9 15, 382 41621 | -- -- 6 49-54
.10 8.094 21886 | -- -- 6 55-60
11 4.047 10956 | -- -- 6 61-66
12 17.814 49417 | -- -- 6 67-172
13 15, 379 41595 | -- -- 6 73-178
14 12. 795 18700 | -- -- 6 79-84
15 10. 632 9350 6 85-90
16 25. 952 20642 6 91-96
17 01295 10. 282 6 97-102
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TABLE 5 -17

Artificial "G" Space Station Configuration

List of Eigen Values in Hertz

Elastic NASTRAN "GUPTA" Program
Mode No. Results ' Results
Q=0 Q=0 Q= 4RPM| Q=8RPM| =12 RPM
1 2.2967 2.2948 2.2929 2.2890 2.2851
2 4.2003 4.2027 4.2027 4.2026 4,2027
3 8.4202 8.4224 8.4147 8.4068 8.3914
4 8.6787 8.6711 - 8.6789 8.6867 8.6944
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the modal frequencies obtained by NASTRAN for the same model in a zero-
spin condition. It is seen that the frequency correlation between NASTRAN
and Gupta's program is excellent and that the frequency change with spin
rate is minimal, A comprehensive list of modal data in terms of modal
deflection and graphical description of the lower frequency modes in terms
of absolute deflection coefficients, are given in Appendix A {o this report.
Also presented are the structural degrees of freedom considered in the
analysis.r Examination of the shape for the second mode shows this mode
is represented by out-of-the-spin-plane bending only and would not be
influenced by centrifugal or coriolis forces. This explains the constant
frequency results with spin rate for the second mode which is shown in
Table 5-17. The general conclusion indicated by the performed modal A
analyses is that the spin rate does not significantly alter the zero spin
modal frequencies if the zero spin modal frequencies are sufficiently

separated from the spin frequency.

5.2.3 ZERO "G" SOLAR ARRAY CONFIGURATION

The rollup solar array was analyzed in a similar manner
as is described for past study analyses in Section 5.1, - Updates in con-
figuration data, however, were obtained from the Lockheed Space and Missiles
Company and these were incorporated into the description of the derived vib-

ration analysis model,

The total array area (two wing sections) is approximately
10, 000 square feet and the electrical power output is rated as 10 watts
per square foot. The rollup array dimensions and structural components

are depicted in Figure 5-52. It is comprised of 10 membrane substfates
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per wing section, tensioned between an inner and outer boom by an ex-
tendible boom. Two guide wires are provided for éach membrane strip

and each is tensioned to 5.1 pounds. Each strip is attached to the inner
boom assembly by a linear spring and tensioned to 12 pounds. A guy wire
is also provided between the outboard end of the 'extendible boom and the
extremity of the inner boom and acts as a tension load carrying member
only. Pertinent stiffness and mass properties data for the array structural

components are given in Table 5-18.

As was considered in Section 5.1, the symmetry properties
of the solar array were utilized in the performance of its modal analysis.
Only one-half of the wing section was discretized into a finite element model
and it is presented in Figure 5-53. Four separate vibration conditions were
established for the complete evaluation of modal properties and correspond
to out -of-plane symmetric bending, out-of-plane a’ntisymirnetric bending
(about the extendible boom), in-plane symmetric bending and in-plane anti-
symmetric bending., The NASTRAN finite element program (Reference 5, 11)
was utilized to obtain the modes; the four vibration conditions were obtained
by constraining appropriate structural degrees-of-freedom. The nodal
weights associated with the rollup array dynamic model and nodal geometry
are given in Table 5-19., An assumption was made in the analyses for treating
the stiffness provided by the guy wire; it was considered as a tension-compres-
sién member with only one-half of its actual tension stiffness properties. In
addition, the lateral stiffness of the membrane strips was assumed to be
described in terms of the tension force only. These stiffness terms were

entered in the NASTRAN program by means of the "CELAS" stiffness elements.

A complete list of modal results and graphical presentation
of modes for the four vibration conditions are given in Appendix A of this

report. Modal participation factors, for each normal mode of the solar
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TABLE 5 -19

Mass - Geometry Data

Of Zero G Solar Array

NODF NO, WETGHT(lbs. ) X

Y
1 21.48 1056, 347,
2 32,3 ]R8, - 347,
3 1056, 275,
4 35;86 720, 347,
5 32.3 RARB, 275,
A 26.06 1056, 203,
7 32.3 552, 347,
8 32.3 720, 275.
9 32.3 88, 203,
10 26,06 1056, 131,
11 32.3 384, 347,
17 32.3 552, 275,
13 32.3 720, 203,
14 32.3 888, 131,
15 25.32 1056. 59,
16 32.3 216, 347,
S O 4 “3243 - 384, —— PS5 -
) 1R - 32.3 552, 2n3,
19 32.3 720, 131,
21 12,74 1056, 0.
2? 20. 84 48, 347,
23 32.3-. 216, - 275.
24 32.3 384, 203,
25 372.3 552. 131,
26 32.3 720, 59,
27 17.81 888, 0.
2R 24. 98 48, 275.
29 32,3 216, 203,
3n 32.3 384, 131,
31 32.3 552, 59,
32 17.81 720, 0,
33 24,98 48, 203,
34 37,3 216, 131,
35 32.3 384, %9,
36 17,81 552, 0.
37 . 24,98 48, 131,
3R 32,3 216, 59,
39 17.81 3IR4, 0.
40 24,23; “4B8. . 59,
41 . 17.31 2164 e,
42 12.30 48, 0.
43 0. 0. 0.

NOTE: Weights along the boom (Y = 0.) are
one half the actual weight. '
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array, using root constraint loads were also computed in order to deter-
mine those modes of importance for describing interaction loads. The
properties of those modes having relatively large load participation factors

are listed in Table 5-20,.

5.2.4 ARTIFICIAL "G" SOLAR ARRAY CONFIGURATION

The rollup solar array for the artificial '"G'" condition consists of
the same structural geometry as that of the zero ""G" configuration, however,
only four membrane strips are utilized-- the two on each side of and adjacent
to the extendible boom. The derived finite model of the artificial ''G'" array
is presented in Figure 5-54. Average tension in each strip during spin is
increased to 340 pounds and the strips lateral deflection stiffness Valueé are
based upon this tension. The stiffness matrix for each finite element of the
extendible boom was computed by hand so as to include the beam columning
effect and input into the NASTRAN program by the ''direct matrix input"
method. Additional structural restraints are provided at the extremities
of the inner boom for this spin condition and were included in the dynamic
model., The stiffness matrix for the entire model was formulated by NASTRAN
and the coriolis force coefficient and centrifugal force coefficient matrices
were generated by hand computations. The configuration was taken to spin
in a plane containing the solar arrays. These matrices, together with the
mass matrix were input in the JPL program (References 5.8 and 5.9), A
list of all resulting mgdal data for spin rates of 0, 4, 8, and 12 RPM are
presented in Appendix A of this report. A list of data for those modes which
- were identified to have large load participation (zero spin) are presented in
Table 5-21. The modal constraint forces used in the calculation of particip-
ation factor were those resulting at each point of array restraint, Tablé 5-22

lists the frequencies of these modes with large participation factors for each
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Figure 5-54
SOLAR ARRAY ARTIFICIAL "G" STRUCTURAL MODEL
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' : TABLE 5-22 :
ART "G" SOLAR ARRAY CONFIGURATION

~ LIST OF EIGENVALUES IN HERTZ

ELASTIC - '|.” NASTRAN | .~ "GUPTA" PROGRAM RESULTS

'MODE NO." | - RESULTS » _
e b s e=0 | Q=g Q=4 RPM| =8 RPM | =12 RPM

__iiilf111;1 ‘;fd.i98§_-»-__0;1786:1 0.1786 | 0.1787 0.1787
;;szf:fffs:f_'o.QOSg | o.1977 A0;1977,_ 0.1977 |  0.1977
faii'if37 <'3o;$§é4}’ | 0. 3768 0.3710 | 0.3524 0.3185
  _ 9;“f;;"' "0.5087 0. 5031 0.5025 | 0.5025 0.5025
'5]l9:: ];. .'Q;5215i; 0.5142 | o0.5151 | o0.5151 0. 5151
' §i1;1f _'='_d.7d45nH', 0.7010 0.6969 | 0.6881 |  0.6716

| ;_f i?j;f”f ,; q;§7827 0.7774 0.7777 | 0.7777 0.7777
.‘iérruﬁ'i  :b;fééi? ;'“:6;§§izif'ff-o;7911ff‘ 0.7911 | 0.7911
19 | o.9051 "'6;5645_' if Q;9b49 0. 9049 0. 9049
20 0.9348 0.8315 5r'6;529i 0.9224 0. 9090
28 | 10854 | 1.0544 | 1.0506 | 1.0454 ©1.0331

32 3.8422 13.8402 |  3.8413 | 3.8441 3.8462

Modes i, 2, 9, 10, 17, 18, 19 are “o‘ﬁﬁt_-,-'_;‘_)f-_'pla:ne'modes.

‘Modes 3, 11, 20, 28, 32 are in-plane modes.
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of the considered spin rates., It is noted that out-of-plane modal fre-
quencies are invariant with spin rate; this is due to the coriolis forces

and centrifugal forces not coupling these associated motions. The in-plane
modal frequencies are seen to be significantly influenced by spin rate. The
zero spin frequency of mode No. 3, whose zero spin natural frequency is
nearest to the highest spin frequency considered, is reduced considerably
(15%) at Q= 12 RPM. It is to be emphasized that the membrane (strip)
tension was considered invariant for all spin rates considered and corres-
ponded to the LMSC average tension specified for 4 RPM. Higher spin rates

would decrease this average tension, thereby further reducing frequency.

It is noted that the fundamental mode frequency obtained by the
NASTRAN program is significantly different than obtained by the JPL
program and cannot be explained at this time. Dr. K. K. Gupta of JPL
(private communications) relates the numerical accuracies afforded by
digital computers are not sufficient to accurately obtain this modal fre-
quency by the ""Givens" eigenvalue-eigenvector extraction method, contained

in the NASTRAN program,
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6. SIMULATION VERIFICATION ANALYSIS

Various simplified analyses were perform'ed to verify the for mulated
interactions computer program and contained methodology. These analys'es"'
were divided into tw’o parts--one part to verify the structural dynamics
methodology used (Reference 6-1) and to gain some insight into the accuracy
of this methodology, and the other part to verify the various subroutines or

subprograms contained within the simulation,

6.1 STRUCTURAL DYNAMICS VERIFICATION

6.1.1 S_IMULATION OF FLEXIBLE APPENDAGES & RIGID SPACE
STATION -

A planar problem considering a structural arrangement of two
uniform beams representing flexible appendages and connected to a rigid '
.space station mass (takén to be zero) was formulated and analyzed for inter-
action (interface) forces caused by an apblied step force. The closed form
solution to this probl_emvis presented in Reference 6-2 when using a finite
number of orthogonal cantilever modes as flexible appendage degrees-of-
freedom. As represented in the simufation program, this structural arrange-.

ment of two cantilevers simulates a free-free beam (Figure 6-1),

?— . Symmetric About ¢
| X, f
P
qdi_
O ' ’
M
og A
& -
9
7 -<f—
A . .
et — LA - —
F(t) = F,

Figure 6-1, @ Cantilever Beam Simulation of a Free-Free Beam
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An orthogonalization of the coupled motion equations of the
two cantilever beams (appendages), which are formulated within the simu-
lation from the input data, produces the comparisoné shown in Figure 6-2
and Table 6-1, Figure 6-2 presents the compariédn of the resulting
orthogonal deflection shapes using three cantilever mode degrees-of-freedom

for each beam appendage and theoretical free-free beam.shapes obtained

from Reference 6. 3.

TABLE 6-1

Frequency Comparison of (Uniform Beam) Cantilever + Rigid Body Mode Representation
of a Free-Free Uniform Beam ’

Frequency Ratios: A
n'1 free-free

Reference Frequency Ratios Calculated Coupled Mode Frequency Ratios
1 Mode 2 Mode 3 Mode 4 Mode 5 Mode
. Uncoupled Canti- Canti- Canti- Canti- Canti-
Symmetric Free- Canti- lever lever lever lever lever
Mode No. , Free lever Beam + Beam + Beam + Beam + Beam +
n Beam Beam Rigid Body | Rigid Bodv | Rigid Body | Rigid Bodyv | Rigid Bodv
1 1. 000 0.632 1. 0101 1. 0006 1. 0003 1, 0000 1.0000
2 " 5,404 3,958 - 5. 548 5.420 5,408 5. 405
3 13. 344 11,074 - -~ 13. 749 13. 410 13. 367
4 24, 814 21.652 - -— —— 25, 584 24, 965
5 39,812 35. 861 - -— - -—- 41, 030
‘Table 6-1 presents the comparison of resulting frequencies using a varied

number of cantilever mode degrees of freedom for each beam appendage with

theoretical free-free beam frequencies.

These comparisons show the adequacy of the structural dynamics
methodology that has been used in the interactions simulation; the degree of -
accuracy in the approximation is seen to be dependent upon the number of |
cantilever modes used. Transient load responses were obtained for this

structural system using the formulated coﬁiputer program with all control
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systems inactive. Each of the cantilever beam modes was input into the
program by modal descriptions 6f 25 discrete mass poihts representing 50
inertial degrees of freedom. A step force was applied at the zero-mass space
station C.G. The shear force at the 1/4 span of the fre'e.-free arrangement,

as obtained by the simulation, is compared with results obtained by Reference
6.4 in Figure 6.-3. The entire free-free structural configuration {2 connected
cantilevers) was modeled by 40 discrete mass points for input into the ''direct
transient method" of Reference 6.4, Comparisons are seen to be good, and as
expected, higher frequency transients result in the force history obtained by
Reference 6.4 since all system modes of vibration are represented. Another
comparison is provided for the simulation results inh Reference 6. 2 and repro-
duced in Figure 6-4, A variable order Adams numerical integration method
and the first five symmetric free-free beam modes were used to obtain the 1/4
span shear force resulting from a step input. Again, the comparison shows the

Simulation results to be very comparable,

6.1.2 SIMULATION OF RIGID APPENDAGES AND RIGID SPACE
~ STATION ' '

A simple planar problem was formulated to show verification of
the rigid body dynamics solutions given by the simﬁlation. This forrnulation“
consisted of two simulated rigid appendages connected to a simulated rigid space
station and perturbed by a step force., The resulting appendage interaction forces
and moments given by the simulation are compared to the exact result in

Figure 6-5.

6.1.3 SIMULATION OF FLEXIBLE APPENDAGES AND FLEXIBLE SPACE
STATION

A planar problem was formulated for verification purpéses and
consisted of three uniform beams forming a ""T'' arrangement (Figure 6-6).
This arrangement is representative of a flexible center body (space station) and
two flexible appendagés (solar arrays). Stiffness and mass properties of each
beam were chosen so that the center beam had aLh uncoupled fundamental free-free

axial deflection mode frequency of 1 Hz and that the appendage beams had an
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uncoupled fundamental cantilever bending frequency of 1 Hz, Initially, results
were obtained from the simulation and by hand calculatiohs using the same
simulated methodology (Reference 6. 2) considering one cantilever mode of
each flexible appendage and a rigid center body. CorreSponding shear and
moment interaction histories are presented in Figure 6-7, It is seen that
the solutions are coincident at time zero but are slightly different in amplitude
and phase. This is attributable to integration interval used (At = 0. 05 sec.)
together with the NASTRAN numerical integration algorithm (Reference 6. 4)
which is coded in the simulation computer program. Although not directly
applicable to the above formulated problem, the variation of amplitude, frequency
and phase errors with Iintegration sample rate per cycle of the highest system
frequency resulting from use of this algorithm, were determined for a five
cantilever mode representati‘on of the flexible appendages and are presented: in
Figure 6-8. A higher degree of required simulation solution accuracy than
that shown in Figure 6-7 therefore requires the use of a smaller integration

interwval,

* Several methods of obtaining interaction moment solutions of the
formulated problem, with the flexibility of the center body included, were used
and compared with the simulation results to show the adequacy of the methodology.
These solutions, together with that obtained from the simulation program are
presented in Figure 6-9, Modal solutions of the structural arrangement con-
sidered as a system were obtained by the transient response solution method
provided in Reference 6, 5 and an independent rnethod utilizihg a variable order
Adams integration method. The results shown using system modes utilize one
rigid body translational degree of freedom and the first four orthogonal elastic

modes. Both the modal displacement and modal acceleration methods of load

calculation were considered. A solution of interaction moment produced by
a coupled system response, as given by the direct transient response method
of NASTRAN, is also presented. The finite element model of the "T'" beam

for input for the above solutions is represented by a total of 79 discrete mass
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points and complete description of this model and system mode results are
given in Reference 6.6. The interaction moment of the ""T" beam given by -
the simulation reflects the use of the first 10 free-free axial deflection modes
of the center body and the first two canti_levér modes of the flexible append-
ages.. The results obtained .by' all of the methods compare very well and
show the adequacy of the methodology"contained in the simulation.
6.1.4 - VERIFICATION‘OF COMPLEX EIGENVALUE-EIGENVECTOR
ROUTINE (REFERENCES 6.7 AND 6. 8)
‘As part of the study program effort, a computer program
received from the Jet Propulsion Laboratory (References 6.7 and 6. 8) and
: for_rriulaté'd by Dr. .K. K. Glipta, was converted for operation on the CDC 6000
Series Compﬁter. " This program has the capability of solving for the ortho-
goﬁai_ proﬁ)erties of a set of coupled second order equations having non-zero
‘coeﬁ_'icients._.éfz the__fir'st derivatives of the time dependent variables, which
are represehtativé .Qf‘ a finite element structural model in a spinning environ—_h
ment. A ‘simple uniform beam problem was formulated to verify the correct-ﬁ
ness of prograin conversion. The finite element model and results from both
the converted program and the NASTRAN program, for a zero-spin condition,
are shown in Table 6-2,° The comparisons show both a comparable method :
of orthogonalization with the similar techniques of NASTRAN and the .Verifica—-'

tion of the converted program.

6.2 SUBPROGRAM VERIFICATION

The various sub;;fograms comprising the é_omplete digital simulation
of the space station andisolar arrays were verified for correctness of formula-
tions by a number of prbgram executions with siméie structural ar:rangements_
and initializations. Each of the program executioné was performed with the
derived simulation of the first study phase which i:.s‘}.described in References
6. 9‘ and 6.‘,10. This si.mulationv considers the flexible dynamics of appendages
and only the rigid _bodyjdynamics of' the space station. The simulation
, re'Sﬁlting frém the secb_nd study phaée and described in Report Section 4 uti-
lizes many of the same subprograms; and therefor"e'-, the performed subprogram
.Véf’ification is taken to be a partial verification of the Phase II digital simulation.
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The total subprogram verification is represented by the following out-

line. Verification of each of the given program output quantities is made by

comparison with hand computed results.

SYSTEM RIGID BODY MOTION
° Space Station Rigid Body Motion

X-, Y-, and Z- translations: due to a force input to space station

BX-, BY-, and OZ— rotations: due to a force input to spacé station

Disturbance force input variations for check of interpolation

procedure

Location variation of disturbance force, {LR}

) Solar Array Rigid Body Motion

Sun Vector Misalignment, {Sun}
Initial Attitude Error {EULER (1)} , {EULER (8)}
Solar Array Drive Selection  {RBC (1)} , {RBC (2)}

SX- and 92- rotations: due to a force input to space station,

SPACE STATION CONTROL DYNAMICS

° Response to Reaction Jet Control Torques

Threshold not exceeded, i,e,, 8 < 1/2o
- € {EULER (1-6) }
Threshold exceeded, i.e., 0, >1/2°

Variable SS guidance commands, { SSGTIME } , {DELTSSG}

° Response to CMG Control Torques

h h t i, €,, . <
Threshold not exceeded, i.e TCMGREG'D TCMGLIMIT
{EULER (1-6)}
Threshold exceeded, i.e., T >T
CMGREG'D cMGLIMIT

{EULER (1-6)}

Variable SS guidance commands, { SSGTIME}, {DELTSSG}
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SOLAR ARRAY CONTROL DYNAMICS

e . Linear OCS Response

Solar Array Drive Gear-train variation, {GEARKON}
Sun Vector Misalignment, {Sun}
Initial Attitude Error, ‘{E‘UI;ER my {EULER' )
" Variable SA guidance commands, {SAGTIME} , {DELTSAG}

° Non-Linear OCS Response

Solar Array Drive Gear-train variation, {GEARKON}

. Threshold not exceeded, i.e., 8_ < 5°

) {EuLER (7-8)}

* Threshold exceeded, i.e. 8 75
Variable SA guidance commands, {SAGTIME} , {DELTSAG}

SYSTEM ELASTIC BODY MOTION |
e . Solar Array Modal Response, DEBUG (20) = . F.

LT
.F.}

‘Cantilever .]_'_)ynamics, {RBC (1) - .T.}, {RBC (2)
Pinned-joint Dynamics, {RBC (1) =.F.}, {RBC (2)
Initial SA attitude error, {EULER (7)}, {EULER (8)}

Variable SA guidance commands, {SAGTIME} , {DELTSAG}

1]

e Orbital Me'c.hanics

Semi—major' axis variation, {A}
No SS or

Orbit Eccentricity variation, {E} .
SA Control

Orbit Inclination variation, {INC}

Orbit Initialization point, {M}, {P}, { N}

-~ The abbve bracketed_ quantities are variable names used in the various

subprograms and are defined in Reference 6, 9,
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TABLE 5-2
COMPARISON OF NASTRAN AND GUPTA EIGENVALUE
-SOL.UTIONS FOR CANTILEVER BEAM

2
p MASS/IN. = 0.01 %
7 IN:
7 7 2
ﬁ 12 3 4 ElI = 1x10' LB.IN
FREQUENCY COMPARISON (RAD, /SEC. )
'MODE GUPTA NASTRAN
1 55,5344 55.5349
2 357.7820 357. 8042
3 1009.7656 1010.5280
MODE SHAPE COMPARISON
POINT # | MODE 1 MODE 2 | MODE 8
GUPTA |NASTRAN | GUPTA |NASTRAN | GUPTA |NASTRAN
1 0.0925 0.0925 -0.5052 0.5052 1.0000 | - 1,0000
2 0.3281 0.3281 -1. 0000 1. 0000 0.3358 0.3339
3 0. 6470 0.6470 -0.5438 0.5438 -0.9656 | -0.9724
4 1. 0000 1.0000 0.7265 .., | -0.7266 0.4162 0.4270
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APPENDIX A

This Appendix presents detailed vibration mode data which were

derived for the space station and solar array structural configurations

considered in Phase 2. Analytical data are presented for the structural

configurations in both Zero "G' and Artifical "'G'" environments, Explanations

of the presented data can be found in Report Section 5. The data are presented

in the following appendix sections:

@ A.1 Zero "G" Space Station Configuration

o A.2 Zero "G" Roll-up Solar Array Configuration

e A.3 Artificial ""G'" Space Station Configuration

o A.4 Artificial "G" Roll- up Solar Array Configuration

page A-2

page A-14
page A-36
page A-65
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FIGURE
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NOTE:

A.1 VIBRATION MODE DATA
ZERO '"G'" SPACE STATION CONFIGURATION

Modal Data, Space Station,

Zero ""G" Configuration
Mass-Geometry Data

Structural Model of Space Station
Space Station Mode Shapes

Mode shapes shown are elastic mode shapes.
Mode 1 in Figure A-2 is the first elastic mode,
which corresponds to Mode 7 in Table A-1,
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6o281T0NE 02

60281504E 92

"be28159AE - 22

24773120 02
1028 %QQ1Z N2
lo24/Q91F 72
262C77170 N2
30£28589F 01
B3 5ACTEPT 0
802732048 31
1e70SE63E 22
16511382% n2

"Bel2r8Q0L 02
70839223F 21
T Tel1t215%F 0y -

BeAT1511E 21
16111720S 22
le11170n% '
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"Ce185711% 21
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TABLE A -2
Listing of Mass - Geometry Data

Of Zero G Space Station

NODE NO. IWASS* X Y
AL | - 16,189 120, - Daar s
- 16,189 120, 0.
3 16,189 120, 482,
4 16.1R9 120, - =487, -
S 16,189 120, 0.
6 16,189 120. 0.
7 16,189 120, 372.
8 16.189 120, -372,
9 16,189 120, 0.
10 16,19 120. 0.
11 16,189 120, 252,
12 16.189 120. -252.,
13 16,189 120. - 0.
14 16,189 120, 0.
15 16.189 120. 132.
17 0. 120. 0.
18 0. 120 0.
19 : e + 1206 - -T2
20 O' I?Oo "720
21 8.1 120. 0.
2° Bl 6D - 0.
23 0. 180. 0.
24 4,08 0. 0.
75 16,189 340, - =492,
26 16,189 260, -372.
27 12.15 300. 0.
2R C1A.1R9 360, . =252, -
29 16,19 3s0, ~132.
30 0- 360. -720
31 Rl 360, 0o -
32 12.15 360.  72.
33 0. 340 0.
3[4 0. 3()0. Oc
35 Kol 420 0.
36 16,189 1360, 132,
R IC I 16.189 340, 0o e
3R 16,189 340, 0.
39 127.7919 480, 0.
40 16189 3aa, P2,
4 J1A.1R9 340, 0.
4? 16,1RG 340, n,
43 17.4830 700.5 0.
44 16170 A0, 372,
45 16,158 3”0, 04
46 1. 1R  34Q, Ne
47 19.0RA 921, 0,
48 1£.189 3A0, 4G2.,
49 16,189 . 360, Ne -
50 16.189 1360, 0.

* - Massunits are lb-secz/in.
"A-5



2|

‘uoniely ooedg

aHLsT = §

2-y 2an31g

N\

1 POl

A-6



‘uolielg adsedg Z PO

Merz: &

: g-V 2angrg

»Y

A-7




u*

uotiel§ asedg ¢ PO
BH8Z'C ¢ &
-V 2an3dtyg

A-8



z4

uotielg adedg b 9PV

IHSLE = §

¢~V 2andrg

At
=Y

A-9



Jonelg Jvedg G apoW

~
*H G2 °€.= +

9-v 2andtg

A-10




z24

A

uonels svedg g apouly
Hue b= &

1V @andrg

-3

A-11-



-3

e Tuolielg aoedg

IHEP'S = -

© g-v eungdig

L 2pon

i

d

A-12



uonielg soeds g apoW

aHoLs = &

| 6 -y 2andig

A-13
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Table A-3, Modal Data, Solar Array, Inplane, Antisymmetric, Zero G

Mode
e
2
S

g gy

ey ———

——gy——

T et

B ETE P

TSR Is 7

Frequency
(Hz)

9.737372E-0z2
1.9 23253E-01
1.23535253:L-01
1.0332236-01
1.6374¢1E-01
169939228501
1.59%6556-01

T V9 #9355-017 7 77

1e$23555E~-01

34404225E-01

2e8523315-91

3403351601

Je3532153-01

"3e0530loe=01 T

34871559E-01

2ed23027L Q0

T 3e137Z23E 20

3649359158 602
Te5231L,0E 00
3.323254€ 00
4323531 00
6e5C7302¢ 00

94237757 GO
T1efld80llE 01
1.015479E 01

1.24%¢H61E 21

le2dotzzE 01T T

1et9bc9br 01
1552579 C1
l1en39150 01

1e772331E 01

Tlendas37E QY T T

1.955CZ3E 01
ReivBlNa2E 01

2405643k 01

A-15

Ge3314233L 00 T 7

Generalized2 Mass
(lb. -sec. “7in.)

- 1435CT13E 00

€.2741€0E-01

CTIWITITESIE-CLUTT T 4 ,98T223€E-01

€.0006712-01
6.9348C7E~-01
1.406378E COC

T 5 424E5G53E-C1

8.3€65354E-01
T 9 231566E-C1
8.36ECESE~-01

T2eCITA1GHE-Q LT T L45€272E 00
2e3283c2E-01 €e93€469E-C1
T2 eB 2836 3E-0 L T TE,273665E-01
253553501 6e923€39E-01
CTTT2e®233E3E=31TTT T T T6.274€14E-CL
3e227C51E-D1 1.8322071E GO
T3 8% N 23e~01T T T 94.248542E~01
3l 25E-01 Be3€EL£350E-01

T 3.eb40z5c-0t T 9.231666E~01

8436605001
€.93€SS0E-01
4,845103E-01
S.731879E~01

| 54045€6aE-C1
1.502€29E 00

T T s S AIISTE=01T T T T 8.892200E-01

1.298Q81E-C1
" 8.005888E-C1
TEE€$G23E-01
6+305750E-01
6.6C71€2E~01
T1.495681E-C1
4.571142g~01
""2+3058118E-C1
8.74041€E~-01
7.6€34G67E-01
6.2931<3E-01

T TeCTETREE 01T T e 5€67€87E-CL

2.131746E-C1
4.911€C2E~-0Q1
7.3£2544E-C1
"7.507545E~01
€.163650£~-01

AL T 6463961 7E-01

1.058€66E QO
4.0044€5¢-Qy
7.0€87€5£~C1
7.5321123e-01
6.381914E-01

1.7€5825 C0 _



Mode

VCONIPONPWN®

Frequency
(Hz)

1e035250E-01

1035251E-01
14035252E-~-01
1035253F-01
1¢035319E-01
14999946E-01
1¢999952E-01
1¢999952E-01
1¢999952E~-01
1 ¢999955E- 01
2.828338€E-01

2082835S6E-01
- 2«4828363E-01

2828363E-01
2.828363E-01
3.464020E-01

- 3e46402SE~-01

3.4640 25E-01
3.464026E-01
3.464026E-01
3,863617E-01
3.863618E-01
3.863618€E-01
3.863618E-01
3.863618E~01
1.354412E 00

- 3427862SE 00

3490318 00

- 3¢51997SE 00

3¢527668E 00

6e¢072317E 00

6¢882595€E 00

9+511100E 00

1007151E 01
14014669E 01
14016592E 01
1¢280494E 01
1518822 01

- 15904 81E 01

1¢599190E 01
1¢601352€E 01t
1+783336E 01
1.98B7668E 01t
2049608 01

- 2405SS783E Q1

20572S9E 01
2¢154462E 01
20300127€E 01

-20¢315868E 01

20344269E 01

A-16

Table A-4, Modal Data, Solar Array, Inplane, Symmetric, Zero G

Generalized Mass
" (Ib. -sec. 2/in.)

6¢471123E-01 .
6¢662618E-01
7¢732370E-01
3.702315E-01
5,658236E-01
8.627804E~01
88835 75E~-01
601976785-01
8¢961747E-01
6624091 6E-01
6.471033E-01
4,734812E-01
6.5365395-01
6.072990E-01
66 702858E~01
8¢628003=-01
1.045781E 00
7¢491596E-01
6347124E-01
8.882823E-01
60470776501

* 7813119E~01

5¢618995E~-01
4,768397E-01
6+663127€-01
7.051653E-01-
 7¢70256SE-01
6.07461 0E-01
5461 7070E~01
64061066E-01
1.035868E~01
4.122061E-01
8¢556120E~-01
6,032084E~-01
5¢6532485E-01
6. 006349E~01
4.343082E-01
7.910441E-01
5.698990E~01
Se6943SSE-01
Se922735F-01
5.2830895~01
842881 76E-01
Se615127E-01
S.868033E-01
Se877689E-01
- 4¢647811E-01
1.731334E-01
6+691886E~01
5389919E-01




Table A-5 , Modal Data, Solar Array, Out of Plane, Symmetric, Zero G

Frequency Generalized Mass

Mode (Hz) (lb. -sec. 2/ in.)
1. Q424496 TE~L 2 .. ..143€63355= 00

2 1.225"55E~71 4,.,8513C4z~"1
3 . 1:227798E~ 1 5.955523535~"71
4 1.2271.56~"1 50221760E-r1

5 1.227154E~11 5.4394275-"1

6 18661326~ 1.3C15365 0D

7 . 243354923~ 4.,738768=-21

8 2.3383325~"1 6+763698E-"1
-9 223384625~ "1 e . 54873230221
19 243354755~-71 5.1649174E-01
AR . 2e723567E-T1 .. ..le215317 [0
12 "3 e224235E~ 21 4,755982=-C1
13 .. 3e2264T1E~ .1 6.82(91SE-21
14 3.226523E~"1 5,9264900=-11
15 — 3e226532E~11 e - 54194927z-21
16 3.4115436E~-"1 1.34182r 0
17 . 3.870172E-"1 e _44683110==01
18 3.87C961F~1 677654371
.19 _3.8N"(081E-r] 5.8885505-11
20 23480 984E~N] 54163653E-"1
.21 —3.848683E-C1 . . . 141569758 0O
22 '8e345175E~-31 1.581258E-"1
23. . 21«4C16372E 00 248487064521
24 1ef 2152628 0 2.41C4C9E-21
25 1ol 21616E N . 1859574=-01
26 1M 21757E (3 2429061 6E-"1
27 __ _1eB1GRIEE O 1e4C6E597=-01
28 242737745 AY 1.1058965-01
.29 _I3.660591E f . 1¢346217=-"1
3n 530 4781E i r 1.5553009E-01
a1 Slef3TI9TE 21 . .. 1e470C534E-C1
32 14157986E 11 2.3811825-"1
.33 17427125 21 1.640180E-21
34 .27 36168BE 1 2eB53636E-C1
.35 _2.4512€2E 31 . 1e8795495~01
36 "3.0320378 01 2.375647E-01
.37 . 540T2257E 01 . ... _1a682C475-01
38 54146941E 1 1.80n458=-01
_39 L 7eSS3278BE 1. . __1.76117B=-({1
ar 9.19S334E N1} 1+597598E-01
a1 - 14138354E 22 . 6¢9686955-22
42 - 14N ES19E €2 9448227€5-22
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Table A-8, Modal Data, Solar Array, Out of Plane, Antisymmetric, Zero G

Frequency Generalized Mass
Mode (Hz) (b. -sec. 2/in.)
S TTBa3TUUSICISN2TT T T B ¢ D94 149E-01
2 1e2253122-01 6.959703C-01
Ty TTYeR227331T ST T T T 7, 325165801
Y 1227102821 50202382E-01
L 1:2271388-01 " 5e%23883E-91
6 10£678,25=01 Sea472140E-01
NI B 26 333CH20-01777 T T T6e814334E-01
3 2033234 35-01 70183616E-01
— gy TTR2e33RATAETEOTT T TTT 6182398501
10 2e338¢:32&-C1 6¢334028E~-01
B S S 294 T218BM-017 7 7 5489N857E-01
12 _ 2084833501 7.381489E-01
R W S © 7725225238017 T "6+9A3066E~-01
14 3e02268127-01 | 7e345921E-21
—yg T T 22285387 =01 T 64107212E-01
16 30225538%=01 60392858E-01
R W TTTZeS31117E-DIT T T '54835944E-01 "
18 34830878:.-ul 6¢890357E-GC1
B - TTT3eBLIITEI=01 T T T 7427551 1E-01
20 34302982E-01 _ 6210123SE~01
-3 S TR BTG BET=ITT T T T 760354 181E-017 T
22 2.8502881-0¢1 5e942351E-01
—zy TTUUTRONISL2E 05T T T 24528251E-017
24 1,G29893Z 00 ' 20669843E-01
g IS 21528570y T 24242702E-01 7
26 160217523 09 24333972E-01
—7r— TTTEIBAISZET TG T T 24 103242E=01T
28 < Ba225312C% 00 10584330€E-01
29 T TeQE&a82T T1 7T T 14610069E-01
39 2.514871& 31 20037958E-01
YT T3e40N28655T 3177 T 7 2,118104E-C1 -
32 543338147 21 14683161E-01
R Y T Ee9IBIEIT I TTTTT T 147591 76E~-01
3a - Be233738% 21 . 14B14231E-01

T T3g™ T 1e823228T 327 7T T T 10893509E~-01 77
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Figure A-10 Structural Model for Rollup Solar Array

Zero ""G" Configuration
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TABLE A-T
Mass - Geometry Data

Of Zero G Solar Array

NODF NN, WETGHT(1bs. ) X Y

| 21.48 1056, 347,
— 2 32,3 -888, 347, -
3 10566, 2765,
4 §§286 720, 347,
L - T Ty [~ B SRRA, PTG - g
6 26.06 10%h, 203,
7 32.3 552. 347,
— e R “32.3 - - T20, - 2754 -
9 37.3 ]88, 203,
10 26,06 105¢, 131,
R ~3Pe3 -~ 3RG4 — 34T, -
17 372.3 552, 275,

13 32.3 720, 2n3,
s = PG - - 32,3 ----888, - 01 3) e
15 25.32 1056, 59,

16 37.3 21F, 347,

17 - --- -32,3 v.__._,.,_‘g,gz,v. e PTG

1R 37.3 552. 2n3,

19 37.3 720. 131,
e - 20 - -32,3 - RRA, B9 . o

21 12,74 1056, 0.

2? 20. 84 4R, 347,

s 23 32,3 - 2164 2754 -

24 32.3 384, 203,

25 32.3 552. 131.
e 26 32.3 S 7204 594
' 27 17.81 RRR, 0.

28 24.98 48, 275

29 327.3 - ?le, - 203,

3n 32.3 384, 131,

31 372.3 562. 59.
e 32 17.81 720, - 04 -

33 24,98 4R, 203,

34 37.3 ’le, 131,

35 37.3 384, .59,

36 - 17,81 552. 0.

37 24,98 4R, 131.

3R 32.3 21¢€. 5q,

39 17,81 3IRY ., n,

40 24,23 4R, 59.

4] 17.31 ?lé. N,

42 12,30 48, n,

43 0. 0. 0.

NOTE: Weights along the boom (Y = 0,) are

one half the actual weight.
A-20.
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Figure A-11 Mode 26 String Solar Array, In Plane Symmetric
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Figure A-13
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Axis of Symmetry

/1

7 / f=6.07 Hz .
\H Force Modal Participation
. Factor (%) = 6.2

©

Figure A-14 Mode 31 Solar Array, In Plane Symmetric
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Axis of Antisymmetry
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Figure A‘ 16 Mode 6 String Solar Array, In Plane Antisymmetric
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Axis of Anlisvmmetry
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Axis of Antisymmeiry
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Axis of Symnetry
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A.3 VIBRATION MODE DATA
ARTIFICIAL "G" SPACE STATION CONFIGURATION
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TABLE A-8MODAL DATA ARTIFICIAL "G" SPACE STATION CONFIGURATIC

MODE

et

LRSS ST

b~

)

Gt W Y
DN oW DN

‘W

W W W oW
P ® N PR

> » ol
- oo

o

NP S>> b ?
)9 Vo) gth'ﬁlg

Z1ERO SPIN, NASTRAN RESULTS

FREQUENCY
(1)

Lg221FacE- 3
Sal3 s 2= 35
S Y SE T mzm—-
EoEEZRTIEL~" 3
T 1H8238L=4¢
BL,E736520~--.8
28238725z o
£ 52773390 2
SBo+ 22w - D
Be278%335% I
14797 01
1425737580 71
153322855 1
167332105 1
zolSc¥o3k: -1}
227371 (1
257731352 i
252813222 .1,
353 372 Y
3¢ 2 rusE 22
32922123 ¢!
©e2CZ 'eol 1
RSN ARl |
2189270 1
BEai2C274E Y

Ca7113a7. i
€422 7= Y
E4321722 21
£533G2358 1
CEa77cz€l - L1
Toé & 07398 1
70388227 .1
Bs3572135 -0
E,252332358 1
SLS22¢c L
S31123520 01!
Tal 274272 |}
waxal L2 1
G 72 -0 0}
1o 32535358 2
tH. 271340 o2
Ls T2 >
1517 SRS 2
12175920 2
171%==2 2
1,2 27%._ .2
1217350 .2
1,2321558 .2
VL2 T7 s 9n 02
1ot kD D SIS

Rigid
Body
Modes

"GENERALIZ

=P

MASS

(L23;SEC/IN)

2087453 )E
60 27A833E
~1926£216F
1,16288GE
"1e754931E
1,572773E

89 6726€1E

Se 868BESNE
7e261933&
T.8161 77
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TABLE A-9
MASS - GEOMETRY DATA

FOR ARTIFICIAL '"G'" SPACE STATION

Node Mass * X Y Z
1 21.578 120. 492, <0
2 21.578 120, -492, W0
3 21.578 120. 312 .0
4 °  2l.578 120. -312. 0
5 21.578 120. 132, .0
6 210578 1200 “132. .0
7 Ce. 120. T2 .0
8 O 120. -72. «0
9 15.382 120. B «Q «0

10 8.094 - 60. -0 .0
11 4,047 0 <0 .0
12 17.814 270. «Q .0
13 15.379 420. «0 .0
14 12.795 480. o0 «D
15 10.632 552. «0 .0
16 25.952 921.0: 0 «0
17 .01295 1290. «0 «0

2.
* - Mass units are lb-sec /in.,
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TABLE A-10

ARTIFICIAL "G" SPACE STATION

FINITE ELEMENT MODEL DATA

, - . NO, OF -
MASS, INERTHZ ~ | STRUCTURAL D.O.F.
NODE | LB SEC“/IN | LB SEC IN D,O.F. - |SEQUENCE NO.
- X Yy z '
Axis Axis Axis

1 21,578 - leesar | -- 6 1-6

2 21,578 --  |e6641 | -- 6 7-12
3 21,578 -~ |66641 - 6 13-18
4 21,578 -~ |66641 - 6 19-24
5 21,578 -- 66641 .- 6 25-30
6 21,578 --  le6641 - 6 31-36

7 -- -- -- -- 6 37-42
8 -- -- -- -- 6 43-48
9 15. 382 41621 | -- - 6 49-54
10 8.094 21886 | -- -- 6 55-60
11 4,047 10956 | -- -- 6 61-66
12 17,814 49417 | -- -- 6 67-72
13 15. 379 41595 | - -- 6 75-78
14 12.795 18700 | -- -- 6 79-84
15 10. 632 9350 6 85-90
16 25,952 20642 6 91-96
17 .01295 10. 282 6 97-102
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TABLE A-11
CORIOLIS FORCE MATRIX
(NORMALIZED TO )

%k
D, O. F.
Sequence No.
1 -3 -43,15581 Ce. O.
4 - § 0. 0. Oe
-43.15581 0. O
etc, 0. 0. 0.
-43.15581 O 0.
De 0. 0.
-43.155¢81 O. O.
~ 0. O O.
-43.15581 O. O.
0. _ 0. 0.
-43,15581 0. Oe
(o 0. 0.
0. OQ O.
Oe 0. 0.
De. O. O.
, 0. 0. 0.
-30.76417 0. ' 0.
-41621.02691 O. O.
-16.18755 0. C.
-21885.53002 0. O
-8.,09377 Oe O.
-10955,2049¢ Oe 0.
-35.62841 0. 0.
-49417.88198 0. 0.
-30. 75889 Qe O.
-41595.14699 } 0. 0.
-25.49926 0. 0.
-18699.30020 Oe 0.
-21.26381 Oe Ce
-9349,65010 ‘O 0.
-51.90365 0. 0.
-20642.29399 Q. 0.
-0.02588 O O.
100 - 102 -10.28432 De 0.

¥ - Refer to Table A-10 for corresponding node’ number.
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TABLE A-12
CENTRIFUGAL FORCE MATRIX
(NORMALIZED TO §£)

sk
DlOoFc
Sequence No.

1 -3 -2l.57170°1 ~21.57791

4 - 8 O 0.

-21.57791 -21.57791

etc, 0. O.

-21.57791 -21.57791

0. 0.

-21.57791 -21.57791

: 0. 0.

-21.57191 -21.57791

0. 0.

-21.57791 -21.57791

0. 0.

0. 0.

O. O

0. O.

0. 0.

-15.38208 -15.38208

O. o.

-8.09375 -8.09375

0' 0.

-4.04687 -4.04687

, 0. 0.

-17.81401 -17.81401

0. C.

-15.37949 -15.37949

0. 0.

-12.79468 -12.79468

0. 0.

-10.63191 -10.63191

O O.

-25.95188 -25.95188

O 0.

~-0.01294 -0.01294

100 - 102 0. 0.
% - Refer to Table A-10for corresponding node number.
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A.4 VIBRATION MODE DATA

ARTIFICIAL "G" ROLLUP SOLAR ARRAY CONFIGURATION
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TABLE A-13 MODAL DATA, ARTIFICIAL ""G'" SOLLAR ARRAY CONFIGURATION

MODE

L ol
QO @XNOUMPWN»-

e
VN & WiV~

i6
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
3a
3s
36
37
33
39
a0
41
42
a3
aa
as
46
a7
48
a9
S0

6262175
. 84135355 0090

7ZERO SPIN, NASTRAN RESULTS

FREQUENCY
{(HZ)
1¢988B69C=~C1
2.031515E~-01
3.784183E-01
3.979775-01
3.980261E~01
3.98C2939=~01
3.98C302E-~01
3,980324==~-C1
S.036502Z~01
52145313~-C1
7.084816E-01
7.3535%4E-01
7.3564488E~01
7+354546E~01
7..3546098E~01
7.35456475-01
7.731657E~01
7.9412985-01
9.,0514503-01
9,348565E-01
9.609272z-01
9.6C93035~01
9.,606315%-01
9.6063193-01
9.609702-01
9.,71321%E-01
94772314E~01
1.065360= CC
1.652814E 00
2.1C67562 0p

-2.825887% 00

3.842224F 20
4,7¢7289= 00
S.006941€E 00
5.713924% 00
5.796333% ©0
6.0932753 o
6.099439= 09
00

8,676379:= 20
9.559734E 0O
1.0063C8E 01
1.067541= 0}
1.13666%FE 01
1.163346E 01
1.2675093% 01
1.302S9CE 01
1.485096= 0}
1.497322E 01

A-66

"GENIRALIZED MASS

(LBSrSECAIN)

T«167556Z-01
1292258z 20
1.063949 20
1.C01644z 20
641057573-01
945392515 ~21
6.2109122~-21
6.018445z-21
l1.465514= 20
9.C173512-)1
1.C66769= 20
9.928919z-21
5991474 -21
6,097319z-C1

‘3e4085552-01

4.33806432-31
1.038958z 00
6.538786=-21
8.8185%4E-01
109612434 20
5.915505Z-31
6.108234z-)1
9.547644==71
6¢2113932-01
Fe559576-31
1.036751= 20
6.56864455~31
1.054537= 0C
24813135Z-)1
44305415=-C1



25

28

Figure A-33

SOLAR ARRAY ARTIFICIAL "G" STRUCTURAL MODEL
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MASS-GEOMETRY DATA

TABLE A-14

FOR ARTIFICIAL ""G" SOLLAR ARRAY

Node

VD ~NT NS NN~

10
11
12
i3
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Mass

« 1252
.1252
. 1252
. 1252
+1252
- 12952
«1252
«1252
<1252
«1252
«1252
.1252
. 1364
<1394
. 0897
- 0897
-« 3609
» 8609
.0822
.0822
.1418
+ 1873
O.

«0996
.1383
0.

.1383

.1383

3,
«<

X X
552. ~130.5
552. 130.5
552 ~-58.5
552, 58.5
804. ~130.5
804, 130.5
804. -58.5
804. 58.5
300, -130.5
200. 130.5
300. -58,.5
300. 58,5
1056. = =-130.5
1056. 130.5
1056. -58.5
1056, 5845

48, -130.5

48. 130.5

48. -58.5

48, 5845
1056. .0
48. -369.0
48. 36940

48, .0
804. .0

.0 .0

300. .0

552. .0

2
% - Mass units are lb-sec” /in,
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. FIGURE A-34 |
o ARTIFICIAL "G" SOLAR ARRAY
MODE 1, FREQUENCY = 0.199 Hz
ZERO SPIN
el
id
F
-
ﬁ

A-69



|~ FIGURE A-35

|~ ARTIFICIAL "G" SOLAR ARRAY
MODE 2, FREQUENCY = 0.203 Hz

ZERO SPIN

| e
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Figure A-36

1

Artificial "'G" Solar Array -
\ Mode 3
™ \'
RN ~
N
Y N
™ (N
1]
~ “
~ AN
\ |
h N
N (RN
\ 1
RN
| \

Q=12 RPM
freq. =.319 Hz

A-T1

7ero Spin

N

kN

freq .377 Hz
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FIGURE A-37
ARTIFICIAL "G" SOLAR ARRAY
MODE 9, FREQUENCY = 0. 504 Hz
/ ZERO SPIN .
-
e
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FIGURE A-38

ARTIFICIAL "G" SOLAR ARRAY
'MODE 10, FREQUENCY =0.521 Hz
ZERO SPIN
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% .
_ T o FIGURE A-39
‘& T\ ARTIFICIAL "G" SOLAR ARRAY
~4 MODE 11, FREQUENCY = 0.704 ii.
ZERO SPIN -
\\ )
v
N
\
V\
w
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] FIGURE A-40 S
_ ARTIFICIAL "G'" SOLAR ARRAY.
MODE 17, FREQUENCY =0.778 Hz
ZERO SPIN
. k
»
lr
14
Pad

/

[ -
.

/
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/ >
P FIGURE A-41
Pl ARTIFICIAL "G'" SOLAR ARRAY
MODE 18, FREQUENCY =0.794 Hz
ZERO SPIN
-
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FIGURE A-42

ARTIFICIAL "G'" SOLAR ARRAY
MODE 19, FREQUENCY =0.905 Hz
ZERO SPIN ' -

A-T1
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FIGURE A-43

ARTIFICIAL "G' SOLAR ARRAY
MODE 20, FREQUENCY = 0.935 Hz
ZERO SPIN




e
' " FIGURE A-44
| ARTIFICIAL "G'"SOLAR ARRAY
™ MODE 28, FREQUENCY =1.07 : Hz
ZERO SPIN . '
=
o
=
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i b FIGURE A-45

f ARTIFICIAL "G" SOLAR ARRAY
| MODE 32, FREQUENCY =3.84 Hz
m. ’ ZERO.SPIN -
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TABLE A-15
Artificial ""G" Solar Array

Finite Element Model Data

Node Mass ' No. of " D.O.F.
lb-sec2/in Structural Sequence No. .
D. O, F.

1 0.1252 3 1-3

2 0.1252 3 4-6

3 0.1252 3 7-9

4 0.1252 3 10 - 12
5 0.1252 3 13 - 15
6 '0.1252 3 16 - 18
7 0.1252 3 19 - 21
8 . 0.1252 3 22 - 24
9 0.1252 3 25 - 27
10 0.1252 3 28 - 30
11 0.1252 3 31 - 33
12 0.1252 3 - 34 - 36
13 0.1394 5 37 - 41
14 0.1394 5 42 - 46
15 0. 0897 5 47 -.51
16 0. 0897 5 52 - 56
17 0. 8609 5 57 - 61
18 0.8609. 5 62 - 66
19 0. 0822 5 67- 71
20 0. 0822 5 72 - 76
21 0.1418 6 77 - 82
22 0.7873 i 5 83 - 87
23 | 0.0 - ! 3 88 - 90
24 0.0996 6 91 - 96

A-81
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(TABLE A-15-
Artificial ""G" Solar Array

CONTINUED)

Finite Element Model Data

Node Mass No, of D.O., F,
. lb-sec?/in Structural Sequence No,
' D.O.F, |
25 0.1383 6 97 - 102
26 0.0 o |  eee----
27 0.1383 6 103 - 108
28 0.i383 6 109 - 114
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TABLE A-16
CORIOLIS FORCE MATRIX
(NORMALIZED TO §)

%*
D. O, F,
Sequence No.
1 -3 -0.25043 ’ O O
4 -6 -0.25043 0. o,
-0.25043 O. O.
et -0.25043 0. 0.
-0.25043 O. 0.
~0.25043 O. 0.
~0.25043 0. : 0.
-0.25043 0. ' o.
-0025043 7 00 Oo
-0.25043 0. 0.
"Oo 25043 0. ‘ O.
-0.27878 0. o,
0. C. -0.27878
0. Oe ’ Q.
0. -0.17940 C.
Oe O. O.
-0.17940 O : 1438
Oe Oe -107218Q
0. O O.
Ce. -1.72184 O.
L 0o 0. Oo
‘0016439 O. O
. O O. —0.16439
O O. 0.
0. ’00 2836" 0.
0. O. Q.
0. O. 0.
0. - 0e - O.
- Qe O. 00
"0'19928 0. Oo
. 0. O. 0.
-0.27652 0. : O
0. O. . ) O
-0.27652 . O. 0.
0. 0. O.
-0.27652 O. O.
112 - 114 0. 0. 0.
* - Refer to Table A-15for corresponding node number,
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2

TABLE A-17

CENTRIFUGAL FORCE MATRIX

2
(NORMALIZED TO & )

%*
D.. O, F,
Sequence No.
T3 -0.12527 -0.12527 0.
4 - 8 -0.12527 -0.12527 0.
etc, -0.12527 -0.12527 0.
-0012527 ‘0012527 Oo
-0.12527 ~0.12527 O.
~0.,12527 -0.12527 O.
-0.12527 -0.12527 O
"Oo 12527 ’0012527 Oe
-0.12527 -0.12527 0.
-0.12527 -0.12527 0.
-0.12527 -0.12527 0.
-0.12527 -0.12527 0.
-0.13939 -0.13939 0.
O. O. -0.13939
-0. 13939 O. 0.
0. -0.08970 -0.08970
Oe 0. ' O
-0.08970 -0.08970 O.
O Oo "0086092
-0.86092 O. O.
O. -0.86092 -0.86092
0. 0. O.
-0.08219 -0.08219 O
O Qe —0.08219
-0.08219 0. 0.
0. O. O.
. 0. 'O. 78787 0.
O. O 0.
Oe O O
N. O O.
0. 0. 0.
-0.13836 -0.13836 0.
: O. 0. O.
-0.13836 ~0.13836 0.
112 = 114 ' O. O. Oo
* - Refer to TableA-15 for corresponding node number.,
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