@ https://ntrs.nasa.gov/search.jsp?R=19710006490 2020-03-11T23:54:38+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



o SYSTEMS GROUP |
ONE SPACE PARK * REDONDO BEACH!, CALIFORNIA

TRW

N71-15945

» o
-8 (ACCESSION NUMBER) (THRU)

% /(PAX :SL . 6
LR (CQDE)
HEWI 08
j E (NASA CR OR TMX OR AD NUMBER) {CATEGGRY)

s




VOLUME I: FINAL REPORT AND USER'S MANUAL
A COMPUTER PROGRAM TO STUDY THE MOTION
AND APPENDAGE STRESSES OF A SATELLITE DEPLOYING
A NUMBER OF ASYMMETRICAL SEGMENTED APPENDAGES (N-BOOM)

TRW Report No. 13548-6004-R0-00

CONTRACTS NAS 5-11221 AND NAS 5-11258

May 1970

Prepared For

National Aeronautics and Space Administration
Goddard Space Flight Center
Greenbelt, Maryland
20771



Preparced For
National Aeronautics and Space Administration

Goddard Space Flight Center

Greenbelt, Maryland
Contracts NAS5-11221 and NAS5-11258

O

Srote
Project Manager

5 %
Prepared n_X.o |, C”L$1E;//

reepsces 1 25 ey

I. Tdarnove
Mathematical Analyst

Approved

Manager,
Dynamics Department

g g
Approved P4 A SN

P. G. Bhuta

Manager,
Applied Mechanics Laboratory

TRW Systems
~ One Space Park
Redondo Beach, California
90278

ii




NOMENCLATURE

Part 1 - FINAL REPORT

1.  INTRODUCTION

2.  SUMMARY

3.  DISCUSSION

4.  FORMULATION

5.  EQUATIONS OF MOTION IN NORMAL FORM

6. FORCES AND TORQUES

7. RELEASE AND LOCK-UP OF HINGES

8.  SYSTEM KINETIC ENERGY AND MOMENTUM

9.  COORDINATES

10.  CROSSECTION LOADS

11. SEGMENT STRESSES

12. SECTION PROPERTIES

13. CALCULATION OF SUBSEGMENT MASS PROPERTIES FROM THE
MASS PROPERTIES OF THE ELEMENTS BETWEEN STATIONS

14. MOTION QUANTITIES REQUIRED AS INPUT TO THE smnsé;
SUBROUTINE ’

Part II - USER'S MANUAL

15. INTRODUCTION TO USER'S MANUAL

16. GLOSSARY OF INPUT SYMBOLS

17. TEST CASE INPUT DATA

18. TEST CASE OUTPUT

APPENDIX A

CONTENTS

iii

Page

2-1
3-1
4-1
5-1
6-1
7-1
8-1
9-1

10-1

11-1

12-1

13-1

14~1

15-1
16-1
17-1
18-1

A-1

o oo



9-3

10-1

10-2
10-3
11-1
11-2
11-3
12-1
12-2
12-3

12-4

13-1
14-1
12-1

ILLUSTRATIONS

Basic System Notation
Segment 1 in Appendage k
Paddle Appendage Coordinates
Thrust as a Function of Time

Geometry Perameters Associated with Kick-off
Springs

Fundamental Position Vectors
Coordinates Associated with Appendage k

Coordinates Associated with Appendage k if the
Second Element is a Paddle
Transformation from Q, 9, Q to Qi, Qg, Qg Coordinates

Quantities Required in the Loads Calculation Associated
with Segment k,i

Subsegment Forces and Properties

Pulse Shape Associated with the Locking of Hinge, m,n
Circular Tube Crossection Lcads

Forces and Stresses on a Circular Crossection
Crossection Loads and Stresses

Polygonal Crossection Geometry

The ith Plate Element at Station j in Segment k,i

The Definition of QC

The Portion of the Inclosed Area Corresponding to
Plate Element i

Subsegment Parameters
Quantities Defining Segment Position

Test Case: Satellite with Partially Deployed Appendages

iv

Page

4=2
4=2
4-3
6-2

6-4

9-1

9-2
9-4

10-2
10-3
10-7
11-1
11-2
11-5
12-2
12-3

12-6

12-8
13-2
14-4
17-2




ko ko ko k
801°911°821°%31

NOMENCLATURE

1

Kick-off spring paremeters associated
with kick-off spring k,i.

Total external torque acting on the ith
segment in appendage k (segment k, i)

Torque about 0 produced by thrust

Position vector of the center of mass of
the ith segment in appendage k relative
to 0

Position vector of main body c.m. rela-
tive to 0

Instantaneous system center of mass

Position vector of segment k,i ccnter of
mass relative to inboard pin

Inertial derivative of the vector ¥
Derivative of T with respect to an
observer fixed in the main body

Position vector of first hinge of appendage
k relative to 0

Unit vector triad fixed to the main body
and associated with appendage k

Total external force on the system

Gravity force on the main body

Gravity force acting on the c.m. of
segment k, i

The magnitude of the compressive force on

1 3 - K4 . .
Dimensions of quantities input to the program and output by the program
are provided in Part II, User's Manual,
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Total external force on segment k, i
Total external force on the main body

Thrust magnitude applied to main body
as a function of time

Unit vector in the direction of the thrust
applied to the main body

Position vector to a point through which
the thrust acts

Unit vector in the direction of 0 from the
center of the earth

Moment of relative momentum of a body
about the moving point 0, defined by

o= - _ DT
H =/ T X dm where T is the
o Body Dt

position vector of a field point in the
body relative to 0

Position vector of inboard hinge of
segment k,i relative to 0

Index symbol designating segment numberl

Segment k,i inertia matrix in segment
coordinates

Segment k, i inertia dyad in main body
coordinates

The vector a is transformed into a
square matrix by the operator J so that

[7(2)] (b) represents a x b

Index symbol designating station number

'‘Although sometimes used for other purposes, the indices k,i,j,%, are

generally associated with appendage, segment, station, and vertex numbers,

respectively.
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k
Ei

Spring parameters for the ith hinge of
appendage k '

Distance between hinge points on the ith
segment in appendage k&

Index symbol designating vartex number
Total moment about 0 of external forces
and torques

Transformation matrix from body fixed
coordinates, xyz, to inertial coordinates
at initial time

Mass of segment i in appendage k

Mass of main body

Total mass of the system
Total number of segments in the system
Total number of appendages in the system

Total number of elements (segments) in
appenda e k

Total number of paddle appendages
Total number of segmented appendages

(does not include paddles) i.e., ng =
n, -8,
Main body fixed origin

Center of mass of the ith segment in
appendage k

Center of mass of the main body

Origin of the uniformly translating
Newtonian frame

The total force on the inboard hinge of
the ith segment in appendage k

Total linear momentum of the system
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Linear momentum of segment k, i

Total spring and dashpot torque about
the inboard pin of the ith segment in
appendage k

Dashpot parameters for the ith hinge of
appendage k

Designation of a field point in segment
k,i

Position of attachment point of kick-off
spring k,i to the main body

Position vector of a field point in segment
k,i from point O

Position of attachment point of kick-off

spring k,1 to segment k,1

Position vector of system center of mass
Total kinetic energy of the system

Kinetic energy of segment k, i

Transformation matrix which transforms
a vector in appendage k coordinates to
main body coordinates

Kinetic energy of the main body

Time from beginning of simulation

Time of thrust termination

Time at which thrust is initiated

Release time of first segment of
appendage k

Time, t = @. at the instant of a release
or lock-up event

Time t = £~ immediately preceding a
release or lock-up event
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Time, t = tt » immediately following a
release or lock-up event

3 x 3 identity matrix

Velocity of main body reference point,
O, relative to Oy with respect to an
observer fixed in the main body

Means the vector Vv is expressed in a
coordinate frame fixed to the main body

The position of the attachment point of
kick-off spring k,i to segment k,i relative .
to it's main body attachment point.

S i

The length of kick-off spring k,i at which
disengagement occurs.

Inertial coordinates with origin at ON

B T O

Main body fixed coordinates with oriéin
at O

Unit vectors associated with the inertial
frame

Unit vectors associcted with the main
body frame

Inertial velocity of the main body
Inertial velocity of segment k, i

Angular position of segment k,i relative
to the main body

Angular position of segment k i rel%(t:.ve

to segment k,i-1 for i > 1, ﬂl = a

Relative angle of segment k,i-1 (the
value of (3 _1) at which segment k, i is

released in appendage k fori >1

Rela.twe angle of segment k, i (the value
of ﬁ ) at which segment k,i is locked

Pre-load angles for ith hinge in appendage
k
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Ak Ak Ak
E,i. ']i ’ ["i
P

¥

o,

1

k

T,

1

qu' ek' ‘pk
M M M
VRS- R
)

Z)'k

Unit vector triad associated with the
coordinate frame fixed in the ith segment
in appendage k

Position vector of 0 relative to ON

Position vector of a field point in segment
k,i from the c. m. of segment k, i

c.zi(. angular velocity of segment k, i

relative to the main body
fil.:. angular velocity of segment k, i
relative to segment k,i-1

Euler angles defining plane of appendage
k with respect to the main body

Euler angles defining the position of the
main body in inertial space

Angular velocity of main body

Angular velocity of segment k, i




The nomenclature which follows is associated with the stress package,
Sections 10 to 1l4. Since four indices are generally required, a different

format is adopted to clarify the indices associated with each quantity.
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l. INTRODUCTION

During launch, space vehicles are generally stowed in the confining
volume of the launch vehicle nosecone., If the space vehicle has appen- |
dages, these must be designed to satisfy this stowability constraint.

Appendages may serve any of a number of purposes, such as:
e Experiment package isolation
e Solar cell arrays
e Communications antennas
e Inertia control for spin or gravity gradient stability

In order to be stowable, appendages are often designed as series of
hinged elements which can be collapsed to f't within an allowable envelope.
Once in orbit, the appendages are deployed under the action of spin of the
main body, thrust applied to the main body, or by the action of springs
and dashpots which may act about each hinge point.

Deployment in general must be accomplished within constrainte of
maintaining stability of spacecraft motion and not exceeding the maximum
design stresses for the appendages. These constraints are satisfied by
selecting a proper combination of design parameters such as release
times and lock~up positions of appendages; magnitude, duration and
direction of applied thrust; spin rate of the spacecraft; and hinge spring
and dashpot parameters.

The first step in determining whether a particular array of design
parameters is appropriate is to determine the motion of a prospective
system. Having the motion, one can readily determine whether motion
constraints are satisfied and estimate maximum stresses.

Since the mathematical formulation describing the motion of such
systems is a set of complicated non-linear differential equations, they
can only be solved in general by use of numerical techniques. The N-
Boom Frogram, developed by TRW under contract to NASA Goddard,
embodies such a system of equations and provides a numerical solution

for use in design studies. This report describes the development and use




of the program, which calculates the motion of a spinning, accelerating
spacecraft deploying a number of asymmetrical segmented appendages with
arbitrary hinge torques, and which in additjon, estimates appendage

segment stresses.
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2. SUMMARY

The satellite and its deploying appendages are modeled in the N-

Boom Program as a system of rigid bodies. Each appendage is composed

of one or more rigid segments, which are hinged together, and attached

to the central body at an arbitrary location with an arbitrary orientation.

The general features and options provided by the N-Boom Program are the

following:

System Configuration

Two general types of appendages are admissable:

The first, involving one or more segments and
constrained to deploy in a plane fixed to the
main body.

The second, involving two segments, with the

first constrained to deploy in a plane relative to
the main body, while the second segment rotates
about the first.

The center of mass of each body in the system 1is
arbitrarily located.

The number of segments allowable 1s dependent on the
size of computer memory available. In the case of the
IBM 360 Mod 65, the limi¢ation is 20 segments, while for
the IBM 360 Mod 91 it may be as large as 100.

Hinge Torques

Linear or non-linear springs and dashpots may be assumed
to act about each segment hinge and, in addition, non-
linear, disengaging springs may be assumed to act between
arbitrary points on the main body and an arbitrary point
on any appendage segment.

Appendage segments may be released from an initially
locked position. The program provides a number of
release criteria options:

a. Each segment may be released at a specified time.
b. Fach segment may be released when any other prescribed
segment, which may be in another appendage, has attained

a given relative rotation with respect to the segment in-
board of it.

2-1



Adjoining segments may be locked together when they have
attained a prescribed relative angle. The motion of all
the bodies which compose the system is reinitiated when-
ever a hinge is locked.

Segment Stresses

The program provides the option of calculating segment
stresses which arise in the course of deployment. The
stresses are pseudo-dynamic stresses. That 1s, the internal
forces from which the stresses are obtained are calculated
by means of the rigid body motion.

The program calculates stresses and principal stresses at

the four points on the crossection lying on segment coordinate
axes, and in addition, establishes the most severe stress
condition at each station on each segment at times specified
by the user and at each lock-up.

Internal stresses are calculated from the internal forces,
obtained above, by strength of materials theory.

Maximum internal forces during a lock-up are calculated
from the impulsive forces and torques which act at each
hinge point when a segment locks, and an assumed pulse

shape, associated with the locking hinge and specified

in input.

Section Properties - Required 1if Stresses are to be Calculated

The shear center and neutral axis of each segment are assumed
concurrent.

Two types of segment crossection are admissable:
a. circular tube

b. a general polygon crossection having as many as
five sides.

Thus, the user inputs the tube radius and thickness in

the first case, and the coordinates of the vertices and
the wall thickness between vertices in the case of the

second crossection optiocn.

The above crossection parameters may vary from station to
station on the segment. As many as 6 stations are allowed.

The pregram calculates all the geometric section properties
required for the stress calculation from the above inputs.

2=2



® The user inputs mass properties of each portion of segment
between stations. The program generates all required mass
properties for stress calculation purposes from this input.
Plots

() A plot output option is provided.



3. DISCUSSION

The N-Boom Program is designed to predict the motion of a spinning,
accelerating spacecraft and its deploying appendages during the deploy-
ment manevver, and, on the basis of this rigid body motion, estimate
segment stresses. The satellite and appendages are modeled as a system
of rigid bodies. Two types of appendage models are considered: the first
is a series of bodies hinged together end to end and constrained to deploy
in a plane fixed to the main body; the second type, simulating a paddle,
involves two bodies, the first deploying 'n a plane fixed to the main
body while the second body rotates about the first. The system motion is
induced by non-linear springs and dashpots acting at the hinges and/or
by external forces and torques. For the prupose of calculating stresses,
two types of segment crossections are admissible: (1) circular; (2)
polygonal. 1In addition, appendage segment crossections may vary from
station to station along their length.

The external forces and torques, discussed in Section 6, arise from
two sources: gravity forces which act on the center of mass of each body

in the system, and thrust applied to the main body.

In practice, satellite appendages are initially unreleased, that is,
initially the system is one rigid body. Appendages are then released upon
command, move out to a fully deployed configuration, and are locked in
place. However, a complication ls introduced into this sequence of events
when appendages and segments are not released simultaneously. The pro-

addition, any hinge in appendage k may be released on the basis of a dis- /

/
gram allows for any hinge in appendage k to be released at time t?, in // '

placement criteria. That is, segment k,i may be released when segment m,d
has attained a prescribed position relative to the segment inboard of it.f

In the program, motion must be correctly reinitialized whenever a release

or lock-up event occurs. The importance of this point and the method by which

this is accomplished 1s discussed in detail in Section 7.
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Counting each one of the n appendage segments and the main body,
the system consists of a total of n+l bodies. The main body has 6 degrees
of freedom: three rotations, and three translations. The position of
each appendage segment can be described by considering one additional
degree of freedom relative to the main body for each additional segment
in the appendage. Thus, for this system of n+l bodies, there are a total
of n+6 degrees of freedom and to completely describe the motion of the

system n+6 dynamical equations of motion are required.

Three equations of motion are contributed by the system moment
equation, Equation (4.9) of Section 4. Another moment equation is
obtained for the segments outboard of each hinge, Equations (4.16) and
(4.17). Finally, three equations are obtained corresponding to the
translational motion of the system, Equation (4.3). Thus, a total of

n+6 equations are provided to account for the motion of the system.

These equaticns are later reformulated in a form suitable for
solution hy standard computer techniques. This form is a matrix equation,
Equation (5.1). Solution to problems such as release and lock-up are

developed in terms of manipulations of this equation.

Section 8 provides equations for kinetic energy, angular momentum,
and linear momentum of the system, Equations (8.11l), (8.13), and (8.7),
respectively. These eguations are not used in the program to calculate
motion, but these quantities are calculated from the computed motion.
In the check-out phase of the program development, these quantities
served as checks on the predicted motion. In addition, the user should

find them useful as a check on the results.

In Section 10, Loads, and Section 11, Stresses, the two major
steps required to calculate segment stress are presented. In the first
of these sections, the means whereby crossection loads are calculated
from the general motion or from the motion discontinuities during a
lock-up are described. Presentation of this analysis first serves to
clarify the most suitable form in which to have dynamic quantities. and

inertia properties. The crossection loads, derived in Section 10, are
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in the same format whether or not a segment 1is locking. Consequently,
in Section 11, where the crossection stresses are calculated, it is un-

necessary to discriminate whether a segment has locked or nct.

In Section 11 the means of calculating crossection stresses 1s
described. Although some complexity is introduced by a consideration
of alternate non-circular and circular crossections, nc particular

difficulty arises from consideration of station-to-station variations.

Sections 12 and 13 translate crossection geometry and mass parameters
input by the user into a form admissib)= to the loads subroutine of Section
10, and the stresses subroutine of Section 11. The input required is in
a format most convenient to the user, and consequently, although in some
cases the required input may be voluminous, the quantity of input is

greatly reduced by the addition of these sections.

Section 14 converts segment motion as calculated by the motion portion

N-Boom program into a form suitable for use in the loads calculation.

Appendix A provides definitions of a number of quantities derived
during the course of formulation in terms of variables defined in the
Nomenclature. The derivations of these 1is not provided in the report,

although in most cases, these are readily apparent.

Part II is the User's Manual. Namelist input quantities are defined
in terms of notation used in the formulation and defined in the Nomencla-
ture Section. This part of the report also includes sample load sheets

and test cases.

Volume II of this report is the Programmer's Manual. It includes
4 description of the program, descriptions of subroutines in the program,

a flowchart, and a program listing.



4, FORMULATION

The system described in Section 3 involves a total of n + 6 degrees
of freedom, where n is the number of degrees of freedom in appendage
segments relative to the main body. Therefore, in order to describe the
motion of the system, n + 6 dynamical equations are required. These are
obtained as follows:

1) Three component equations from Newton's Second Law
for the system

2) Three component equations from the system moment
equation

3) A moment equation about O for all segments outboard of
each hinge
Figure 4-1 introduces some of the notation used in the analysis:
P is the position vector of the reference point O (fixed in the main body)
with respect to ON (fixed in inertial space); the vector 'B is the position
vector of the center of mases of the ith segment in appendage k, O, k with
respect to O; ?1' is the position vector of the first hinge in appendage k
with respect to O; and 8 is the position vector of the system center of

mass C with respect to O,

Figure 4-2 introduces notation associated with a particular appen-
dage segment, the ith segment in appendage k, referred to as segment
k, i, Not shown in Fig'ure'? 4-2 is Qik, a unit vector normal to the plane
of deployment of appendage k., The meaning of the geometric quantities
is clear; remaining symbols represent forces and torques. The vector
ﬁik represents the resultant bearing force on the inboard hinge of seg-
ment i, and consequently -isil_:i represents the bearing force on the out-
board hinge. Fik is the resultant external force and Qik, -Qitl’ are
the spring and dashpot moments on the inboard and outboard ends of

segment i, respectively,



MAIN BODY—-\

o1

Figure 4-1, Basic System Notation

+0

Figure 4-2. Segment i in Appendage k
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The notation associated with ¢« paddle appendage is almost identical

to that associated with an ordinary appendage. This is shown in Figure 4-3,

ATTACHMENT
POINT TO 0
MAIN BODY

°1, &, 0

Figure 4-3, Paddle Appendage Coordinates

The vector Tl: is to an arbitrary point on the axis of rotation of the paddie.
Referring to Figure 4-2, Newton's Second Law for segment k, i is

2
kD" - k, =k k .
mi 2y (5 +By) = F{ + s - B, (4. 1
where
Be =0
Mg+
while for the main body, it is
Dz i 2 n
- T =T ko) s e a
mM;Z(T""bM)'FM"(Pi +P T+ .+ P ). (4.2)

4-3




T RIS S T

T g
PRt

R SR T D N, S O

o
iy

Summing (4.1) over all appendage segments and combining with

(4.2), Newton's Second Law for the system is obtained

D° - =
m,, —=— (p + 8) = F (4.3)
T 52
where
m., =m,, + }M mk (4.4)
T M P! *
i, K
is the total mass of the system,
1 k Tk
S':IT(mMBM+Zmibi) (4.5)
T i k

is the position vector of the instantaneous system center of mass with

respect to O, and

- = =k
F:FM-{»Z 20 (4. 6)
ik

is the total external force on the system.,

The moment equation for the ith segment of the appendage k is

DH 2
i kek D% =k ek _ =k , =k
Bt +m151x—-th 'E1+B1XF1+Qi
k =k k k

+thyx Py - (‘51+1 +h % FM) (4.7)
where, it is noted that
=k
=0
N+l



N

The corresponding equation for the main body is

DA 2
oM D
+m,, b,, x =8B,,.+5b F
Dt M °M 'D‘t‘g' MT°M** M
n
a
z (611‘+51fo‘1‘) (4. 8)
k=1

In the same manner as Equation (4. 3) was obtained, a moment
equation for the system is obtained by summing (4.7) over all i and k
and adding (4.8). Thus,

DH
s tmpSx2f - M (4.9)

t o

v

where
k
Ho = HoM + z Hoi (4.10)
i,k

is the total moment of relative momentum of the system about point O, and

MO=B'M+EMxFM+Z (E;‘+51;xf1;) (4.11)
ik

is the total external moment on the system about O,

Equations (4. 3) and (4.9) represent 6 component equations out of a
total of n + 6 (where n is the total number of appendage segments) requif"ed
to describe the motion of the system. The additional n equations required
are obtained by writing the moment equation about O for all segments out-
board of each hinge, This equation is obtained by summing (4.7) over
indices corresponding to the ith body outward, to the outboard end of

appendage k, Thus,



pH" 2

'BT"'O + N mipkyD (El"ﬂ?k Fk
. "’-I, J j Dt
J—:i j:l J:].

kK ok ok
+5i+h'ixﬁi (4.12)

The interaction forces are eliminated from (4, 12) by use of Eqgua-
tion (4.1). Summing (4.1) over j, with j > 1, in appendage k and then

solving for Flz. one obtains

n
k
2
Kk _ k D (= . k) pk (4. 13)
2 2 [mj-l;-t-z-(p +sj)rj]

Substitution of (4, 13) in Equation (4.12) yields

L kK ok 2= DG’}
2 —m-l-o-m (5' K)x%t-f- m Kk _2")' =M1;+ﬁl; (4. 14)
j=i
where
Dy
k k k k
Mi=2 (B'j +5ij'j) (4. 15)
J:l .

To arrive at the desired equation, it is necessary to eliminate
unknown components of G k from (4.14). In the case of ordinary segments,
known components of Q' are normal to the plane of deployment. Thus,

we obtain

46



"k |prrk. 2. ppk
Ak SO o , (Bk ﬁk) D Hk
e . 2 - X "’m
b e ol DtE Dt?
S * R (4.16)

for each non-paddle segment, that is for k = ng all j, and for n < k s .
for j < n,

‘the corresponding equation for paddle segments is

Dﬂmk ) = DZS’;
K k fek D ; Kk
. + B - H - K
ﬁ"’k bt m"k ( My “k)x Dt m“k my Dt?
- - %ﬁk . M‘;k + ’;k (4.17)

< i =
forns<k-naa,nd3-nk-

Although Equations (4. 3), (4.9), (4.16), and (4.17) form a mathe-
matically c;mplete description of the motion of the systermn, they are not
in a form suitable for obtaining numerical results, In their present form,
all terms are implicit functions of the n + 6 unknown parameters (3 trans-
lationy and 3 rotations for the main body and n relative angular displace-
ments, one for each of the n appendage segments), Furthermore, reduc-
ing Equations (4.3), (4.9), (4.16), and {4.17) to equations involving only
the n + 6 unknown parameters is not sufficient. In order to be amenable
to standard techniques for computer solution, the equations must be
reduced to normal form., An intermediate step is to be ahle to write

[A), a square matrix a column a column

whose elements are vector of vector of

composed of geometric unknown = | known

and mass parameters derivatives quantities

only (Inertia) (accelerations) (forces) (4. 18)

Equation (4, 18) is shown in detail in Section 5,



Proceeding with the reformulation, the system translation equation,
Equation (4. 3), is first considercd. All terms must be first expressed in
terms of the unknown parameters, The inertial acceleration of the refer-

ence point O may be expressed relative to an observer fixed in the main

body as
DZ- dZ-— 2 - d" - - -
(_ze) vixprawx(8) +3x@xp (4.19)
Dt dt M M

and the inertial acceleration of the system center of mass with respect

to O in main body coordinates is

n n
5 Ao 2 o (1)k .k
d ‘ )
mTE:Z"H?meg’Lz Z By oy
k=1 i=1
1
a
oS iy xoh) ok et e &§]+B . 20
k=n +1 ‘
S
where
=(1)k _ Kk Ak kK k kAk
B; -mie1x€i+|¢i£i§i (4.21)
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and

8 -
2
) nk K\ =(1)k]| .- k =(1)k
B 'Z e1"l (1) B ]*2 ZGiBi
k:l 1:1 i,k
n, ) n_
- Ak ) =(1)k|, ,- k =(1)k
+Z elx[(m1 By ]+2wxz 6151
k=ns+1 k:ns+1
n
a
k ] k kAk k (k/\k k/\k)
+z m, {6162§1x52+ AR P
k:ns+1
I/ k Ak k/\k) k
x[(o'1 e +a, Mg x@z:”
n
4 11
- kK ((kpk =k, kAk =k
+2wxz m, (01 e1x§'2+cznlawz) 4,22)
k:ns+1

Those quantities in the above equations, or yet to be developed
equations, which have not been previously defined or are not to be found

in the Nomenclature section will be found in Appendix A,

If we define

7 = (%;3.) (4.23)

M

'''''

b=t



e

then (4. 3) can he written

dv - 1)k k
mp ap - My (p + 5) x Z
Na
1)k k -k . k — -
+ z [(E(l ) + m, @ll(x CZ) crl; lgnl;x Clz(a'l; = uy
k=n +1 '
8
(4. 24)
{»,
where >
u = F-B‘-ZmTBxV-mTax(axa (4. 25)

Eiquation (4,24) corresponds to the first three rows of Equation (5. 1).

In order to reformulate Equation (4.9), it will be necessary to re-
express the terms of (4.9) in terms of the parameters of interest, The

first term in (4.9) may be written

Dﬁ < DH,, DHg,,
2 = 2 Dt v (4. 26)
i,k

DHY,

where _5Toi is the moment of relative momentum of segment k, i about O,

and is given by

DHY, p%’ DAY
Bt = my B X it + (4. 27)
1 1 Dt

where ﬁléi denotes the relative angular momentum vector of the ith seg-
ment of appendage k about its center of mass, and where the first term

is given by
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DZB'k
m ;!‘x--—i- = mkg%t x(ax'}j()-{- m, b,
i1 Dt i i i i
i-1
o (B TE) oy b B> 2R R mER
i i j j i'i i
j=1

(4. 28)

=k DB'; k=k [~ =k Kk —k
mszx_'i-Dt = rn2 b2 x(wxb2)+ m2 b2
kak . =k\ , :kAk k ., =k . .kak k=k -k
x (ry 8 x Ty ) + 30 x T + BY x 6787+ mib] xF)

(4. 29)

In order to re-write (4.9), the following relations will be of use:
# T ke (430
ik

where EI; is defined in Appendix A, and

2=

D% ‘
my g byg X mvr meM"(“’"bM)+meM"[“’"(“”‘bM)]
(4. 31)
=k _ %k, =k _ =k, (=, kAk
Hy =Lro =1 ("’*"i e1) (4.32)
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except for n < k < n, and i=2, in which case we have

w2 o o KAk L Kk Ak (4.33)
3 I w, L (w+cle1+cznl)

the rate of change of the relative angular momentum of each body is

k
DH- = L4 1
=1 (a-al;’éll‘xa'+&1;’éli‘)+('J+al;311‘)xﬁ’c‘i (4. 34)

except for n < k< n, and i=2, in which case we have

Dch(z "k |~ .kak .kak k kak kak  k aAk) —
Br— =I.2, w+cle1+czn1+0162§1- 0'161-1-0'2111 X w

— kak, kak) =k
+(m-l-0'1 e, +o, nl,XHCZ (4. 35)
Using Equations (4. 28) through (4. 34), Equation (4.9) is written in

the form

dv kT ~ A =
mTSxa-:ii—(z Ii +IM)°w+mTSx(wxp)
i, k

i, k

© |1k, Ak, ktk o (ak =k} | skgk  Ak| .k
+Z[L e1+m1bix(e1 b)-i-l S,i gi]wl
i,k |

n

a - -
R R e
k:ns+1
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Tk, nk k =k k  =k)| k| =
+ I2 n1+m2bZX(ﬁ1xCZ)] 2| =4, (4.36)
where
T =(1) ko, kak - =k
u, Mo-g +ZI1 (wlelxw)-z(w+c el)ch1
k,i i, k
-BxﬁcM-mMEMx[Gx(axBM) -mTSx[ZaxV-!-Gx(:xﬁ)]
F - - -
ko ( kpak - -k, k pk k A - k k- -k, ok
+ E 11 (aleixw)+12 [(01,e1+02n1)xw]-c10212 gl
k=n +1
s
- k Ak =k - k ak k ak
-(w4-01e1)chi-(w+cie1+ ) H': 4 (4.37)

Equation (4. 36) corresponds to the second three rows of matrix A
defined in Equation (5. 1),

The re-formulation of Equations (4. 16) and (4.17) is more lengthy
than that required for the system translational Equation (4.24) or the

system moment Equation (4.36). Consequently the derivation will not be
presented in detail. The resulting re-forraulation of Equation (4, 16) is

() - 47 (78« (B 5

i J
j=i
e
ok, Tk, Ak klak Tk k)|, (pk =k

+Q, 181 & +m [éix(bj-hi)] (e?l Cj)

=i

| i-1
kak =k _ Ak\[ -k k=k _ak.k __k
-"‘jé1 (ﬂj”xg'j) “5t 1£jpix§j¢j-ui (4.38)
. | j=

RS SRR o 5 e e w20 o o i



where

u1;= 811‘ Ml: _H£2)k+. . [,,13‘1:‘; (’é1 xZS)
J=1
- <2§3 + cl; ei) x l-'l'l;j - ml; ('51; - Kl:) x (-8-1; - F§”k)]} + “1;1 (4.39)

that is, for non-paddle appendages (k sns), and where uk is the generalized

si
force corresponding to kick-off springs derived in Section 6.

In the case of paddles, the moment about the inboard hinge is dotted
with the normal to the deployment plane, @t, while for the second segment
in this appendage, the paddle segment itself, the moment is dotted with ﬁ?.
The first of these equations has a different form than the corresponding
equation for ordinary 2-segment appendages, but only in that the relative
angular velocity of the second body is in the ﬁ? direction. For appendage
k, when it is a paddle appendage, the moment equation about the inboard
hinge of the first segment in the direction of the normal to the plane of
deployment, QE, is

Ak _=(2)k\_ dV |7k Ak Tk
(elxﬁ1 )xa-t—-i-{l -e1+12

-

4.14
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for n < k sn_, and uls(’1 is the force term corresponding to kick-off springs
derived in Section o.

The moment equation for the second segment in the appendage is
obtained from (4.17), where n = 2 since it is being assumed that paddle

~ appendages consist of two bodies, and where it is to be noted that
i, Ak Ak
Ny nz. Thus,

e (e )|

Nk k Ak k =(2)k k =k
+ [n1 . IZ 'yt (ﬂi xﬂfz) ) . (4\;1 X CZ‘ (4.42)

—_—
q.
N =
n
N‘:W

where

k_ok Ak =k =(2)k _/-k +(1)k\ = >k
uZ-Qz#-n1 Mz-pz x(gz-ﬁz )+I2

PR { . S
L AR VN8 Ry

~ k kopk - kak k ak = =(2)k
xw-ciczl{,l]—(w+01e1+02n1)x c -h2

4.15



for ns<!<gr2“ and uzz is the force term corresponding to kick-off springs

derived in Section 6.
Equations (4.24), (4.25), (4.36), (4.37), (4.38), (4.39), (4.40),
(4.41), (4.42), and (4.43) are the equatidns of motion of the system.

Symbols in these equations which have no” been previouvsly defined are

defined in Appendix A. In the following section, these equations will be

rewritten in matrix form.
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5. EQUATIONS OF MOTION IN NORMAI, FORM

As discussed in Section 4, an intermediate step in the numerical
solution of the equations of motion of the system is to write an equation in
the form of Equation (4.18). The results of the preceding section, Equa-
tions (4.24), (4 36), (4.38), (4.40), and (4.42), can now be used to define
the coefficient matrix on the left hand side of (4. 18), matrix [A]. The

[A] matrix has the following structure:

it Aee BB e i e a o T

Ay | B2 | A3 | Aa Mg Aip
Aap | Paz | Baz | P4 Asrs Ap
Agp | A3z | A3z | A4 0 0
Mgy | Baz | A4z | Pag 0 0

0 0 :
Ari ArZ 0 0 Ars 0
Api | Ap2 0 0 0 App

Sc that (4. 18) can be written:

[A)(d) = (u)

(5.1)
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where the column vector (d), is the column of unknown derivatives:

[ u, ]

while (u) - u

(d)

i

n
andp=n+2=2+i n

A
i
i

o
= B




The subscripts r and s shown in Equation (5.1) are defined by:

k-1
2+i+z n (5.2)
m

m=1{

g ]
1

and

k-1

2 +j+ Z n_ (5. 3)
m:=1

®
]

]

The first row of matrices in the partitioned [A] matrix are now to be

defined. These have three rows and are designated A“. AiZ' and Als
Na

wheres = 3,.., 4 + Z n_ (i.e., s = 2 plus the total rumber of appendage
m=1

segments in the system). The first row of [A] corresponds to the left hand
side of Equation (4. 24).

A= myp [ U] where [ U] is the identity matrix (5. 4)
A, =-mg[T(7+8)] (5.5)
Am = Ej“)k for k ng
-‘gj(l)k+mlz( /e\el,;x 512( j=1 n,<ksn,
= m12< ﬁlfx El; j=2 n,<ksn_ (5.6)

The next row of sub-matrices in [A] corresponds to the system

moment equation, Equation (4.36).

Ay, = mT[J(§)] (5.7)



Ay = D 1]+ ] - mr [5®)] @)

i, k
- my [J(EM)] lJ(BM)l . }: m; IJ(EI;)I lJ(‘B‘iﬁl
i, k
Azezfjf'QT+L;<§?xe;(+m?b?x @lrxa? k‘!xns
(DTS ey gy kB g o
+ml1{T)kxl’él;x'C-l;]+mlz('Ekx Akakl for j=t andn_ <k <n_
=fl£ ﬁ t m, 'Bk [ﬁk —k] for j=2 andn_ <k £n_

‘ Equations (4.38), (4.40), and (4.42), correspond to columns of sub-
matrices of dirnensions 1 x 3 in the first column, 1 x 3 in the second, and

scalar quantities in the sth column.

_ Ak (2)k
( Arl—elxﬁi ksns
= é\l;xﬁ(iz)k i=t ng <ksna
= Y x B2k i=2 n_<ksn (5.10)
"
A = sk B x Ek B +T% ef
. j=i
" Ak =(2)k)
+[(p+hi)x [ )] s,
& | k(e k) L [kl [k k)]
= m: (Br-h ) x |8 x (B -h
j\7] i 1 j )
j=t |
,; +=I;.( ‘ 6‘11{ + (E + 'hll() x ('é‘l: x-5(12)k) for i=1 andn_ <k < n_
[k k) [k =(2)k) ., =k . Ak
{( - (B - ) x (ff x B2) + 75 - A
- N -
"‘(9 + hlzc) x (!ﬂk x ﬂ(z’k) o for iz2 andn_ <k <n
L2 5-4 ® 2



) kAk 2)k ok
Ars - (3( )
: e‘; P e [gl;x(s;f-

€1

@k X Ckl + /(.k ple [-S'.l;- b BX]

%

o

1)

where for paddle appendages, n < k = n_» Ars is

S I AR S
+ ml "i‘x('l;l:-ﬁlf).1 Ql;x '(-fli(w
+ ml.: Péll( x (Elz( - Ell()i :'e‘ll( X '512(1
L 4 4
Rl Ll PR for i=1, j=t
‘A‘rs 4—3115*«-"31“2 — ) T’r—nz elr x "gi,:w: ‘Kll{ )]
(?ﬁ; x '512‘] for i=1, j=2
85 B e (BB (o)
+ 4k ’ﬁ‘; (’522)1‘ 211() for i=2, j=1

T A (B

(A

5-5

=k . .
X CZ) for i=2, j=2

‘0 nk

.,i-1 and k s n
8

(5.11)

(5.12)




The elements of the vector (d) beyond the first six are the angular
accelerations of the appcndage segments relative to the main body, &l; = &l;.

In view of the fact that the criteria for lock-up and release are in terms of

the relative angles of adjoining segments Bls(i’ and Gl;i, respectively, it

will be found to be of use to write Equation (5.1) in terms of the relative
-k

angular accelerations of adjoining segments, Bl: =T

For appendage k , the following transformation exists

Sk ] K |
{ Ty
Kk Kk

72 T2

where [a) ] is an n, x . matrix defined by

k

(ak]

. k_k k
. . . . . . . |sincefor k = ns’Bi =a; -,

: k _ k k_ k ' k
Lap] = [ Ul for n,<ksn, sincef =a;, and B, = a, for paddle appendagezs.



Using the transformation defined in (5. 13), the column vector (d)’ can

be defined in terms of the relative accelerations of adjoining segments.

N.—. [ S

L. - e

or, more compactly

[U}

[ U]

[ai]

[32]

(d) = [a] (d).
- 5-7
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Using the matrix [a] in (5.14), a new matrix, the B matrix is defined
(B] = [A] [a] (5.15)

Matrix B has a block structure identical to thal of A shown in Equation
(5.1).

The equations of motion are now written in the form

[B] (d) = (u) (5.16)

The solution of (5.16) provides the values of the derivatives of the

. - - k - . . .
variables v, w, and T The remaining differential equations are

e v

k_ k

By = ™

. { — =

X ---—2-(0‘K

K = % [x® - © x K] (5.17)

The last four equations in (5.17) involve ¥, and K, the Euler
parameters. These are used to define the transformation relating inertial
and body fixed coordinates at any time. The differential equations involv-
ing the Euler parameters are Eqgusfions (9.14), and (9. 15); the derivations

’

of these are presented in Sectian 4.

- 5-8



i

6. FORCES AND TORQUES

In Section 4, equations of motion were derived using rather generally
defined forces and torques. It is the purpose of this section to define the
internal forces and torques produced by the springs and dashpots that may
act about each hinge in the system, the external forces and torques in
terms of the applied thrust and the gravity field, and the generallized
forces corresponding to the kick-off springs which may act between any point

on the main body and any segment.

The internal forces and torques due to the springs and dashpots which
act about each segment hinge are in general linear and nonlinear functions
of the relative angular positions and relative angular vel@cities of adjoin-

ing segments. The total torque acting about the ith hinge in appendage k
is

2 2
I k) k k k k k k k
Q = 'éi[‘lim (Ti) t2) s *qi<3>("i *Vi)

2 |
‘ k k k6 .k k k 'k
+ g (X + )+ Ky (B + o )+ Kz (pi + 91)] (6. 1)

The first four terms in (6.1) correspond to the dashpot torque and
the last two terms correspond to the spring torque. The constants Y? and
9'; are preload angles.

A gravity force is assumed to act on the center of mass of each body
in the system. In terms of the local value of g, this is defined by

Fléi-:: -g mi{ @ | (6. 2)

for the ith segment of appendage k, while for the main body the gravity

force is

?G = -g my, 2 (6.3)
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The acceleration of gravity, g, is an input quantity and is assumed
constant throughout the deployment (any value of g may be used; the lunar
value, for example).

Thrust is assumed to act on the main body only and to be represented

by a rectangular time pulse, as shown in Figure 6-1.

4 '
fi f  §
Thrust as a Function of Time

Figure 6-1.

Thus, the thrust vector is

A
Fplt) = Foplt) Fp (6.4)
where
‘ FT fortiststf
':; FT(t) =
; 0 for t < ti' and t > l:f
- * The torque about O produced by the thrust is

ET(t) = TTx FT(t? (6.5)‘
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Equations (6.2), (6.3), (6.4) and (6.5) are used to define the terms
in (4.6) and (4.11). Thus corresponding to Equation (4.6) we have

FM=F'T+F‘G (6. 6)
k k
Fizi"‘c;;
1
so that (4.6) becomes
F-F +F.+Y F.° (6. 7)
ST TG MG |

The terms in Equation (4.11) are defined as follows:

o]
4
~+
o1
=
"
)
=
"
o
2
*
)
Q
-+
'_]H-l
b
)
H

(6.8)

Using the relation (6.6), (6.7), and (6.8) in Equations 14.6) and

(4.11) defines the external forces and torques on the system.

In Equations (4.39), (4.41), and (4.43), terms are introduced repre-
senting the effects of the kick-off springs. These terms, uzi
(4.39), ugl in Equation (4.41), and u§2 in Equation (4.43), are derived
below by means of virtual work considerations. Figure 6.2 serves to intro-

in Equation

duce the geometrical parameters required in the derivation.
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Figure 6.2 Geometry Parameters Associated with Kick-off
Springs

The position of the attachment point of kick-off spring 1, k relative
to the main body is

+s, - r (6.9)

The magnitude of the compressive force in the kick-off spring is
expressible as a non-linear discontinuous function of its length. Thus,
k k k

Fsi = agy * ayy Ix

2 k ki 3
+ag Il
-k =k
for Ixi| < ‘xiif

ko_ K| > =k ,
Fsi =0 for % 1>l (6.10)



(“""‘.
3 5
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The additional force terms to be included in the equations of motion
may be obtained by means of virtual work considerations. A virtual change
in length of the spring results in a virtual displacement.®xpressed in

vector notation

-~k

Sx ™

w Sh, + 8r

{ { { (6.11)

The virtual displacement of the attachment point on segment k,i rela-

tive to the segment k,i hinge may be written

..4('
{ + Gsmi

3 = sl g 5k

{ { (6.12)

where agﬁ is the component of ng corresponding to virtual displacements

i
i
and rotations of the main body. The virtual displacement of hinge k, 1

may be expressed

i-1
Ry =+ D o}j‘ ty xz*j‘ + oR (6.13)
=1 i
Tk —xk
where 6hm is the component of Shi corresponding to virtual displacements
i

and rotations of the main body.

The virtual work performed by kick—-off spring k,i is

—k -k

-+ %k =k =k .
Fs- Gxi = Fs . (6hi + Gs1 - Gri) (6.14)
i i
where
ey
Foe
i P
i
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Substitution of Equations (6.12) and (6.13) into Equation (6.14)
yields

1-1
=k -k =k ko =k k
Fsi . Ox { Fs, -:E: (“L X Qj) 6aj
e -1
+‘1-"; . (@‘{ x 5p) aa‘; (6.15)
n
+FC . (6RE 4 6% - 6T
s1 mi mi i

The virtual displacement appearing in the last term of Equation (6.15)
represents the component of the virtual change in length of kick-off
spring k,i arising from virtual displacements and virtual rotations of
the main body. This virtual displacement is zero since virtual rotations
and displacements of the main body do not result in a virtual change in

length of the kick-off springs.

Consequently, the total virtual work performed on arbitrary virtual

displacements of regular segments is

n n
8 le i-1
el BT T
kel i=1 1 3=1.
- kK =k, . k
+ Fsiﬂ «el x ;) S
which becomes
' 5 =k Kk -k
ow=d 2 Ts, @ =
k=1 j=1
" - |
+ @ T D T e - (6.16)
j=44#1 O |
6-6
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From Equation (6.16) it is clear that uk  in Equation (4.39) is
s

i
given by
nk
ko _wk ok =k ak <k &
usi Fsi ’ (el g Si) * (Ll g 21) ':E: st
J=i+l
forlcsns (6.17)

If appendage k is a paddle appendage, the virtual work corresponding
to the kick-off springs acting on the appendage 1

=% k =k .k, Ak —k .k ‘
+ F52 . ((’31 xﬂl) Gal + (nz X sz) 6&2) (6.18)
Rearranging Equation (6.18), we obtain
Ik -k Ak =k =k k o =k k
W F82 . (el X 21) + st . C@l X sl) Gal
=k Ak &k k
+ F . (n2 x sz) 6&2 ng k n, (6.19)

%2
From Equation (6.19), it is clear that the generalized force com-

ponents, ut , and ug , are given as follows

1 2
k I Ak ey, =k Ak =k
ug L (el x sl) + Fs . (e1 X 21)
1 i 2
ko =k k , —k
Ug Fsz . ﬁz X 8y) (6.20)

forn sksn
5 a
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Equations (6.17) and (6.20) provide definitions of uk , “2 , and
S 1
uk . These are the additional terms required in Equations (4.39), (4.41),

an% (4.43), respectively, and represent the effects of the kick-off
springs.
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7. RELEASE AND LOCK-UP OF HINGES

An important .spect of the N-Boom appendage deployment model is
that in general the hinge assoclated with an appendage segment is in any
one of three possible states: (1) not yet released, (2) free, allowing
relative motion between the segments 1t interconnects, and (3) locked.
Thus, for the system as a whole at a particular time, some segments are
unreleased, some are moving relative to adjoining segments, while others

may be locked. The formulation admits this general case.

The equations of motion as given in Section 5 provide for the case in
which all segments of the system are in state (2). The method by which
release and lock-up of hinges are accounted for in ti.: equations of motion
is most clearly developed in terms of modifications o the equations of

motion as given in Equation (5.16) and (5.17).

There are two admissable criteria for releasing segment hinges: (1)
hinge k,i may be released at a specified time, t = t?, or (2) hinge k,i
may be released when another segment, segment %£,m, has attained a prescribed
position relative to the segment inboard of it, that is, hinge k,i is re-
leased when Bi reaches a prescribed value. In the case of the second
option, it is to be noted that release may be represented as dependent

on segments in other appendages.

If the ith segment of appendage k is not yet released, the matrix
[B] is modified by setting all the elements in the row r equal to zero
except for the element in column r, which is set equal to unity. In
addition, u and Tl; in (5.17) are set equal to zero, Thus, the differential
equations corresponding to this segment result in zero relative velocity

and acceleration of the segment so that the relative angle is constant.

The criteria for locking a particular hinge, hinge i, is that the
relative angular displacement, ﬁ}{, of segment i has attained a prescribed

value, [31; . After lock-up, the angular velocity Bi‘ = Tl; = 0, while in
i




T

general it is not zero preceding lock-up. This requires providing for an
impulsive internal torque about hinge i, which reduces ﬂf to zero and

introduces discontinuities into all of the angular velocities of the system.
However, displacerments and the velocity of the system center of mass in

inertial space remain unchanged.

As in the case of release, lock-up is accounted for by manipulating
Equation (5.16). Assume that Equation (5. 16) has been integrated over a
short period of time At, including the lock-up of the rth hinge, (r is
defined in (5. 2)), Equation (5.16) becomexu

[B] (Ad) = (1) (7.1)
where all the elements of (I) are zero except the rth element, which is the

unknown impulsive locking torque on hinge i.

The elements of the vector (Ad) are the changes in the velocities.

Only one element of this vector is known, the rth element. In this case,

we have
ad = -1K (7. 2)

where 'ri{is the relative velocity of segment i immediately preceding
lock-up, that is at time t = £,

Thus, the system of p equations, Equation (7.1), may be solved for

the (p-1) unknown velocity changes and the one impulsive locking torque.

In srder to solve for the unknown discontinuities in the velocities

and implusive locking torque, Equation (7.1) is first partitioned as follows

o) \©
[[B'] ': (Br)E[B"]] -'.T?. { _/I\E i (7.3) -
(aq)" (0)



apx(r-1) matrix

r—
o
W
H

the rth column of [B]

n

(2.}
[=']

Multiplying, we obtain

ap x (p-r) matrix

it

(0)
[B'] (ad)' - r‘i‘(Br)+ [B"] (aa)" - -'1\: (7. 4)
(0)
Rearranging (7.4), we obtain
(0)
[B'] (Ad)' - ;1‘;- + [B"] (Ad)" - ri‘(Br) (7. 5)
©
Equation (7. 5) is rewritten in the form
, , (a9)’
[N H Sl A O R
(4q)"

where (er) is the rth column of the p X p identity matrix.

The result yields the changes in the derivatives for the unlocked
segmeqits as well as the irmpulsive torque applied by the locking mechan-

ism. Hence, typically, for the unlocked quantities

[d(’t‘*)} = [d(/t\')} +[Ad}

We thus have the values of all the variables and their derivatives after

lock-up with which we may continue the solution.
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8. SYSTEM KINETIC ENERGY AND MOMENTUM

In addition to the details of the motion of each body, an indication
of the system motion is provided through computation of the total kinetic
energy, T, linear momentum, P, and moment of momentum about the
system center of mass, ﬁg. As is well known, in the absence of external
forces and torques, both P and Hc are conserved. If, in addition, there
are no springs or dashpots, T is also conserved. When conserved, these
quantities serve as a check on the accuracy of the computed results, The
nutation angle, 6, i.e., the angle between _ﬁc and 5\c. is provided since
it is likewise of interest when Hc is conserved. In this section we derive

the expressions for T, ﬁc' and -f’-incorporated in the program,

Segment k, i ag k

YN

Figure 8-1, Fundamental Position Vectors
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In Figure 8-1, 0N denotes the origin of the uniformly translating
inertial frare. An arbitrary point R on the ith segment of appendage k

is specified by its position vector relative to ON" namely,

?=.F7+'5l,: + T (8.1)

where ¢ is & vector from the center of mass of segment k, i.

Fi( =f g{_ dm . (8. 2)
Since
— .- DB —~
Dr _ Dp F o+ Do (8. 3)
Dt Dt Dt Dt
and
%%= Jik X o R (8.4)
setting
—Jc
sk _pp, Db (8. 5)
i Dt Dt ! .
we have
pe =/(-2‘ o ‘xF)dm=m!‘2‘ . (8. 6)
i i i i i

Similarly, for the main body, P, = my Z,,, so that the system linear

momentum

Z o+ mk Z . (8. 7)

PemyZnt2 ™ %4
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Note that we have

P - mT.DD-t(F+§).

The kinetic energy of segmerni k,i is defined by

RS VEEE LU (8.8)
We have

k _ 1 ~k Tk k| -k -\, (=k _=\] dm
'I'i -2-'/‘[2i L +BZ (wxa)“r w; xtr) (wi xo-)]

i 2 1 i

Similarly, for the main body,

1 - l] e = -
so that
-1, +S TS (8.11)
et
i, k

The moment of momentum about the system center of mass

and about the reference point, HC and ﬁo. respectively, are related
by the equation
= . DS

HC = Ho - mTS X i (8.12)

where - — -
H =H +z Hk (8.13)
M



k _
= kakxDFi + ;k'J
i i " Pt T i
and
_ Db =
HOM = mem L T + IM W
-meMx(wbe) +IM-w.

. . . , -k
It remains to specify explicit expressions for W SEE
- DS
Zi and -m .
We have

k
i

-, =k
= w+Qy

where i‘ is the angular velocity of segment k, i relative to the main
body, namely,

o'!( é\k for k< n
—k i 1 8
Qi =
k nk knk _
o) € +0'an forns\ksna
and 1 = 2
~ From
i-1
k _ «k <k ¢k Ak
B =T+ Ci+2 ¢ n;
j=1

(8.14)

(8.15)

(6.16)



we find that

(d'b'k) i-1 A
i Lok Rk k 'k k
), =6 *;1%‘ L5 (8.17)
and
DB (d‘s"i‘) ok
'D'E—""’HT'M"' wa'i. (8.18)
Thus
k k
- Db db
-k : - - [ -
Z2isBrt e VY “(“'55)*‘('&?")1\4 (8.19)
and, finally, since
_  kyk
mgS = myB + Emi b,
k, i
we have
m.22 = m.Sx5+ k db-r) 8.2
Tm-mwa ' mi -a-E—M (-0)
1,
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9. COORDINATES

There are four types of coordinate systems associated with the
system: an inertial coordinate system uniformly translating with the
initial velocity of the system, a main body fixed system with its origin
at 0, n, main body fixed systems fixed to the main body at the point of
attachment of each appendage, and n coordinate systems associated with
the n segments which compose the appendages.

The equations of motion as given by Equation (5. 1) are expressed in
one coordinate system: the main body fixed system with its origin at 0,
Therefore, quantities referred to coordinate systems other than the main

body system must be transformed into main body coordinates.

Figure 9-1 illustrates the coordinate systems associated with ap-
pendage k, where in this case it is not a paddle appendage.

Ak Ak
°3 & | ith segment %’:
k ‘
“ s
—> El
Ab
ev
‘ ]
nk.
%

Figure 9-1, Coordinates Associated with Appendage k

The n'ass properties associated with the segment k,i are input in

\
the ’g‘i‘. 4\\?. «,li‘ coordinate system, whereas in the course of computation

9-1

Wil el O




the program refers these to main body coordinates, The transformation

from segment to appendage coordinates is

Nk Ak

& = ¢y

4\11: = Cco8s a?@lé + s8in af@l;

Ak . k Ak k Ak

(’i =—sina e, + cos a, e, (9. 1)

Paddle appendages are two segment appendages in which the second
rotates about the first, that is, .ﬁ'l; = 4\1;; in this case. In these appendages
ag is defined differently (with this change i. uefinition, changes in the
equations of motion from the case of ordinary appendages to paddle ap-

pendages are minimized) as shown in Figure 9-2,

vk _ak
- a 2 = pz
' _- AXIS OF ROTATION

-

-
Pl ”‘\
-

PADDLE
— \_-- i'C‘)T?LED INTO
AR , 8% PLANE
2 2’ 73
Ak
3
Ak
1
Figure 9-2, Coordinates Associated with Appendage k
if the Second Element is a Paddle
As noted in Equation (5. 13), o,l?f = {312‘ in the case of a paddle append-
age. |



The transformation to segment i coordinates from the paddle seg-
ment coordinates is

g, = cos a.l;/e\l: - gin al;gl;

o - o
2’; = 8in aggl: + cos o,lz/t:l;
where
n, < k = n, (9. 2)

The transformation to appendage coordinates from segment 1 co-
ordinates is obtained from (9. 1).

By use of Equations (9. 1) and (9. 2), all appendage properties at
any time, mass properties, angular rates, forces, can be referred to the
corresponding appendage coordinate system, These quantities must now
be transformed into a common main body fixed coordinate system. Since

. Ak Ak Ak
the appendage coordinate system, €yr €5 €4

body, the transformations from appendage coordinates to main body co-

is also fixed to the main

ordinates are constant through time.

The transformations are achieved by use of a set of Euler angles

k, and @k1 Beginning in main

corresponding to each appendage, 4Jk, 2]
body coordinates, the first rotation is through 4;k about % in the positive
direction as shown in Figure 9.3,

) A A A AANA,
The transformation fromx, vy, ztox, vy, 2 is

Al A
X = X
o
9 = CcoSs «pké‘r - 8in xpkg
2 = sin xka + cos Lllké ‘ ” (9. 3)



x>

Ak

—

A
y
A
Y
Qk
2
. (3 A A A N
Figure 9-3, Transformation from x, y, 2z to

Ak Ak Ak .
e €5, e, Coordinates

. . . Av o, ‘e

The second rotation is through ok about y in the positive sense.
. . /\' /\l /\' ')\" /\" /\" .

The transformation fromx , y, 2 tox , y , 2 18

] ) 1
Q = COs ek;\‘ + sin ng
. /\" /\'
y =Y
L} [} H
z = =gin Ok:/é + cos Gkg (9. 4)

'
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The final rotation, also shown in Figure 9,3, rotates x , v , z

into the Q.l;, Ql?f. Ql; triad, This transformation, rotation through (Pk about

All

X is
Ak _ A"
e = X
n "
é\lz( = cos:}:‘i\r + sincpké\
Ak . k an kA"
e; = -singy + cos8 @ 2z (9.5)
Ak Ak Ak

Combining (9. 3), (9.4) and (9. 5), the €1y €5, €, triad is expressed

in main body coordinates as follows:

cos ok
8% = | sin¢* sin 6"
1
-Ccos q;‘“ sin Bk
sin 65 gin ¢*
(\1; = | cos qu cos cpk - s8in ka cos ek sin (Pk
sin upk cos ¢k + cos tbk cos Bk sin cpk',,
J
sin ek cos ¢
QI; = -cos \pk sin tpk - sin ka cos ek cos cpk

-8in \Pk sin qok + cos upk cos Gk cos <pk

That is, the transformation matrix is
k Ak Ak k R
[ - [& & &) (9:8)

By use of {9.6), appendage properties can be expressed in main

body fixed coordinates, x y z at any time,
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The remaining coordinate transformation to be defined is the trans-
formation from main body unit vectors :/E, 9, 2 to the inertial unit vectors

A A A
X, Y, Z. This transformation at time t = 0 i8 of the same form as (9. 6),

\PM. VL and ¢M replacing spk, 6<
formation is

, and Qk, respectively, The trans-

cos'&M
£ = | sin¥,, sin 6
X = nrMsmM

-CcO8 LJJM 8in GM

sin OM sin rpM

g = ns Y g = 8in Y 6 i

y = cO8 Yy, €O8 ¢y 0 = 8in Y, cos 6, sin @),
#in Q‘M cos ¢/ + cos ‘PM cos GM sin ¢,

| sin GM cos cpM

A

Z

= <-cos QJM sin 2V sin tuM cos GM coS @),

-sin qJM sin ¢, , + cos "PM cos 6,, cos ¢, (9.7)

Thus, the matrix Mo is defined by
A A
[MO] = [Q. Y, Z] (90 8)

that is, the above vectors form the columns of Mo'

The miatrix Mo defined in (9. 8) is the initial value of the transforma-
tion matrix M, which at time t = 0 defines the 9rientation of the main
body in inertizl space. The columns of M are the body-fixed unit vectors
5\:, 9, 2 resolved in the inertial frame, The problem now to be considered

is to determine the means of finding M at any time t.
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In the course of the motion the orientation varies in accordance
with the differential equation

[51] - ) v 9.9

where Wy, Wy, Wy are the components of @ resolved in the body-fixed

. — A A A
frame, i.€., @ = WX + W,y + W32,

The initial orientation is obtained by use of [M(0)] = [M_], which is
specified by initial values of the Euler angles \PM. OM, ¢M as indicated
in Equations (9. 7) and (9.8). The matrix [M] can be written in terms of

[Mo]' a constant, and a matrix [C], a function of time. We write
[M(t)] = [M] [ct)] (9. 10)

and note that C(t) also satisfies the same differential equation as [M],

ie., [c] = [c] [3@].

Instead of solving the above matrix differential equation for [C],
we represent [C] in terms of the four Euler parameters consisting of a
scalar X and a vector K and solve only four scalar differential equations,

To introduce the Euler parameters, we note that any orientation of
a body may be achieved by a counterclockwise rotation about an appropriate
axis 2 through an angle @,

Accordingly, C has the representation
A A2
[c] = (U]l+ sin®[3(3)] + (1 - cos ®) [J(3)] (9. 11)
The Euler parameters are defined in terms of 2 and ® by

X = cos 3

=
0
&
B
NI©



Then

c = [u] + 2x[7(®] + 2[1(®)]? (9. 13)

The above differential equation for [C_! leads to the corresponding

differential equations for X and K, namely '

ax = 1, =
It = "FYK
%1{.= %xm-wxﬁ'. (9. 15)

We note that by definition X%+ B+ Kis equal to one and indeed this func-
tion is an integral of (9, 14) and (9. 15). This fact may be used to provide

a check on the computation,

As seen from (9. 10), the initial value of [C] is.the identity matrix,
Accordingly, we take ¥(0) = 1 and K(0) = 0 so that (9, 13) yields [C(0)] =

[u].

At any time t, (9. 14) and (9. 15) are solved along with the equations
of motion (5. 16) and (5. 17). The solutions of (9. 14) and (9. 15) are used
in (9, 13) to obtain [C(t)] » which when substituted into (9. 10) yields the

required transformation matrix, [M].
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10. CROSSECTION LOADS

This section provides a discussion of the method used to obtain the
loads acting on each section on which stresses are desired. The motion
of segment k,1 at any time is given by the existing N-Boom program. The
motion is specified by three quantities which must be referred to
segment k,1 coordinates; segment k,i angular velocity, G&, angular

acceleration, B?, and the acceleration of its c.g., 23
Dt

These quantities in conjunction with the inertia properties of sub-

- =k
2 (o + bi)°

sections of segment k,1 are sufficient to establish the loads at each

station.

The derivation proceeds from the assumption that all vector
quantities are referred to segment k,1 coordinates. The superscript
designating the appendage number, and the subscript designating the
segment number are dropped for notational convenience and to minimize
confusion. Thus, while the subscripting in the analysis to follow will
refer tc stations and other quantities associated with a particular
segment, it is implied that the process is carried out for every

segment k,i. \

Figure 10.1 shows quantities to be associated with segment k,i
(subscript and superscript dropped).

Equation (4.1) of Reference 1 relates the motion of segment k,i

to the forces acting at the hinges as follows:

2
k D -, —k, =k =k
1 ———(p+b1)=Pi-P (10.1)

M
th i+l

Dropping the k,i notation for convenience, we have

P =ma-P
e2 el

(10.2)
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Figure 10.1

- crossection j Qel ‘\

Quantities Required in the Loads Calculation
Associated with Segment k,i.

where we have defined

P, =B

e

Pelz_

Wi
t

—k T2 e=
i+1
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It is clear that by means of Equation (3.2) all the forces acting

on hinge points of the segments of an appendage can be found.

As shown in Figure 3.2, a station defines a crossection through a
segment normal to the n-axis and the position of the jth station in

segment k,1i is'gj. Thus,

5y = sj A (10.3)

Station j-1

/G my I

Station j

|

c

4

)
Nt

wn
de

Subsegment j-1

Subsegment j

Figui2 10.2 Subsegment Forces and Properties

Station j-1 is outboard of staticn j in segment k,i.
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Mass and inertial properties (mj,fj) are associated with the sub-
segments defined by each station SJ and the center of mass of the sub-

segment of segment k,1 outboard of station j is given by E&.

The acceleration in inertial space of the c.g. of subsegment j is
33, and is given by

Ej-hax(ax<Ej-'6>>+$x(é‘j-6> (10.4)

Thus the force on the crossection at station j is

Pj = mj aj - Pel (10.5)
where 33 is defined by Equation (10.4).

The moment on crossection j in segment k,i is obtained from

wherelaél, the total torque acting on the outboard end of segment k,i,

is the negative of'aéz for segment k, i+l, and Qel =0 for 1 = n, . Thus,
for segment k,1i

Qe2 = QN

where N designates the last station at which Qj is computed on the
segment, and for segment k,i - 1.
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That is

QJ = J(w) Ij e w+ fj o W

s P (10.6)

=Q,y + (Cy = 2) x Py + (Cy - S,) x P,

Equations (10.5) and (10.6) define the forces on crossection j.

Stresses will also be required whenever a hinge has locked. If,
for example, hinge m, n locks the angular velocity and the velocity of
the center of mass of each segment k,i will change instantaneously.

The change in the motion of each segment, which 18 provided by the
original N-Boom Program, may be used to calculate the impulsive forces
and torques acting at each hinge k,i, as hinge m,n locks. If a pulse
shape is associated with hinge m,n, this shape may be used to calculate
the maximum forces and torques acting at each station j, in each
segment K,i. The forces thus obtained are then used in the stiress

subroutine in the same manner as the forces that act at any other time

in the course of motion.

The calculation of the impulsive forces closely parallels that of
the forces previously derived. Thus, for the last segment in appendage

/N k k
(”el) i (a ) -0
n, ' 1 n,

k, segment k,nk.

9 ) = mk Avk (10
%o, e 7

where the symbol (A ) indicates the vector is an impulse.
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In addition, as in the case of forces, the impulse on the outboard

end of segment k,i, (& k s equal to the negative of the impulse on

el
i

the inboard end of segment k,i + 1.

The change in velocity of subsegment j of segment k,i is given by

AVJ = AV + Aw X ('6J -C) (10.8)

The impulsive force applied to subsegment j is then

A -
By = mya¥, - 'Bel (10.9)

The change in the moment of momentum about the center of mass of
the segment is equal to the moment of the impulsive forces about the

center of mass of segment k,i.

+9, + 9, (10.10)

Thus, for segment k,1i

(631): T (aez):ﬂ

682 =T+ @5 «B+c -0 x B0, o

For subsegment j of segment k, £ we then have

A = - - -
§ =%, av+ (§j><’§j + € - Dx £, - Q, (10.12)
The equation for 63 , Equation (10.11), is obtained from Equation

(10.12) by defining the lgst‘station on segment k,i to be at the in-

board hinge, i.e., for j = N,C, =C, ﬁ = 9 .
; h| N e,

106



The above expressions define the impulsive forces and moments
acting on station j of each segment k,i. The maximum forces acting on
each crossection of the segment are obtained from the above relationms.
It will be assumed that a pulse shape, as shown below, can be

assocliated with the locking of each hinge, m,n.

Mo T4 e bemel Wre s PO hemns 4

’
i
!

Figure 10.3. Pulse Shape Associated with the Locking of
Hinge m,n.

The pulse shown is of unit area. That is,

f Tx(t)dt =1

)
or
cxmax = 1
Xoax - 1/c (10.13)

For a given shape the maximum force in the course of the pulse is
then
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k k
w— 1 A
(”J) " (")“ ("i)
n i
max
k (1 " k
(Qj)i \ )“ (63)1 N
max

A constant 1/c 1s associated with the hinge that has just locked,
m,n. The forces obtained from the above are used in the stress sub-

routine.
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11. SEGMENT STRESSES

Circular Tube Section

The loads on the circular tube section at station j are shown in
Figure 11.1.

wn

o>

Figure 11.1 Circular Tube Crossection Loads.

The stress for each crossection load will first be determined.

The total stress at any point on the crossection is then the sum of

the stresses arising from these various effects.

All the stresses on the crossection can be expressed as functions
of £ and ¢ as shown in Figure 11.2, (-RS£< R, and -R< £ < R)

1l-1
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L

(XY
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R
Q
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‘j‘ 32
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- 3 g o. =0
o

¥ Qq

i gﬁ Figure 11.2 Forces and Stresses on a Circular

i Crossection.

? The shear stress arising from P3 may be written

2

¢ v - __§_| _5__,

! %23 A | R (11.1)
=4

and similarly for P,

4
I | (11.2)
21 A |
 } The normal stress Tyos arises from bending and axlal stresses
22 A I I

where
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)

A = 27Rt

I= WR3C

The torsional shear stress is constant around the crossection

where & = 2nR2t

The torsional shear stress, T, contributes to both 021 and 023.

Thus, these stresses are as follows:

= ﬁ —_g_. + S.g vmg—
991 A IR s R
2P Q
3 rell I S R (11.4)

The maximum distortion energy is not only the most appropfiate
criteria for establishing the severity of a stress condition, but also,

is the most convenient. The distortion energy (Timoshenko, 1951) is

given by

1+uv 2 2 2

v, F ((ax—oy) + (ay GZ) + (oz -ox) )
1 2 2 2
+ 36 ('rxy +T1., t Tyz) (11.5)

where

G = E

2(1+v)
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are zero, the distortion energy in the

Since o 11’ and o

13° ° 33

present notation is

g e ) 2 _%

2 2
0 3E ©22 ¢ (991t 933) (11.6)

where 0,,, and 0,, and 0,, are defined by Equations (11.3) and (1i.4),

respectively.

Stresses in Non-Circular Sections

The loads acting on the tube crossections have been defined at
points on the n axis. However, it will be assumed that the neutral
axis is not necessarily on the n axis in general, but at the point
(CE’SJ’CC) on the jth crossection of segment k,i. It will be assumed

that the neutral axis and the shear center are coincident.

On the basis of the above considerations, it is clear that the

% i moments musgt be recalculated about the neutral axis. The moments will

® % *
be designated Ql’ Qz, and Q3.

B

These moments may be written in terms of the forces and moments

previously defined. Thus,
¥=q +CP
Q = Q +CF

*
Q = Q, = CP, +C.P

Q; = Q5 - C;P, (11.7)

We wish to find the stresses at a point £, on the crossection as
indicated in Figure 11.3.

AR s e
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| ~<

14170141
Neutral Axis,
Shear Center
!
C *
4 4 Q
2
Py
e ——  ————r—
_—CE Pl
P

Pigure 11.3. Crossection Loads and Stresses

Bending Stress

In general, the asymmetry of the non-circular crossection will
result in combined bending. Thus, a moment about one axis results in
bending about both axes. This well-known effect can be accounted for
by establishing effective bending moments. For convenience, we first
define three constants.

/

Ty /My

w
fi

2= Tge Ty
k., =1 - kl/k2

ope
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Using the above, the effective. bending moments on the cross-

sections are

* "
L Ty b
Q -
1 k3
s Bty
Q; = m (11.8)
3
At a particular point £,; the bending stress is then
*! *!
Q t-C Q, (£-C,)
b, G 3BT (11.9)

22 I§§ I§§

The total compressive stress is found by combining the compressive
stress arising from bending, 022, with the compressive stress arising

from the force P2. Thus,

P, . Ql(g- E) Q3(€ C)

22 A I

~— (11.10)
E& 14

Torsional Stress

The torsional shear flow at the point (§,f) will be designated q,-
The shear flow is found readily from the torsional moment Q3 and the

enclosed area, [A] Thus

*
2 .
m (11.11)
The shear flow, 9> contributes to the shear stresses in two
directions.
-q, cos ©
°;1 - — t
i
¢ -q, sin © ‘
993 €, (11.12)
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Using Equations (11.11) and (11.8) in Equations (11.12) we obtain

*
-Q, fie1 ~ &4

t
o n
21 ZIA' A

&
t .2 fm T8
923 F 774 A (11.13)

The shearing forces Pl and P3 contribute to the shear stresses
021 and 023. Using parameters derived in Section 5, we have

P - P3Q£ A
23 Igg A X

i
+
E1+1 - z1 }:i'-!-l = Ei'

s . %

21 ° T, A A,,
ee Lt ., 4 ) (11.14)
/

Le1 =8 €141 ~ &y

where the superscript s indicates that these are the shear stresses
arising from the shearing forces Pl, and P3 alone, and where the coefficients
in parantheses in the denomenator represent the crossectional width cut by

lines normal to the £ and £ -axes, respectively, at the point at which the
stress is being calculated.

Equations (11.14) and (11.15) are combined to establish the total
shear stress. Thus,
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*
cr : + i
“141 T % LN Y
(11.15)
- % (Fag &P . 3%
23 2 [A} Ai Ai Ai'
. 1 ——
S WP LY e T B
Since, as before, 013, 0115 and 044 are zero on the crossection,
the distortion energy on an arbitrary point of crossection segment .
k,i is of the same form as given in Equation (11.6).
) N o2 )
Vo= 3B %2t 30 (°§1 * %23 (11.16)

The stress 022 varies linearly on a crossection element while 021,
and 0yy Very quadratically. Consequently, Vo varies as a fourth order
polynomial on the element. The point at which the maximum value of this
polynomial occurs is the point at which the crossection element is most
severely stressed. A maximum value of V is established in this manner
for each plate element. The location of the maximum value among all the
elements is the location of the most severe stress condition on the

crossection.
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12. SECTION PROPERTIES

Circular Tube Section

In this section the properties required to establish the stresses
on a crossection are developed. For the circular tube crossection,
Figure 12.1, these are readily obtainable as follows:

I= nRat, the area moment of inertia for the crossection

A= 27Re, the crossectional area (12.1)

The shear stress on a circular tube is proportional to the static
moment of the area above the point at which the stress is desired and

inversely proportional to the moment of inertia and tube thickness. For
shear forces in the ¢-direction the proportionality factor is 22%;& ’

and in the £-direction, 32%&20

Non-Circular Section

The non-circular section is a general n-sided polygon. The
polygonal crossection is specified by the coordinates of the vertices
in segment coordinates (at each station if the section is non-uniform)

and the thickness of the intervening plate elements as shown in Figure
12.1.
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where

and

)
A
4
3w
52.52
El.cl
Figure 12.1. Polygonal Crossection Geometry
The area of the crossection is given by
A= Z': A (12.2)
A= t, W, -0+ (&, - g2
i i i+1 i i+1 i
a1 " f1 Tann T By
The centroidal distances CE' and Cg are obtained from
1 o (80 +8) A (12.3)
o= 42y —2t I |

s" X & e
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and

c - __;__2 (B *EP A
4 A 2
fa)

The centroid is the neutral avis ¢nd will be assumed to be the shear

center as well,

The area moments of inertia are obtained from the area properties
defined above in combination with the area moments of the individual
plate elements. Consider the ith plate element at station j in segment
k, 1 as shown in Figure 12.2.

Af

Ei,ci
Figure 12.2. The ith Plate Element at Station }j

in Segment k,i

The area moments of inertia of the plate crossection are derived
firet about the 1-2 axes through the centroid of the plate element and

are subsequently transformed into segment coordinates. Thus, we have
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These area moments of 1inertia are

as follows:

where

sin®

8
e
H-.I"‘(
+
=
i
o
(W
\ /
et
e

coso

sin20, =

c:osZG1 = =5

12-4

transformed to segment coordinates

24 cos 20

i1 cos 20 (12.4)



Substitution of the expressions for the trigonmetric functions and
Equations (11.3) into (11.4) yields

b2 b2 8 . ?
Igg - Ai (ti + Ai) . (ti - Ai) <(§i+l - gi) = (c’i*l = Qi) )
1 4 24 2ha,
2 L
A%y

€5, oA (C4n = &) (5yy - §)

4 2 4 2
2 (A% - ) ( 2
A(t, + A _ _ _
.: I _ i( i i) N i i (§i+l §i) (ci+l gi) (12.5)
ggi thf zl&Ai
i‘ {m The area moments of inertia of the section are obtained from

Equations (12.5) and the moments of the areas of the plate elements

about the centroid of the section. Thus, we have

Tee =$ Tee,

i=1

o e e e S T R

i
i=1
>
I._ = I
g

4 & 8¢,
. S50 + 8 C. C
=20 M RN N PSR )
+Z( 2 C‘s')( z /A
t 1=

12-5



n
Tee =§ Tee,

(12.6)

In Figure 12.3, the area above r is shown crosshatched. The hori-
zontal line defined by ¢ cuts the crossection between the vertices i and
i+4+1, and between j and j + 1. Q; is the absolute value of the moment

of the area above r about the centroid.

" Figure 12.3. The Definition of Q,
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The value of Q{ is obtained by interpolation from a table of values
of H , the integral of the moment of the area about £ axls from one fixed
point on the crossection. Thus, if we already have the value of HC at

vertex 1, we obtain H_ at an arbitrary point on plate element 1 as follows:

z (z-C)A
H = H +f A T
i b1+ T Bt

for 7,5 7 < ¢

i i+l

Using the above, the value of H; can be found at any point on plate

element 1, or HC’ may be found at the same value of ¢ on element i'. Q(

is then found from

QC = IHC - Ht;'l = |HC. - H;| (12.7)

In the same manner as above,

B, = H +f € -G ) A
i £ G =F dg
i+1 i
for gi € £ S €i+1
and,
QE = 'Hg - HE' l = 'H€| - Hgl (12.8)
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In order to calculate the shear flow arising from torsion, the

area inclosed by the section, [A] will be required.

"~

—

z/’.-i

~>

Figure 12.4. The Portion of the Inclosed Area
Corresponding to Plate Element 1.

A
i 2
let 8y = di + d:H-l + -t—; where d Jﬁi + L’i
‘ J Ai
then [A]i 81 (8;7dy) (8744490 (8y -~ F )
and n
{a) '2 [al,
i=1

12-8
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13. CALCULATION OF SUBSEGMENT MASS PROPERTIES FROM THE
MASS PROPERTIES OF THE ELEMENTS BETWEEN STATIONS

In this section, the mass properties required in the loads
calculation will be derived from input mass properties. These include

the total mass between station j and j-1, Amj. This mass 1s the total

of the mass of the crossection and any lumped mass, such as wire bundles,

and instruments between stations j and j-1. Similarly, AT

3

the mass mcment of inertia of the portiom of the segment between

designates

stations j and j-1. The remaining quantity required is Afj, the

position vector,.ACJ, of the center of mass of Amj

In Section 3, the loads at station j were calculated from Cj’ m, ,
and Ij’ the mass properties of the subsegment defined by station j,
and the motion as given by the present N-Boom prograr. Given the mass
properties of the element between stations j-1 and j, Amj,AES, and the
mass properties for subsegment j-1, we can establish the required mass

properties for subsegment j. Thus, we have

mj = mj_1 + Amj
m, ,C + Am, AC
[P =3 2 S— R (13.1)
A m,

for

j=2,3,...N on segment k,i, and m = Aml, C
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/‘A ' ] } i
Station N Station ] Station j-1 Station 0
Inboard Outboard

Figure 13.1. Subsegment Parameters

The calculation of the moment of inertia for subsegment j from
the mass properties of subsegment j-1 and the element defined by stations
J and j-1 is slightly more complex. Referring to Figure 13.1,

"3-17 % 7 G
AES = 563 - 65_1 (13.2)

The moment of inertia of subsegment j about its center of mass is

obtained from

Ij = Tﬁ-l + AT5 - m J (rj-l) J (rj-l)
- Amb J (Arj) J (Ard) | (13.3)

for j = 2,3, ...N on segment k,i, and fl = Ail.
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14. MOTION QUANTITIES REQUIRED AS INPUT TO THE STRESS
SUBROUTINE

Vector quantities obtained from the main flow of the program are
generally expressed in main body coordinates. In this section, vector
expressions are written for the vector quantities required as input to
the loads subroutine. At the end of the section the appropriate trans-
formations are defined for expressing all vector quantities in segment

k, 1 coordinates.

When no lock-ups are occuring, (-Jl:, Bi{. and a are required in the

loads subroutine. is defined in Equation (8.14) as follows:

o
1

& =a+ O (14.1)
i i
ﬁ% _ Kk _ k Ak ' _
where )y =03 = o, € for ksns, i-= l,'&’,...nk
Ak k pk _
-oJie1+ozﬁl forns<ksna,i-2

The angular acceleration of segment k, 1 1s obtained by differentiation

of Equation (14.1) and is as follows:

fn? = o+ J; ’e‘i‘ + 01; (w xé?) for non-paddle segments
=k = .k Ak ok Ak
a:z-a)+oll{el+c:lz,"n2
- k ,— , : .
+ ol{ (o X é\;_‘) + o, (0 X ﬁlz‘) (14.2)
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The acceleration 51; of the center of mass of segment k, i is

given by
2
ar= L (F4B)) (14.3)
Dt
The first term of Equation (7.3) is defined in Equation (14.19) as
follows:

2= 2 . -
. (u) +5x5+25x(%%)
M M

+o X (0 Xxp) (14.4)

Using the following definitionms,

- 2
T o= (%%)’l , and v = (__g_d e ) (14.5)
at M

Equation (7.4) may be written as followe

o — -— -
51__%_ = V+OXp+20XV
dt

+o X (o X p) (14.6)

The second term in Equation (14.3) is somewhat more complex. For
non-paddle appendages and the first segments in paddle appendages,
that is, that is, for ksn, lsisn, and n <ksn, 1 =1, we have
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N e e
S o L e T e

TR

g

(14.7)

(14.8)

——-%— =Z[Sx'5‘:+(’éll‘ xé'l; &li‘
Dt
i-1
k ok .k =k
+
DR R
J=1
While for paddle appendages, that is,nssksna and 1 = 2
L=
Db .
= ®Xb, + € xC
th 2 171 2
+ O, nl xcz+blx 16
=k
+ &,

In the event of a lock=-up, all angular velocity and velccity terms

change instantaneously, while all positions remain fixed.

(7.1) we have
AEI; = Mo + Acl;: ’ég for non-paddles
and
- 4= k Ak Ak
Acn2 = Mo + Aol e, + Aoli 1]1 for paddle segments

Thus, from Equation

(14.9)

The change in the velocity of the center of mass of segment k, i is

found from Eqﬁacion (8.19) to be

avy = v + 85 X (5 + By)

i-1

=k =k Xk .k
+mixci+§¢JAcJ't§

14-3
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vwhere

Coordinate Transformations

for non-paddle sezments

for paddle segments

Generally twn types of coordinate transformations will be required:

1) transformation of forces and torques expressed in segment k, 1 + 1

coordinates to segment k, 1 coordinates, and (2) transformation of

quantitites expressed in main body coordinates to segment k, i coordinates.

"

i+l

Figure 14.1. Quantities Defining Segment Position

Consider adjoilning segments, segments k, 1, and k, 1 + 1 as

shown in Figure 14.1.
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Segment k, 1 + 1 unit vectors may be expressed in terms of segment k, i

uni!i vectors by means of the expressions

e
+
[

1

A
= COS Bk ﬁk + sin Bk gk
i+41 i i+l *1i

#

kK Ak K Ak
-sin By, Ty + cos Bf , 0 (14.11)

Thus, for example, if the vector r is expressed in body k, 1 + 1

coordinates, it may be written

Nk Nk - Nk

SRS NS AL AL ' R ) | (14.12)

r

Then by means of Equation (7.11), Equation (7.12) becomes

- . nk , k k Nk
r=re + (r2 cosB, r, sinBi+l) fy
. K k + sk

+ (l'2 sinp, , + ry cosBy 1) Gy (14.13)

The remaining transformation, the transformation from main body to
pegment k, i coordinates is the reverse of the ordinary transformation
periormed. The main body unit vectors may be defined as the columns of
a 3X3 matrix Gk as follows

i
[ﬁ, 9, ’z‘] - [GI;J | (14.14)
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where

[%k] is defined in Equation (9.6), and

0

cos a?
-sin u#

i

14-6
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cos GF
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15. INTRODUCTION TO USER'S MANUAL

The four secticns included in Part II of this volume comprise the
User's Manual for the program. The Nomenclature, Sections 1, 2, 3, 9,
10, 11, 12, and 14 of Part I in conjunction with the four sections of
Part II should provide sufficient information to the prospective user

to use the program.

It is the purpose of the User's Manual to describe the quantities
which may be input, restrictions on input format, and by example, to
illustrate the output the program produces.

Thus, Section 16 is a glossary of program input symbols, Section 17
describes how input is prepared for a test case, and Section 18 discusses
the output obtained from the test case, including graphical output as
well as printed output.
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16. GLOSSARY OF INPUT SYMBOLS

The second column of Table 16.1 is a complete list of input symbols
for the program. The left column defines the input quantities in terms
of quantities defined in the Nomenclature, Part I, and subsequently used
in the derivations. The right hand column provides a brief description
of the meaning of the input symbol and information as to dimensions. It
is to be noted that input quantities may be input in any self-consistent
units, the only restriction being that some quantities having angular
dimensions are input in degrees, while others are input in radians.
Dimension symbols, in parenthesis in the right column, have the following
meaning: D = degrees, R = radians, F = force, L = length, and T = time.
It should be noted that although the program output is correct in any
self-consistent units, the output is labeled FT, LB, and SEC.

Table 16.1 does not provide sufficient information for the user to
understand the meaning of all the input quantities. Referral to the
Nomenclature, Part I, will clarify definitions. The coordinate frames
to which the various vectors and inertia matrices are referred are des-
cribed in detail in Section 9, Part I.

The table indicates that the data is input in five groups; these
are: the data that appears between &DIM and &END, &NXPUT and &END,
&DYNSTA and & END, & DYNSTB and & END, and & ROCK and & END. The data
groups must be input in the order zshown although the data within a group

may be input in any order i:; that group.

The means of inputting data to the program is described in further
detail, by example, in Section 17.

General Input Notes

The flag INSTR which controls the calling of the stress package

has the following meaning when it is nonzero:

INSTR = 1 means the stress package is to be called at every
time to print the output.

INSTR = N means the stress package is to be called at every nth
time to print.
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It should be noted that each segment can have a maximum of 5
stations and each station can have a maximum of 6 vertices. Stations
are numbered from 1 to 5 starting from the outbonard end cf the segment
to the inboard end.

Input names which include segment and station number are assigned

as follows:

For example Ez data for segment 9 is entered by giving the
name XI9 = followed by the data for the 6 x 5 matrix. Data
for segmeht 11 would have the name XIll.

AIj data for segment 3 and station 5 would be entered using
DLI35 followed by the data for the 3x3 matrix. Data for segment
15 and station 4 would have the name DLI1S54.
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17. TEST CASE INPUT DATA

The problem considered for the test case described below is that
of a satellite with two appenduges, as shown in Figure 17.1. The first
appendage is a two-segment regular appendage, and the second is a paddle
appendage. Springs and dashpots act about each hinge point and no ex-
ternal forces are applied. In addition, kick-off springs are attached to
each segment. In the following pages, a physical description of the
prohlem is given first and the pertinent data are then transcribed onto
load sheets.

The geometric and mass data and initial conditions associated with

the main body is developed first, and this will be followed by the segment
data. The position vectors of the points of attachment of the hinges are:

Ei = 100+ 09+ 20%

dy = -10 2+209+07%2 (17.1)
The deployment planes in this case are chosen to be radial planes.
The coordinate system fixed in the main body at each appendage attach-
ment point, appendage coordinates, are defined by the Euler angles for
each appendage. These angles, expressed in degrees, are defined as

follows:

=90, el =00, ot =0

2 2 _

=0 ,e6%=090, ¢¢ =0 (17.2)

The main body frame, Q, 9, and Q, fixed at 0 is assumed to be
initially coincident with the inertial frame, thus

by =0, 8,=0,0,=0 (17.3)
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Figure 17.1. Test Case: Satellite with Partially
Deployed Appendages
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Point 0 is chosen to be fixed at the main body center of mass,
thus,

by = 0 (17.4)

The initial angular velocity (degrees/sec) is exclusively about
the spin axis, Q,

Lo=572.9577 R+ 0% + 2 (17.5)

Both segments of appendage 1 will be released at specified times,
namely, segment 1,1 at .007 sec. and segment 1,2 at .028 sec. The first
segment of appendage 2 is to be released at .0l sec. whereas the second
segment of appendage 2 is to be released when segment 2 of appendage 1
reaches 86.5 degrees.

The mass properties fcr the main body are

MM = 25

4000 0 0
Ly = 0 2000 0 (17.6)
0 0 2000

Several integers are input to specify the number and type of appendages,

and the number of segments in each appendage. These are in this case

n = 2, two appendages

np = 1, one paddle appendage‘
n, = 2, 2 segments in appendage 1

(17.7)

n, = 2, 2 segments in appendage 2

The segment data required as input to the stress routine will be

described segment by segment.
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Segment 1, 1, or Segment 1

Segment 1, 1 is a uniform circular tube for which only one station has
been defined. The subscripts for the quantities stated below represent
the station number.

- A
AC1 = 1079

1
Aml my .5

0 0 10

1 = .05 (17.8)

Segment 1,2, or segment 2

Segment 1,2 is a non-uniform non-circular segment with a pentagonal
crossection at the two ends and a triangular section in the center.

The positions of the stations are given by

Sl = 20

S, = 10

2
83 = 0 (17.9)

The centers of mass and mass of the elements outboard of each station
on segment 1,2 are given by
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0
AC3 = (5 ), Am3 = .2, (17.1n)

1m0 0 1m0
pI, = 0, af, = 0 20 of i, - 0o 20 0 (17.11)
n 30 0 0 30

From Equations (17.10) and (17.11) it is clear that the over=-all

inertia matrix for segment 1,2 must be

N 25
1 = =
[%2] = AL, + A%, + n n
25
45 0
= 0 40 0 (17.12)
0 85

The crossections at stations 1, and 3, the two ends of the segment,
are assumed to be identicel pentagons 2.52 inches on a side and are de-

fined as follows:
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Ty

R

B e e L

L 2 %, t, = .15

1 2.15 0

2 .67 2.4

3 -1.74 1.26

4 -1.74 -1.26

5 .67 -2.04 (17.13)

While at station 2 on segment 1, 2 the crossection is an equilateral
triangle 19 inches on a side and is defined as follows:

L £ % t, = .05

1 4,33

2 -4' 33 S

3 -4.33 -5 (17.14)

Sepment 2,1, or Segment 3

The first segment of the paddle appendage, segment 2,1, is a uniform
circular tube segment of radius 2 inches, .05 inches thick, and 20 inches
long. The centers of mass and mass of the elements outborad of each station
on segment 2,1 are given by

0
AC1 = ( 0 ) Aml 0 S1 20
(<))

= 10 i}

ACZ = 0 Am2 ) 82 0
while 10 n

= = 2%

A=[0] , and AT, = [11] S 0 5

0 0 10
and, Rl = R£=2, tl =t, = .05 (17.15)
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Segment 2,2, or Segment 4

The paddle segment, segment 2,2, is rectangular in crossection.
One station is defined at the inboard end. For segment 2,2 we define

0
20 ) )
ac, = (o) bm) = .2 8, =0
20 0 0
= 2
%, - [}2] - o 10 0 (17.16)
o o0 20

% & % ty

1 20 1 .05

2 -20 1 5

3 -20 -1 .05

4 20 -1 1 (17.17)

Finally, for all segments

-1, v} = .3, and E: e 30 10° 1b/1n2 (17.18)

Table 17.1 and equations following present the segment data that

is required if motion alone is required, or if motion and segment stress,
are ‘both required.
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Table 17.1. Additional Segment Properties (Segment i, Apnendage k)

k=1 k=1 k=2 k=2

Input Quantity i=1 im2 i=] i=]
The length of segment k,{i 20 20 20 40
k
2y Un.)
Component of segment center 10 10 10 20
of mass location, Ck (in.)
1(2)*
: The mass of segment k,1i, m& ) A 5 5
: (lb/secz/in‘)
The dashpot parameter of -.001 -.001 -.001 -.001
| the dashpot acting about
f liinge k,1, k
. , 4 (2)
- The stiffness of the spring - h -.1 -.4 -.4
4 acting about hinge k,1i,
: k
: Ki(Z) (1b in/radian) | !
L . "/-J
§ Spring pre-load angle -20 ~320. /=20 -150
% 9? (degrees) .
% Release option IREL 0 0 0 2
RELTB %1007 0028 001 8605
.: k
. B~ (degrees)
: r
; i
: Lock-up angle of segmentk,i 0 360 0 180
| Bk (degrees)
: s
; i
! | ‘
% Initial segment position, ~ 90 270 90 90
f u?, (degrees®
! .
g Segment number (N=) 1 2 3 4
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The moments of inertia of the segments 1s expressed in segment
coordinates about the segment center of mass. These parameters must
be consistent with the mass properties input to the stress package.
Thus,

10 0 0

S L o 5 0
1
0 o0 10

10

I 20 n 0

o 0 10 0
i o 0o 20} (17.19)

Thz data as presented in the preceding pages is shown entered on
load sheets on the following pages; All symbols which designate various
sections, such as & DIM, & END, etc., must appear on separate cards with
the & symbol appearing in card column 2. Other input quantities describing
the various parameters of the system may appear in any order with one or

more such input quantities on one card.
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COMPUTATION AND DATA REDUCTION CENTER

NOM@ oot e e st e

Priority ...

Page

Problem No, . e NAMELIST INPUT FORM Keypunched by .

No. of Cards ..o o o ‘ Verifiedby . ... .. .. _. . .

of L

+ DIM

TITLE:
Mm

COMMENTS

NA=2,IXYZ=0,IAB=1, NP=1,N@PLT=0,IXK=4, e -
+ END |
+NXPUT
INSTR=3, |
BETAIK=4%0,0,
SIGIK=4*0.0,
ALIK=90.0,270.0,90.0,90.0,
TAUTK=4%0.0,
FTSM=3%0.0,
BSIK=0.0,360.0,0.0,180.0, |
QNIK (1,2)=-.001,QNIK(2,2)=-.001,QNIK(3,2)=-,001,QNIK(4,2)=-.00L,
EKNIK (1,2)=-.4,EKNIK(2,2)=~.1,EKNIK(3,2)=-.4 ,EKNIK(4,2)=~.4,
GAMATK=4%0,0, |
THETIK=-20.0,-320.0,-20.0,-150.0,
| RHJ=3%0.0, | |
VBAR=3%0. 0, , b
PMEG=572.9577,0.0,0.0, |

DBK=10.0,0:0,20.0,-10.0,20.0,0.0

£0,0.5.0,340,10.0

. SYSTEMS 2084 ARV, 8a68




Date Page ... ... of .. .|
COMPUTATION AND DATA REDUCTION CENTER

Name PriOPIY e e e e e e

Problem No. : i NAMELIST INPUT FORM Keypunched by _._ .. . _ . ...

No.of Cards ‘ Verified by .. . . .

ITlTLEs 80 COMMENTS

- 45.0,3%0.0,40.0,3%0,0,85.0,10.0,3%0.0,5.0,3%0,0,10.0,20.0,3%0,0,10.0,3%0,0, |

20.0,

CNIK (1,2)=10.0,CNIK(2,2)=10.0,CNIK(3,2)=10.0,CNIK(4,2)=20.0,

EMM=25.0, |,

HM=4000. 0, 3%0.0,2000.0,3%0.0,2000.0,

BBM=3%0.0, '

X=1.0, ;

EKBAR=3%0.0,

FTBAR=3%0.0, FTHAT=3%0.0,FT=0.0,

G-OOO, '

RIKl-Z0.0.0.0,10--0,10.0,0.0.10.0,10.0.18.0,0.0,10.0,18.0.-5.0.

SIK1=0.0,10.0,2.0,0.0,20.0,0.0,0.0,20.0,0.0,0.0,0.0,5.0,

AES'lO-O,;.2,0-0,0-0,4.0.--5,.05,0.0,1.,--02.0.0,0-0,20.0,-.6.0.0,0.0,

XIKF=9,0,11.0,50.0,3.0,

IREL=0,1.1.2,REL’1’B-0-007,89.5.89o51.181-0,

+END

+DYNSTA

DELCL=0.0,10.0,0. 0, DELC2=0. 0,20.0,0.0,0.0,15.0,0.0,0.0,5.0,0.0,DELC3=0.0,20.0,

0.0, | ;

0. o 10 0, o:o DELC4=0.0, 20.0,0. o,‘f\

R (1 1)-2 0,R(1,3)72.0,82, 3)-2 o;

;DELM(l 1) -.5 DELM(I 2)-0 0 DELM(?. 2)- ,DELM(B z).,z DELM(l 3)-0 0' e

?:nEnucz 3>=.5, -

;'DELM(l 4)n-2,

fif]]l:f  h f=,f,7ﬂ.

wsrsm zeu aev. ;




Date Page of
COMPUTATION AND DATA REDUCTION CENTER

Name — Priority

Problem No. S NAMELIST INPUT FORM Keypunched by

No.of Cards . .. 1 Verified by - -
TITLE: COMMENTS

2 ( 80

DELM(1,2)=.001,DELM(1,3)=.001,

Tl=,05,T2=5%.15,0.0, 3%, 05,3%0.0,5%.15,T3=.05,5%0.0,.05,5%0.0,T4=.05,.1,.05,.1,
240.0,

X12"2. 15,-67."‘10 74,"1- 7&,.67- 0-0’40 33’-40 33,-40 33.3*000,2-15,067,"10 74,"1- 74,

.67,0.0,

XIA"ZO-Q,"Z0.0,"Z0.0,ZO-O, '

ZETAZ"O. 0’2004’1026’—10 26’-2004,000,000’500,-500,3*000,000,2004,1026,"1-26’

& ~2.04,

ZETAA=1.0,1.0,-1.0,—129,

CMN=4%,1,

XNU=/%.:3,

E"4"30 . 0E6’
NSTA=1,3,2,1,

NVER(l,2)35,NVER(Z,2)=3,NVER(3,2)=S,NVER(l,4)=4,NVER(l,l)ﬂl,NVER(1,3)=l,

NVER<2,3)=1,

; ICIRFO 1,0,1,

S(L, 1)=0 0, S(l 2)=20 O S(Z 2)-10 0, 8(3 2)=0 0, S(l 3)-20 0 8(2 3)=0 0,

S(l 4)=0, 0,

+END

1 +DYNSTB

1.QQ,DL11L=10 0, 3*0 o 5 0, 3*0 0




Date Page ... .. of . .. ..
COMPUTATION AND DATA REDUCTION CENTER

Name ‘ S PrOPIY e e e e e e e

Problem No. e e+ NAMEL'ST 'NPUT FORM Keypunched by __ . . ... ..

No. of Cords .o l Verifiedby . ... . ... . ... . ...

TITLE: COMMENTS

z 80

+R¢CK

HZ0=.001,EUl1=0.5E-3,EL1= 4. 0E-5,HMIN=. 001 ,HMAX=0.1E6,TZ20=0.0,

TF=1.0,LSTEP=150, SEGSTT=7%0.0,

IAX=2,

+END




The elements of an array may be input in order, e.g., the elements of

ALIK may be input in the order of increasing N: ai, a;, ves ai, ui,
o az una ana ana !
L » o ey [ » "0 .
2 n, 1 2 n“a

Alternatively, elements of an array may be input individually, e.g.,
ALIK(2) = a;, ALIK(4) = ag, etc. The inertia matrices of the segments may
be input in the same manner except that each element of the array now con-
sists of a series of nine numbers. The elements of the inertia matrix are

read by rows.

Other properties of NAMELIST input are that input quantities and
symbols are separated by commas, each line of data is terminated by a
comma, a series of equal quantities may be input by use of the symbol %,
e.g., 4*X means X,X,X,X, and symbols beginning with the letters I, J,

K, L, M, N must be input as integers while other quantities are input in
floating point format.
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18. TEST CASE OUTPUT

The following pages are a portion of the output of the program gener-
ated by the load sheets developed in the last section. The output includes:
(1) an output of the input quantities (2) printout of the results; and (3)
graphical output. All of the output in (1) and (3) are included in this
report, as well as a representative sample of (2).

The output of the input quantities is generally self-explanatory. The
numbers in each array are output in the order in which they are input.

The parameters EU and EL are used to control the accuracy with which
the RKAM subroutine obtains the numerical solution of the differential
equations. Specifically, these parameters govern the halving and doubling
of the integration siep-size while in the Adams-Moulton mode. If the
absolute value of the difference between the predicted and corrected values
of all of the variables being integrated is less than EL, the step-size is
doubled, whereas, if any of these differences is greater than EU the step-
size is halved.

T is the time at which the simulation is initiated, H is the nominal
step-size, HMAX is the maximum step-size allowed, and HMIN is the minimum
step~size allowed.

The position and motion of elements of the system are output every
time step, up to the twentieth time step. After the twentieth time step
this information is output every IAX time steps. Table 18-1 provides a
description of output designations in terms of previously defined
parameters.




Table 18.1.

List of Output Symbols

Output Symbol

Description or Meaning in
Terms of Symbols Defined in
The Nomenclature

TIME

NUMBER OF STEPS
TIME STEP

APP

SEG

BETA
BETA DOT
DETA DDOT
ALPHA
ALPHA DOT

ALPHA DDOT

RELEASE LOCK-UP STATE VECTOR

SPRING DASHPOT TORQUE

KICK-OFF SPRING FORCE

EXTENSION OF KICK-OFF SPRING

X, Y, Z’

IN MAIN BODY COORDINAIES coMp _,’”

Current value of time in the simulation

Number of time steps taken since
initial time

The next increment in simulated time to
be attempted by the numerical routine

Appendage number (K)
Segment number (I)

The current value of B?

The current value of é?
The current value of ﬁ?
The current value of al:
The current value of :
The current value of ak

=1, 0, 1 means hinge k, i is unreleased,
in motion, or locked, respectively

The current value of Qﬁ

The curtent value of F§~
‘ R

The cufren; value of : ; x‘: l ‘

o Designatea the X, y. and 2 components
~of vectoxa»rafer:ed to main body i




T&ble 18-10

Description of Symbols Defined

in Nomenclature

(Continued)

Output Symbol

Daescription or Meaning in
Terms of Symbols Defined in
the Nomenclaturae

OMEGA

OMEGA DOT

MASS CTR POSITION

IN INTERTIAL COORDINATES
COMP X, Y, Z

REFERENCE PT POSITION

MASS CTR POSITION

MASS CTR VELOCITY

MASS CTR ACCELERATION

ANGULAR MOMENTUM

LINEAR MOMENTUM
KINETIC ENERGY

NUTATION ANGLE

EULER ANGLES OF MAIN BODY

MAIN BODY FIXED UNIT VECTORS
IN INERTIAL COORDINATES

N~BOOM DYNAMIC STRESSES

The current value of

The current value of w

The current value of S

Designates the X, Y, Z, components of
vectors referred to the inertial coor-
dinate system

The current value of's

The

The
The
The

The
The

The

The

‘The

current value

current value
current value
current value

current value
current value

current value
cos ™t [Ha(o)
current value

current value

coeines of

A A

ﬁ’ Yy 2o

of p+ S
of FVMT
of iVMT

of Ho

of P
of T

of
N )= ;
. x/luod

of the direction

'Title on each vage of output from the
o) streas package S , ,




Table 18.1. Description of Symbols Defined
in Nomenclature (Continued)

Output Symbol

Description or Meaning in
Torms of Symbols Defined in
the Nomenclature

APP k SEG 1 CIRCULAR
NON-CIRCULAR

STATTON j

ANG

X1-Q

ZETA-Q

S1GMA22, SIGMA21l, AND
SIGM23

PRINCIPAL STRESS
SIGMA-IJ- 'Y SIWA-ZZ Py
SIGMA-33

Q-BAR
P-BAR

THETA-MAX

SIGMA 22-MAX, SIGMA 21-MAX,
and SIGMA 23-MAX ,

XI-MAX, ZETA-MAX

Sub-title preceding stress and loads
data for each segment indicating
segment number and shape

Heading preceding block of output for
station j of segment k,1i

The angle, in 90° increments, measured
from the segment E-axis to which the
stress output corresponds.

The £ - coordinate at a 90° point on
the segment crossection

The { - coordinate at a 90° point on
the segment croesection

The stresses in the n, £ and Z directions,
respectively, on a plane normal to the
n-axis at a 90° point.

The eigenvalues of the stress tensor
defined by U0 Opgs Tggs above, at
each 90° point

The £, n and { ~ components of the
moment at this station.

The £, n and ; - components of the
force at this station.

The angular position measured from £ to
the most severe combined etress condi-
tion if this is a circular segmene.'

- The stress components at the position
 of the most severe combined stress

condition on the crossectien.

',The coordinates: & C. of the position
. of the most severe combined stress =
‘ ondition on a nonﬁcircular section. ;3¢,v ﬂ;f‘
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Stress Package Error Processing

Since there are no iterative calculations where a non-convergence
problem might occur and the input data is relatively simple to enter,
only two types of errors are checked in the stress packaze. A test is
made for the correct entry of key counters in the input data and a
test is made for a divisor to be zero before any division is performed.
An error in the input counters terminates the processing of the case.

If a divide check occurs, the result in question is set to 0 and pro-
cessing continues. In either situation an error message 13 printed out
describing the problem. The error messages for input errors immediately
follow the printing of the input data. The error messages for divide checks
are interspersed with the data output.

A. TINPUT ERROR CHECKS

All input checking and printing of messages 1s completed
before processing of the case is discontiriued.

1. 1If the number of stations in NSTA for a segment has
not been entaraed or exceeds 5, then an error message
is printed in the format:

NSTA-n IS N@T FILLED IN @R IS T@P LARGE

whare n is the segment number.

2. 1If, the number of vertices for a station within a
segment has not been entered or exceeds 6, then an
error message is printed in the format:

NVER-n,m IS N@T FILLED IN $R IS T@@ LARGE

where n 1a::he-négment number and m is the station number.




B. COMPUTATIONAL CEECKS

A test for possible divide checks 1is made in all computational
sections. The section where the divide check could occur is
; identified as well as the name of the quantity being computed.
; There 1is a different message for each section. In a case where

thie occurs, an error message in one of the following formats
ls printed:

1. DIVIDE CHECK IN MASS AND AREA ROUTINE-C@MPUTING __ SEG

MENT _ _ STATIGN _

- - - S —

2. DIVIDE CHECK IN L@ADS R@UTINE~C@MPUTING SEGMENT

_ _ STATI@N _

%
4
4

|
b
3
8
3

3. DIVIDE CHECK IN CIRCULAR SEG STRESS RPUTINE-CAMPUTING
SEGMENT _ ' STATI@N _

4. DIVIDE CHECK IN N@N-CIRC SEG STRESS R@&TINE-C@MPUTING _

SEGMENT _ _ STATI@N _

— ama) e e me  m—

The six blanks immediately following the word computing are
filled with the program name of the quantitv being computed

Feor example, SG2290 for 93200 would be printed if either A or

I were Q. The current segmen? and station numbers are printed
as shown.

See the Table below for a list of engineering symbols versus prog-
ramming symbol and equation number where quantity is computed

SRR T il i ¢

Prog. Symbol Eng. Symbol  Equation No.
AMI L 12.5
+ ‘ , e
" . ‘D TFor circular seg.  Not in manual (dependent

s e




Prog. Symbol Eng. Symbol Equation No.

CMBAR Cj 13.1
K Kl,Kz,K3 Page 1l1-5
®
QSTAR Ql' Q3 11.9
D For noucir. Seg. Not in manual (depen-

dent on maximum Vo with-
in a plate element)

XIM=-ZETA For noncir. Seg. Calculation of max £ and
A [A]1 12.8

SIGMA22 LPYS 11.3 or 11.11

SIG21-23 991393 11.4 or 11.14

VSUB@ v, xe.s or 11.15

C. TOO MANY ARITHMETIC ERRORS

If more than a predetermined number of arithmetic errors occur,
the following message is printed and the case is discontinued:
MAXIMUM NUMBER @F ARITHMETIC ERQQRS. CASE IS DISC@NTINUED

D. TABLE SEARCH ERRORS

The chance of any of these errors. ‘occurring should be minimal. This
would arise only if the input data deacribes meaningless gaometric
figures in computing the area and ‘mass properties.~f'

1f one of these errors occurs the program;stops and an idencifiration.‘

digit is disulayed.  The following is a list of these,errors, tbeir g;;j gng *

meaning and associated diaplay;digit.




R i AL e ¢ e % .

3% e bt A )

l.

2.

3.

be

Display

10

11

Meaning

cannot be

Given & y £ and £
Q Y Q.
found within the EQ table such that

E. < E. s & or £, 28, 2 &
@ % 1 Y % Qe

The same situation could occur for the

CQ table also.

Each entry in the EQ table is equal

to each other thus defining the cross—-
section as a straight line. Same thing
could occur in the ;Q table.

A gy aﬁd c$+l cannot be found in this
gz table such that ;!l, isscc and CJL+1

is CC' This can also occur in the £

table.

A ;m and §2+1 canaot be found in the

; table such that Za iszcz and c!l.-!-l

is >CC' This can occur in the £ table

also.
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INPLY QUANTITIES
THE TOTAL NUMBER NF APPENDAGES # 2
NUMBER [F PADCLF APPENDAGES # 1
TOTAL NUMBER OF 1 INKS # 4
L INKS PER APPENDAGE ¥4 2 &
THE MASS 0OF THE MAIN BODY #  €,25Q0CCCOF C2

VECTOR TO ORIGIN ['F APPENDAGE COORDINATES (FT) FROM QRIGIN OF MAIN BODY COORDINATES
T HE D BAR K AQRAY

0.1002%0000F 02 =C INOLNINCF 02 3,0
0.29000000E 02 C.27000Y00E N2 2,¢C

EULER ANGLES USED TO EXPRFSS APPENDAGF UKIT VECTORS IN MAIN BONY COOROINATES (DEG)

T HE PSly THETA, PHI ARRAY
0.90000000E 02 Q.0 3.9€CCCCOCE D2
0,9000J000E "2 0,0 0.0

LENGTHS OF APPENDAGE SEGMENTS (FT)
T HE L SUR [,k ARRAY
0.20000000F 02 0.209CNN00F 32 DN,200CCQO0E 02
0.40003000E 02
MASS OF APPENDAGE SEGMENTS ( SLUGS)
T HE M SUB TyK ARRAY

0.50000000E 00 0,36965996F CQ0 (.S50CCCOCCE 00
0.50200000E 00

INERTIA MATRICES OF APPENDAGE SEGMENTS ( SLLG=FT SQ) INSEGMENT COCRDINATES

T HE I PRIME ARRAY

0. 10000000E 02 0.0 2.0

0.0 0+60000002E 01 0.0

0.0 Ce0 0,1CCCOCO0E 02
T HE I PRIME ARRAY

N+45000000€ 22 0.0 0.0

0.0 Ce400COMOE 02 0,0

0.0 00 0. 850CCCCCE 02
T HE I PRIME ARRAY

0.10000000E 02 0.0 N0

0.0 Ce50Q8CI0CF 01 0.0

0.0 40 ‘ D¢1C0COCOCE 02
T HE 1 PRIME ARRAY

0+20000000€ 02 0.0 2.0

0.0 0+1C0000200E 02 2.0

0.0 0.0 0.20CCOCOCE 02

"VECTOR TO CENTER OF MASS (FT) OF APPENDAGE SEGMENTS

THE € SUR [k ARRAY o
040 } | C.10000000E 02 0.0




'~9é2°°900°9§p92 -0.5@99999&? oaagj

ryi;»oi5éN¢AGE&£§TfLENGT7 of4'

0.1C000300E 02 0.0
0.10000000E 02 0,0
0.20000300¢ 02 0,0

~X-X-3
® o o
ooo

INERTIA MATRIX OF MAIN BODY (SLUG-FT SQ) IN MAIN BODY éOCRDlNATES

LHE T SyUs M ARRAY
0.40000000E 04 0.0 0.0
00 0.200000CCE 04 0.0
0.0 0.0 0.200COCO0E 04

CENT.ER .OF MASS OF MAIN BODY (FT) IN MAIN ROLY COCRDINATES

T HF B BAR M ARRAY
0.0 0.0 0.0

DASH POV PARAMETERS (FT LB SEC+SQ o FT LB SEC 4 FT LB 4 FT LBR)

THE Q SUB IyK ARRAY
0.0 =0699969992¢~-013 0.0
0.0 0.0 ~0e66G666693E~-03
0.0 0.0 0.0
=0+¢99999993E-03 0.0 0.0
0.0 =0,9996699%E~03 0,0
0.0

SPRING PARAMETERS (FT LB 4 FT LB)

THE K SUB I,K ARRAY
0.0 ~(0+39969998E 00 0,0
~0¢59999964E-01 0,0 ~0+3%9G4€¢GBE 00
0.0 ~0es3G9CQQ98E 09

MAIN BODY ATTACHMENT POINT OF KICKOFF SPRING I

T HE R1IK R 21K R3IK ARRAY
0420000000 02 0.0 0.100C0C00E 02
0410000000 02 0.0 0.190C0CCCE 02

0+10000000E 02 0.180C0000E 02 0,0
0.10000000E 02 0.182CJ0000E N2 ~N.5COCCO00E OL

SEGMENT ATTACHMENT POINT OF KICKOFF SPRING 1

THE  S1IK S2IK S3IK ARRAY
0.0 ‘ 0,10000000E 02 0.200C0GCC0E 01
0.0 0.20C0000E 02 0.0
040 0.200001C0E 02 0.0

0.0 00 o o.sooococos o1

SPRING CONSTANTS FOR KICKDFF SPRI~G 1 "

YHE  ABS ARRAY e
'0410000000E 02 =0.13999996E €0 Ge0 040

© 0.40000000€ N1 =0.5008090CE oor.0.49999991e-01 g0

0+10000000E 01 =0,200003C0F~01 0,0




T HE X SUR F IK ARRAY
7.90003CJCE A1 011300700 32 Q.5CCCCCI0E 02
04 30000000E 01}

OASH POT PRE LOAC ANGLES (RADIANS)

T HE GAMMA SUB I,K ARRAY
0.0 Ceh Ne0
0.0

SPRING PRE LOAD ANGLES (RADIANS)
THE THETA SUB [I,K ARRAY
=0,20000090C 02 -0.320003C0F 03 =-0.2CCCOCCOE 02
=0¢15C00000E 03
INITIAL MAIN BODY ANGULAR RATES (DEG/SEC)
T HE OMEGA ARRAY
0.57295752E 03 C.0 0.0

INITIAL SEGMENT POSITIONS (DEG)

THE ALPHA SUB T,K ARRAY

.090000000E 02 0s,270C0200F 03 N.9{UCOCQOE 02
0.90000000€ 02

,THE BETA SUB 1,K ARRAY
-040.. 0.0 0e0

0.0

JNITIAL SEGMENT ANGULAR RATES (DEG/SEC)

THE . .. SIGMA SUB I,K ARRAY
0.0 040 , 0.0
—De0. .
THE. . TAU SUB I,K  ARRAY
0.0 0.0 0.0
000 A

“EULER ANGLES USED TO EXPRESS INERTIAL COCRDINATE UNIT VECTORS IN MAIN RODY COORDINATES (DEG)

T HE PSI,THETAsPHI  ARRAY

. 0s0 ... .00 . 060

LRELEASE. .. . _TIME/SEGs NO TIME( SEC)

SEGMENT REL EASE oRr

_MNUMBER. . ... . OPTION ) ANGLE (DEG)
1 ¢ 0o 69595993 E~02
2 .. . 4 89500000€ 02
3 1 0. E95G9995E 02
4 i e . 0,18100000€ 03

LOCK UP ANGLE lBETA(IoKO) AT NHICH HUNGE lviD !S LGCKFU (DEG)

. -

T HE BETA s suve T,K ARRAV
040 0.360000005 03 OoO




0+18%0)000E 93

:, ACCELERATINAN OF GRAVITY (FT/SKC SQ)

14 G
.0
E

UNIT VECTOR FROM THE DIKFCTION OF THF CENTER OF THE FARTH TO SPACECRAFY IN INERT IAL COORPINATES
THE DIRECTINN OF G
0.0 re¢ Co

THRUST MAGNITUDE (LK)
. THE #T

THRUST JIRECTION IN MAIN MDY COORDINATE &
THE FT UNIT VECTONK
0.0 {‘l\.“ c.c

VECTOR YO POINT OF APPLICATION GF THRLSY (FT) IN MAIN BCDY CCORDINATES
THE POSITION OF THRLST
0.9 Dell Ce €

THE TIME OF THRUST INITIATINN ( SEC)H
THE T INITIAL
1,0

THE TIME OF THRUST TERMINATION (SFC)
THE T FINAL
0.0
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1

Ce999999¢ 4E~
049999996 4E -

01
01

0¢999999£4E=~N1
0:99999G64F~01

1
0+293996G5E
0429999906¢
0429999995%E
0.29999698%

1
0+300700NCE
0.30993%00E
0.30399C0CE
0630000 0CE

N L) e P

e )

1
C«200000)0E
0.0
40
040
0.0

1
045000000 0F
0.0
‘40

0
0

oe
cC
ne
na

A8
cA
e L}
o]

31

00

INPUT FCR STRESS CALCULATIONS

2
2.0
0.0
0.0
0.0
N, 0
; 2
0o 55565 §93E =03

0.16969999E 00
0419969696 00
Dan -
0.0 . .

MATRIX = CMN

MATRIX - XNU

MATRIX - E
MATRIX = NSTA
MATRIX - ICIR
MATRIX ~ R

3

0.20000000F& 01
0.20000000F 01
0.0
)
0.0

MATRIX - DELM

3 :
0.99999993E=-03
0.5000000C0E 00
0.0 v

0.9

0e0

Ce0
0,40
040
040
N0

4
0.19999999E 00
N0
0.0
0.0

040
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NS DN e
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009

1 
R
3

[ N3 R XY

DO QO »e v
QOoORnWAN

1 2
¢ 0.2C0C0OCH0E 02
0 0.100C0CCCE 02
.0 o.o
o0 0.0
0 N0

1l

0410000C00E 02
0.0

1
0499999976-01
0.0
J.0
040
0.0
0.0

040
0.0
0.0
040
0.0
0.0

040
0.0
0.0
0.0
0.0
940

1 ' 2

,0.100000)05 oz 060 o
o.o - © 0.500C0CCCE 01

'1” Q ff ‘;1 ‘ :;427 

0.0 & \v;o.o
1g,~o.?oooooooe oz
,;,,@.o

',1o;zﬁocacoce oz

MATRIX = NVER

DO D e

MATRIX - §

3
0,20000000E 02
0.0
0.0
0.0
Ce0

MATRIX - DELCL

MATRIX

Tl

MATRIX = W1}

MATRIX = ZETAl

MATRIX = DLILL

R &
0.0
0.0

0. 1onooooos 02 e
*MAtntx = nencz

o.sooooaooe 015 o

0.0
0.0
N0
9.0
0.0

DIOIDOL S
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VIS WIN

- Pt g0 pui gt Pue - Gt put Pt e Pt
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b il k. b Prus

1
0,149996S8E N0
0.149996SBE 00
0,14999698E 0O
Ne14999G698E 00
0.14999S38E 01
0.0

1
0.21499866E 21
0,66999696E (O

-0417399698E 01

=-J+s17399698€ 01
0.6699999¢F 00
0.0

1
0.0
0.20400990E 01
012599993 01
~0+12599993F 01
=0.20420000E 01
0.0

90O
e o o
(> N Reo

1
0.1000000CE 02
0.0
0.0

1
0.1C2)0CO0F 92
0. '
0.

[>Ne N

1
0.0
04200000 0F 02
040

1
9999697€~-01

2
0.459%9997E-01
0,459¢€9S37E-01
0.49959997€~01
D¢ 0
0.0
0.0

2
0.43269S59t 01
~0.4329959GE 01
-0,4225996% 01
0.0
0.0
0.0

2
0.0
0.5C0CCO00E 01
-0.5C0CCCO0E 01
0.0
Ne 0
Ne 0

0.0
.0
0.0

2
0.C
7.,20C00C00E 02
0.0

2
0.0
0.200C0C00E 02
0.0

2
0.0
0.1008CCO0E 02
0.0

.2
004566969 7E-01
Je 0
0.0
N.0
De0
Q.0

o 18-15

MATRIX = T2

3
0.14999998E
0.1499999¢6¢€
0.14999998¢E
0.14999998¢€
0.14999998E
0.0

MATRIX - XI2

3
0.21499996E
0.66999996¢E

“0017399998E

=0¢17399998E
0:66999996F
0.0

MATRIX - ZETA2

3
0.0
0.2040000C £
0.12599993E

-0,12599993E
-0,20400000€
0.0

MATRIX - DLI21
. 3
0.0
0.0
0.0
MATRIX - DLI22
. 3
0.0
0.0
0.3
MATRIX - DLIZ23
3

0.0
C.0

0c¢
co
00
00
00

01
oc
01
01
oo

Q00N0O0OCE 02

0.3000C000E 02

MATRIX - DELC3

MATRIX - T3



MATRIX - XI3
1t - J 1 2
1 1 Q.0 e 00
2 | 0.0 0.0
3 1 0.0 ) 2.0
4 1 0.0 0,0
5 1 0.0 0.0
6 1 Ce0 .0
MATRIX = ZETA3
1 J 1 2
1 1 L0 N.0
2 1 0.9 0.0
3 ) § 0.0 0.0
4 1 0.0 2.0
5 1 0.0 De®
6 1 Q.0 0,0
MATRIX = DLI31
{ J 1 2 3
1 )| N0 0.0 0.0
2 1 0.0 0,0 0.0
3 1 0,0 0.0 0.0
MATRIX = DLI32
| S 1 | 2 3
{*4 1 1 0.10030000€E 02 Ne0 0.0
: 2 1 0,0 0. 500CCCCCE O 0.0
3 1 0.0 0.0 . 0.10000000€ 02

MATRIX = DELC4

1 J 1

1 1 0.0

2 1 0.20000C00€ 02

3 1 0.0

MATRIX - T4

1 J l

1 1 0.49999S97E~01

2 1 0¢99999964E-91

3 1 0:49999697€-01

4 1 0099999954E~01

5 1 0.0
6.1 0.0

MATRIX - XIé&

Lo..d . . 1

1 1 0.20000000€ 02

2...% - =0.200000C0€ 02

3 1 =0.20000000€E 02

G ... 0s20000000€ 02

5 1 0.0

6. 1 0.0

IB—I64~"'



I J 1
1 1 Ne1002003CE N1
2 1l 2¢1000CACE 01
3 1 =N.1CCOJICGCE 01
4 1l =06100X0CCOE Q1
5 1 N0
6 1 Q0

I J 1
1 1 0.20300)0CE 02
2 l 0.0
3 1 040

MATRIX - ZETA4

MATRIX = DLIGL

2 3
Je0 0.0
0.100CC00CE 02 0.0
0e0 0. “N0000CE (2

17



Ve

TIME 0.0 NUMAER Ur STEPS 0 TIvs Step 0e99C99C 9F=03

APPUANLGE MOTICN

apPp  SER HETA BETA DINY BETA DOOT ALPHA ALPHA COY ALPHA PDOY
(DEG) {DEG/SEC ) (DEG/SEC $Q) (PEG) (DEG/SECH ({DEG/SEC SO)
: 1 1 9.0050¢F 01 el 0.0 CNCIGE CY Q00 0N
' 1 ? 1,8000€ €2 Ced) 0.0 2.70CCF €2 €0 fe0
2 ) 9.,200¢ C1 ot Qe 9.0CPC0E (2 G0 Ne 8
2 2 9.0C00 01 el .0 Qe CONOFE CL C.0 " e
app  SEG RELFASE LUCK-UP SPRING ODAIHPOY TORQUE KIGKCFF SPRING FORCE FXYEMSION OF
STAYE VECTNR FY LM 1.RS HICKNEE SPPING
N 1 1 -1 who EBEGE=01 B,6NCCFE 00 B, NNNNE 00
; 1 2 -1 24 44 35E=01 4o CNCOE 00 1. 0090E N
- ? 1 -1 4o FitéE~0] : 9, 6000F=-01 2.N0NNE 09
: ? 2 -1 4o JRPNE~0L 1.0R0CF U1 2.NNO0E NN

SYSTEM MOTION

A4 IN MAIN RODY CNORDINATES
comp OMEGA OMFGA DOY MASS CTR
POSITION
(RAD/SEC) (RAD/SEC QI (FT)
X 1.50008 01 “1,1888=02 1.2268% 00
Y 0s0 “1.38R2E 1 7.43649€-01
? N Ve 66TCF cC 6. 6914 E=01
IN INERTTAL COORDINATES
COMP REFEREVCE  MASS CTR MASS CTR  MASS CTR ANGU LAR ! INEAR
PY POSITION  POSITION VELECITY  ACCELERATION  MCMENTUM  MOMENTUM
(FT) (FT) (FT/SEC)  (FT/SEC SO1 (LA SEC FT) (LB SEC)
X G.f 1.2268E 00 0,0 8.0 4,8031E €4 N40
Y 0.0 704349E=01 =6,6615E 0 GO ~2,7666E €3 =1,8000€ 02
z 0 €.69164F=01  7,4366F 00 0.0 ~3.3792E 03 2,0000€ 02
, K INETIC ENERGYH 2,4190F €S
v NUTATION ONGLF (D36) 3.1863C nC
:
oo
4
{
%
3
2
» ’ : i
: 18-18
i SR




EULER ANGLES (DEG) PSI
C.0

MAIN BOOY FIXED UNIT VECTORS

X
1.0000CE€ 00
0.0
0.0

THETA
0.0

Y
0.0
1.€30CCE 20
e 0

PHI
0.0

z
0.0
NeD
1.00C00 € 00




S

TIME  0,69929C994-N? YHMMRER Of SRS L] TIue SYFP ( EOCGUQTFr 3

APPCADAGE MNTICN

aPe  SEN PETA RETA DOY BETA DONT ALPHA & PHA CIT ALPHA DROY
{DEG) (DEG/SEC ) (DEG/SEC Q) (DEG) (DEG/SECH IDEG/SEC $N)
' 1o 9.0M0F C1 Yot 0.0 0000k Ny 0.0 0o
T2 1oROOIE 02 L .0 2,7000F (2 0.0 e
2 9,0ARAE | € 040 Q0 O0E 0.0 Ne”
2 2 P.0500E ) e 046 9.00C0E D) 0.0 0.0
4PP  SEG RELEASE LOGK=1p SPRING DASHPCT TNRQUE KICKOFT SPRING CORCE EXYENG 10N NF
STATE VECTOR FT LR LAs ¥ICKORE SPRING
1t 0 =6, FROSE~0) ReGUADF Of AL ADDOE 0N
1 2 -1 24 4435E~01 L4oCCLRE N 1. 0NDE N
2 -1 ~4, ERESE-CL 926000E=01 2, MDANE NN
2 2 -1 4o 1RRNE=01 1.PAFEE OF 2,90n0€ 00
SYSTEM MCTION
. IN MAIN DODY COORDINATES
: canp OMEGA OMEGA DOY vasSS CTR
PCSITION
. {RAD/SFC) {RAD/SEC $Q) (tn
¢
3 X 9.9998F nQ ~1.641126=01 1+2260€ 00
?: v ~7.51376-02 ~1,76717 01 7, 6349E-0]
: 2 8,7934E=02 0.2637E €¢ 6,6016E-01
;
IN INERTIAL CONRDINATES
; COMP REFERENCE  MASS CTH MASS CTR MASS CTR ANGUL AR L INEAR
_ PT POSITION  POSITION VELOCITY  ACCELERATION  MCMENTUM MOMENT UM
; (FT) tFY) (FY/SEC) (FT/SEC SQ) (LA SEC FT) (LB SEC)
Y i X 3,2056E=04  1,2269E 00 ~%,92726-08 0.0 448031E D6 =1459646=06
! b Y 1.55976-03  7.53776-01 <=6,6914C 00 0.0 =2,7846E 03 =1,8000€ 02
' 7 143342603  7.1410E=01  1.4345C GO 0.0 «3,3792€ 03 2,0000€ 02
: K INET IC ENERGYW 2.4180F €5
& NUTATION ANGLE (DEG) 5.20€3C 00
E;
:
s
f
3

Y AARETRRST NSt

é



e

EULER ANGLES (DES) PSI THETA
le4422F o2 1.3578E~C2

MAIN BODY FIXED UNIT VECTNRS

X Y
1.90CCCE 00 =1, 5624(F =04
1442628F-04 S.68201¢-C1
1.97927E-94 5069631C~-02

ACCe CHECK # 0,654420571F=Cé¢
NDELTA # 0.40279701E-C7
TOTAL KINETIC ENERGY # N224143662F C¢

PHI

14
=1.89019F=-C4
=5.99631E~( 2

9.68201€~C1

LINEAR MOMENTUM # =0,78976154F=C6 -0, 179S9S97E 03 0;199999835 C3

18-21



s,

e
B,

TIME 0a1902837¢-71 HiMBER

I STEPS 13

TIME STEP Ce9999699F=03

APPLADAGE MNVICN

APP  SEG RETA ARETA DOY BEYA DDOY ALPHA ALPHE COY ALPHA DODY

(DEG) IDEG/SEC) (DEG/SEC SQ) (CEG) (DEG/SECH (DEG/SEC Q)

1 | AsS8ICE W1 ~A,11R4L (€I ~6449546F N3 A.9510F 0L ~0e11B4E NI «6He H984E )

1 ? LeRSNNE 2 Te9 Q0.0 2.6951F C2 -B841184E M1 =64 HO54F 13

? ] 9.0 D) Cadd «3.316% 03 9, 0000F ¢1 0.0 -3 JULASE 09

2 2 9,906 0y el C.0 9,0000E €Y 0.0 -3 3168E 02
app  SEG RELFASE | ICK=~UP SPRING DASHPOV TORQUF EXTENSION OF

STATE VECTNR

1 1 ¢
! 2 -1
2 i n
2 2 -1

IN MAIN BDDY COORNINATES

comMp OMEGhH
(RAN/SFCH
X Q,9093¢ 1
\] =1.0031E-C1
4 1:6657¢="1

IN INERTYAL CNURDINATRS
COMP  REFERFNCF WASS CTH

PT PNSITION PHSITION
(FT) (FT)

K 2.07106=07 1.224P€
Y 1,10493F=02 e 16176~
1 8.22649FE~C3 PalO62€=

KINEYIC CNERGYN 2.41%0€ (8

NUTATION ANGLE (DEG) 6,342

FT L

-4, £385C-01
2¢ 464 38€~01
= 4o £869E~-01
4s 17€0E-01

KICKCFF SPRING FORCE
LRS

Re IR20E OO
4eCUCOE €O
Q. 6N0L E=01
1.RANOE 01

SYSTEM MCTION

OMEGA DOY
(RAD/SEC SQb

=144FCTE CC
=3.1758€ €€
“Te68CGE=01

' MASS CTR
VELCCETY
({FT/SEC)

¢ 1. 0279 =08
¢ =6.6614C 00
ol 70 6345E 00

C ¢n

MASS CTR
PCSITION
(FT)

1.226A€ 00 '
T+ 4349€~01 '
6, T201E~01 !

S

MBSS CTR ANGULAR  / LINEAR
ACCELERATIGN  MCMENTUM /  MOMENTUM
(FT/SEC SQ)  (Lh SEC FT)/ (LB SECH

0 4 ROBLE 0 2¢T716E-06
0.0 =22 7566E 03 «1,80M0E€ 02
Ce0 =343792F (3 2.0000€ 02
;
/
/

FICVDRF SPRING

BeNEIRHE €O
1.70008 01
2400N0E 00
2,00908 0N

/




EULER ANGLES (DEG) pSI THE TA PHI
1,377 22 1,178 =01 <=1.2787F 92

MAIN BOCY FIXED UNIT VECTORS

X Y 4
9.9936GRLC- 01 -1.£2413€E~C2 =1e26278E=(3
1635657E=-"3 S. B164GE=-C1] ~1.89142F=(1
1e54717F=-03 1. 8913¢E~01 G,81949E=-01

DFLTA # CeB2184C84F= 37
TOTAL KINETIC FNEPGY # Ne2415GC75F (¢
LINEAR MOMENTUM # D,2771616CE=C3 <0y 17969605E 03 0.19999863E 3




LA L)

APp

N A e e

APP

B A e g

€ 0.1916650E~01

NUMBER OF STEPS 16

TIHE SYEP

APPENDAGE MNTICN

(1. 0900 5L GFwn §

SEG RETA REYA DNY BETA 0ONY ALPHA ALPHA COY ALPHA DRANY
(CEG) INFG/SED ) (DEG/SFC 5Q) ({BEG) INEG/SECH INEG/RFC SN
1 A.95C0E 1 ~E. 1977 O =7, 0896 O3 P, ASCOF (1} -B.1877€ 1y =V 96AF N3
2 1.8000F €2 Cel S.7608F 03 2. 698 F 02 =8,1977 0Y =14 2A9F 73
1 9,0CHCE (1 = 3. 91696=-C1 =3,3181€ 23 00 0NE () =3.91690-M -3 LALE R
] Q00N0E ¢} o) 0 N NCEPE €} 0.0 =3 3IMF 03
SEG REL FASH LOCK=-UP SPRING DASHPOY TOPAUE KIGCKOFF SPRING FORCE EXYENSTION 06
STATE VECTOIR FY LB 1.AS ¥ 1LY NEF SPPING
1 0 ~he EITVE~-C) A A825F C° Re NATAE 00
2 0 24 44 3%E~C1 4o COOGE OGN 1.0000€ M
3 ¢ =4, FAGOE~0] 9, 6000 =01 2, NNOLE A0
2 -1 6o 10EEE~01 1.880CE 1} 24 OPNLE 0N

SYSTEM MCTION ,

I8 MAIN DUDY CODRPINATES
canp OMEGA NMECA DOT vass C1Q
PESITION
(RAD/SEC) (RAD/SEC $Q) (R1)
X 9,9991E ¢ ®1,34888 CC 1.,2260E 0C
v -1.0967E=01 ~1,866748 €C 7.6380 §=01
2 1,6%69E=01 w1, 381 SE=01 647296 =01
IN INERTIAL CNORDINATES
COMP REFERENCF  MASS CTR MASS CTR MASS CTR ANGU Y, AR L INGAR
AT POSITION  POSITION VELOCITY  ACCELERATIUN  MCMENTUM HICIMENT UM
(FT) (ET) (FT/SEC)  (FT/SEC SQ) (LD SEC FT)  (L{ SEC)
K 200949F-02  1.2268E 0C  1.76760=0% 0,9 4o4DILE 06 4. 1583E=064
Y 1.16A7E-02  6.18396-01 ~6,6S14E 00 O ~2,7846€ 03 ~1.0000€ 02
1 B8.31636-C3 8. 11908=01  7.4949L 00 0.0 “3JITGLE '3 - 2.0C0NE 02

KINEY IC ENERGY#N. 244359E 08

NUTAT EON ANGLE (DEG) 5020860 03




3,

EULER ANGLES (DFG) PSI THETA
1.3072E J2 l.1622C-01

MAIN BOCY FIXED UNIT VECTORS

X A4
9.99958F-01 ~1e €451 6F-03
14372€¢6E-03 9. E1728E =01
1.56374F-03 1. SO300E-01

DELY A # 0,8G406967E~C7

TOTAL KINETIC ENERGY # 0e2415CCSCE Cé

PHI
-1.2775E 02

4
=1627395E=03
=1.993C2€E=-01

9.81725E=01

LINEAR MOMENTUM # (Q.475525E6F=C3 ~0s179S9806E 03 0,19999767F 03

s



TIME 0, 37544069F-01

NIMAER OF STEPS

2% TIME STEP

APPENDAGE MOYION

0,99999¢ QF~C Y

APP  SEG BET A REYA NN RETA DNOY ALPMA M PHA COY ALPHA DONY
. {DEGH {NEG/SECH (DEG/SFC 5Q) (DEG) {DEG/SEC) (DEG/SEC SN
) ) BebTVSGE (41 =3.19%0F 12 «T7.8127F 03 Be6TV6F O =2,1900¢ N2 “ e B127F Ny
1 ? L1.8190F ¢ lelR12€ (2 6. 0060F C3 2. 6TT3E €2 *1+1096E N2 =L ANGTE Ny
2 ] Be0&34E ) ~5.7912F (1 =31 499E N3 R, 9634F O1 -5,9912¢ ny =%, 1499F £y
2 2 9.3N00CE ¢ Oev Ve 06THE C2 O, 0NCCE C) Ne0 “~ 2,04 02F N
APP  SEG RELFASE LOCK-UP SPHING DASHPOY TORQUE KICKCFF SPRING FORGE EXYENSINN OF
STAYF VFCTINR FY L# LHS P ICKOFE 5PPING
1 ] bl ~4e £207E-01 R, 2883F On A B738E NN
1 2 0 e 4C11E=-N) he IRCAE O te N340 N}
2 1 d =4y PY£Q[=01 2. 56({5€~01) 2. 1977 N9
2 H ¢ ho LRERE~OL leRARLFE O} 2: 1977 119
SYSTEM MCTION
IN MAIN BNDY COCAININATES
cOMp NV EGA OMELA PNT MASS GTR
PCSITION
(RAD/SECH (RAN/SEC €Q) (FT)
X 9,920 N7 ~5.2P2%f Cf 1e2?26)E Ot
Y =G4} 392F- 072 T T2¢5¢ 10 Te526RE-C]
2 1eROLLF-10 2.T8LF 06 60 FNRNE=N]
IN INERTIAL CNORDIMATFRS
COMP  REFCRANEF MASS CTH MASS CTR MASS CTQ AMGHL AR LINFAR
PY POSIEYION POSIYIOM VELOCEYY ACCELERATINN MCAENTHIM MOMENY UM
(FY) (FT) (FY/SECH (EY/SEC SQ) (LA SEC FTY (A SEC)
K 6abhl2F=03  1,2260F f 1.1€6040~-03 fe ) L4 HOALE Do A, 1 T45€=-02
¥ 4eCeTnF=02 Lo 2= 7)1 =beHE02E €D God »7sTH3TE €3 =1.7997F 02
1 2.6626E=32 Ge4RE2F-C1 Te42300 J0 (e 0 =3, 373E (1) 1.9996€ 02

KINETIC ENFRGYN 2,9167¢ 6%

¢
.

NUTATION ANGLF (DFG) S, %lésE ™0

18-26




FULER ANGL ES (DEG)H PSI THETA PHI
1.3387F o2 3.3187°C=-01 <~-1.1738E€ 02

MAIN RODY FIXED UNIT VECTORS

X Y 4
9,99983F-C1 -5.14352E~-C3 «2:66356E-013
3,80974F~-23 9, 30433F-C1 =3,66441E=0]
4e36106E~27 3.6642%-C1 9,306437E=C1

OFLTA # 0.13783574€-C4
VOTAL KINETIC FNERGY # 024145800 0¢
LINFAR MOMENTUM # (.31744838F=C1 =06 179C€631F 03 Je19996410F O3

18-27



S
("‘ TIME Y. 160TTSAL AC NOHRER 0P ST pS 12 TIME SYEP A,0007 90 DFwl 3
AEPEADAGE PATICN
APB SEG ReTA BETA INY BEYA LY ALDPHA APHA TOY ALPNA DNOY
(nee) INEe/56C) (OEG/3EC 5Q) {UFG) (DEG/SECH INFEG/SFE SN0Y
1 PSS TY IR Ao 0.0 PINLYYY S (] fel
r 2 2407906 2 Tohls 20F 22 be2)ROE 03 P0TCLE 07 TohbORE NP 4, 2L 00F 43
2 G, 7008 7} -h BTINE 2D ko GPROE ) K, 132090 ) 6 51786 02 -4y GNRGE €3
2 2 Ve ThREE Y Zo 21N (2 3, (3VE €9 A, TEANE ) 24%211E N? =L A7ALF 1
APP SEG RELFASE | IPK=UP SPR ING DASHPOT 10ROE KICKCEE SPRENG FORCE EXYENSION 0F
STAYE VE( TOR T LD LHS VACKNEE SR ING
11 1 Lo 7963801 0,0 24 1%461E N
P2 r TeCaPIEe0? N0 1,517 0
2 1 ¢ “2s €261E~0} 704634 6-0) Lo MN2E MY
P2 ¢ YL TEG) ¢ e300 78 )

SYSTEM MCTIUN
IN MAIN N0BY COUTLINATES

coMe OV EGA QMEGA DIVY MASS CTR
PCSIYION
(RAN/SECH (RAD/SEC $R) (F7)
x TehOBIR AL “laCrbf O} 849566 E-21
) LATRENIN LN ke VILEE (G Le2652F 00
7 Ge5823F~01 =V ET0F AL Lo bhabE M0

N !NEP' 1AL COOFDIMATES

CMP  REFERINGE MAYS (TR MASS CIR MASS CTR ANGH L AR LINEAR
PY POSIVINY PISITION VELCCETY ACCELERATIDA MCMENTU ¥ MOMENTUM
(FT} tET) (ET/SFCH LFT/SEC SGY  LLB SEC FT) e SeECy
X B.628TE-0Y 1o2270F 0% =4eJ60(C~C3 Ce 0 bLobQuSE Ch =1, 1244E~01
Y he%836E=N) =, TRL2E- 01 6, 69300 (O D @ =2sTTITE€ €3 ~1.R004F 02
1 59765801 1.9CG1E 20 T 4376E GC Ned =3.9000% 03  1.7994E 02

KINET 1C ENFROYE 2,107 (8

NUTAT TN ANGL E (FG) La iS00 3]




EULER ANGLFS (DEG) PSI THETA PHI
1. 1J6GE D2 7.1822F 00 =2.,26642E 01

MAIN RADY FIXED UNIT VECTORS

X \ & 4
9.92154E-01 -4,812)7E=-02 1.153488E-(1
1016963E‘01 3012‘5175“32 '9092643 E"'f‘l
4.41670E=-02 GeGRAS51E~C1 3,66758E=(2




APPENDAGE |

STAYION 1
ANG Xi=0 TETA-Q) SIGMA2 2

N=BTOM CYNARIC STYRFGSES

SFGMENY 2

S10MA) S1OMA2Y

O JWQISI0E O ~CoALTF= 26 = N  LOPRPE ()] ~Ne 22343F= )3 <), \2860F (0
A DeISTIBE=NT D 1RGN = LAQGEF 01 ~Co 241 30F N1 ~le 39l 2F-()
LAY =0e17400€ O ~CoadbhlTE~THA = 1H2R5L O] =0y TARBAF=03 =0e48566F=C]
270 Je95THA=07 ~0 18238 1 =3 11794E 01 =Ne24117F 91 =9, 14830F-n]

NON=CIRCUL AP

PRINCIPLFE SYPESS
SIMA=L ) S1GMA=2? STGMA= 1%
ColOZ91F=01 ~0o163RAE AL NeN
(e16419F QL =04 254H4E N1 NN
0e144720=02 «0416269F AY 0,0
0o1A93LE 01 =0, 207265 N1 NN
S IGMAR22=MAX SIAMAPL=MANX  SIGMA 23=MAX

CebTNONE 08 0 20470F 1 =N 190 46E 01 =Ce27200F AL =N, 26626¢-A])

Q=P AR Pe AR Xi~MNAX ZETA=NAX

NN “N, 2662610 1

re) =Ce PR4RLE 31

[r%1] ~Ce 12FHIE D

STATION 2

MG X1-Q 7ETA~-Q S1GMA22 SiGra2) SIGMA23
v 04433000 0Ot f.C 1o GalOAF N2 ~0,2104RF 03 =3,29322F (3
90 =04 1e434E 81 CL31I2IE 21 ~ %190 72F "4 =0eZ314NE 33 =2, 1TATHE 0]
180 =0443300€ 21 Gy =) 134725 04 0.21048F 03 =3,12182F 23
270 =34 14434F C1 -0 13330F 21 Je01PLF (3 ~0.4418RE O3 0,18581F 014

Q~BAR P-pap
Q304606 N3 ~0, 3TET5F 03

042793 (€3 =), 425668 C3
04261678 4 =0, 126 76F L3

STATION 13
ANG X1-Q ?2FTA-Q SIGMAZ 2
0 24215C0F N1 ~Co346178-Ch - 1B1RTE D¢

XI=-MAX TETA-NMAX

0:43300E 01 0.0

SIGPAZY SiGmA23

0. 7TCTO01E (2 ~Ce6R0B2F 03

90 JD4957RAC=33 O0.18238F €1 ~J.11826F 07 =0,24947€ (03 =C,26779F 03

180 =2417400F 01 =0.34617F=Ch -4584F 7 0&

0. 25303F 03 =0,92393F (2

276 De957ABE-073 -0.18226F 31 1.1M"012E 17 -N0.65868E 03  9.29374E 02
W=0AR P=AAR

=Ny 15463F 06 =), 44601 03

0RIGITF CA -0, %6473E (0D

NeBORI2E (4 =5, 46226E C.

Xi=-vAX LET A=NAX

C.2152%E 01 Q.0

PRINCIPLE STPESS
SIGMA=-11 S 1GMA=22 STGMA- 37
0.61103E €3 ~0421696F N 1,0
0eh0TE 02 =0, 14N70F N4 N,eN
0442504E 22 ~0,13997F N4 0,0
NT20445E 03 =0.318A8%F N3 NN
SIGMA22-MAK  SIGMAP1-MAX  SIGMA23=-MAX
~0s136 128 06 =0,26296F N3 ~N,2AT37F N3

PRINCIPLE STRESS
SIGMA-L] StAMA=-22 SYTGMA- 11
CAN6256 01 =0.151R7FE AA  NGN
0.0 =0 11R2AF N7 N0
0493760 E=0]1 ~0.8084A7C 04 0,9
0.10917€ 07 C.C a0
SIGMA22=MAX STGMA21=MAX  SIGMA 23=MAX
0 o1 1826E 07 =~C, L7OLTF N2 =N, ANLELE N3



STATION 1
ANG X1~

0
0
180
270

N=-BCOM DYNAMIC STRESSES

APPENDAGE L SEGMENT 1 CIRCUL AR
PRINCIPLE STRESS
Q 1ETA=Q SIGMA22 S1GMA2] S1GMA23 SIGMA~11 SIGMA=-22 SIGMA- 23
V. 47317 €5 0.0 “Co 19900F C4  N,4T461E 05 «0.R3A3RE 02 NN
Ve 11 85CE CE5 ~0e%T63BE 03 =0.62481F=03 0,I1B77E 05 =Co71172F 01 0,0
«0e51T2GE N5 =0 29915E=03 =N, B87I93F (3 C+14656E€ 02 ~0,51744F N5 NN
~0436221F 15 «0s 15954E 04 =0,82020£=03 0.7C135F 02 =0,26292€ N8 NN
G-RAR P-HAR THE TA=MAX SIGMA22-MAX SIAMA21=MAX  SIGMA 23=MAX
~Col0BIBE 05 =C0a22%44E €A 0041375 01 “0,57692E 05 =0, 1339NE 04 =N,ATISIE 73
CoTCIL2E O3 ~Co 13€71LF 04
N LSBAAE 5 =J,4483¢F 03




STATION 1

ANG Xi=-Q

0 0,2C00CE N2 0N
90 JeN Cs]

182 =242)00CE Q2 C.¢

APPENDAGE 2

LETA-Q SIGMA22
e 99684E C2

OCCOE 01 J.8%268F (3
~0.85419€ 03

270 0.9 =Y 100COE Q1 «NTICCE 03
Q=-BAR P-RAR
~(e3E40TF C6 =0, 51287

n
0

3
£

¢2048%3F (Y  C.2SRSQE
« 2851268 (4 -, G26C7E

N=-BOOM DYNAMIC STRESSES
SEGMENT 2 NON=CIRCUL AP

PRINCIPLE STRESS
SIGMA2) S1AMA23 SIGMA-11 SIGMA=-22 SIGMA= 23
~0s25563E 02 =0,22377¢ 03 (.10483€ 04 ~0,48392F N2 NeN
0e124P6F 03 -0.63908F C1 0,87763€ 03 =0,179%53€ N2 0,0
0s25563E 02 =0,22377E 0% 0.,5S177E 02 =-0.51936F 03 0,0
=Ce29568E 01 0J12782E C2 0,23999E 00 =0,71724E N3 0,0
XI=MAX LETA=VAX S IGMA22-MAX SIGMA21=MAX SIGMA 23-MAX
02 =~0420000E N2 =0 1CCCOF ©1 N99R6F 03 =0.43304E 02 0,N
03
02




STATION 1
ANG X1=-Q LFYTA=0Q
0
99
180
270
Q-RAR
~0.365497F
0,297 71E
£ el18403F
STATION 2 .
ANG X1=-0 7ETA-Q
0
90
180
270
D=BAP
Ce3267TE
~0.22261F
0.51042E
Qfms ACCe CHECK # (,5531398RE~C5
— ACC, CHECK # 0,5%320379F-05
ACCo CHECK # 0,494577216-05
ACCo CHECK # 9, 4S3RR01EE-26
DELTA #  0.,35762787E~C6
TOTAL KEINETIC ENERGY #

LINEAR MOMENTUM # ~0.11233521E (C =0, 18004C86E 03

APPENDAGF 2

N=-BCOM DVYAANMIC STRESSES

SEGMFNTY )

SIGMA22

S1GMa2] SI1GMA23

e 63092 14
7116748 CS
-~ 044554 1E 04

Ce 0
=0e 17BB2E D4
=0 11229€=02

Ne 22632F (&
Ne T1I6CF=C 3
=0.97897€ (C3
=Qe92195F=N3

=0 17618F 0f 0s14539E %

" P-BAR THE TA=MAX
C4 =CeB251CF 02 0sT8540F 09
C4 5.2372¢F 03
€4 Ce2C173 C3

SIGMA22
Je15G9CE 05 0.0
~0s1Pr64SE 05 =0, 26105€ N4
=36 16495 05 -0416393E-2

SIGMA21

SIGMA23
Q06 34957E G6
0+ 10974HE=C 2
~0e20324F 03

0s10154F
P-RAR

4 -0,2391CE 03

C4 =0.1556¢E Q3

C4 CoS171€E €3

De21904694F Q¢

05 0.10884F 04

=0, 19141F~-03
THE TA-MAX
0623562E 01

0.19993771F 03

CIRCUL AR

S1GMA~-]1
Ne61431€ 064
(11941 05
Ce20153€ 03
Cel903CE 03

S 1GMA22~MAX

PRINCIPLE SYPESS

SIGMA=2" STGMA~- 33
~0+832R0€ N3 N0
«C0e2b6779F N3  N,N
-00475‘6‘. na 0.0
=0.11100F N8 0,N
SIGMA21=MAX SIGMA 23=MAX

0.11852€ 05 =Cs12645F N6 NG 1ANNIE 14

SIGMA~-11
Nel6730E 05
0.£0552E 03
0.25000E 01
0.10269E 05

S IGMA22~-MAX

PRINCIPLE STPESS

S 1GMA=22 STGMA= 33
=04 73042E N3 N,
-0 11256F 05 0,0
=0416497F 05 N,0
~0.11536F N3 0,9
SIGMA21=MAX  STGMA23=MAX

=0e19091E 05 =C.1R459€ N4 -0N,14372€ N2




i g
TIME 0,32011%7€ 00 NIMBER OF STFPS 113 TINE STEP  0.99¢0999F-01
APPCADAGE MOTE CN
aPP  SEG BETA RETA DOT BETA NDOT ALPHA M PHA COY ALPHA DDNY
(DEG) 103G /SEC) (DEG /SEC SQ) (DEG) (DEG/SEC) IDEG/SFC SO
1 ) 24134 4E=07 Ced 0.0 7o 1364E-07 040 fef
1 2 3.,6CG0E 02 e 0.¢ 3.6CC0F 02 0.0 e
2 1 1.33460E=0¢F 20 0.0 V. 336( E=018 0,0 L]
2 2 1.8000E 02 ol 0,0 160006 G2 00 [ %]
APP  SEG REL FASE LOCK=UP SPRING DASHPOV TORAUF KICKCFF SPRING FOR('E EXTENS 10N OF
STATE VECTOR FT L8 1.hs . KICKNFE SPRING
. 11 1 1.3943E-01 0.0 2,154 N
: 1 2 1 ~6e5813F=02 NeC %, NNNOE N1
§ 2 1 1 1.29€63£-01 440526 E=N1 297326 01
; 2 2 1 «2e £944E=01 Qo0 2, IATRE A
4 SYSTEM MCTION
51 IN MAIN BODY CODRDIMATES
; coMp OME GA OMFGA DOT MASS CTR
x POSITION
(RAD/SEC) (RAN/SEC SQ) (FT)
X 6¢3492F 0 4,05376~01 -2, T175€=02
i Y =7.6085F=01 ~5.4022F CC 1.6729E 00
3 b 1.0141E L1 =0.2741E 0C 1,3011E 00
- IN INERTIAL CODRDINATES
( C ‘COMP  REFERENCE MASS CTR MASS CTR MASS CTR ANGL LAR L INE AR
i PT POSITION  POSITION VELCCTTY ACCELERATION MCMENTU M BOMENTUM
(FT) (ETY (FT/SEC) (FT/SEC 5Q) (LB SEC FT) (L8 SEC)
.
X 1e2367E 00 142262 )0 =5,70480=03 0,0 4 ROGLE D4 =1,58616=01

Y 6.5444F~0)
1 3,231 O

=1e4513E 00
2, 10818 20

-6.6€1€6C 00 0.0
Te421€F 00 Q0

=2.782C€ 03
=3.5116E (3

~1.8000E 02
1.9969E 02

KINET IC ENERGYH 1.565)F €%

NUTAY ION ANGLE (DEG) 2.€4840 €O




EULEK ANGLES (DEG) PSI THETA PHI
~44166SE 01 2.6B61E 00 ~=1.7028E 02

MAIN BODY FIXED UNIT VECTORS
X

Y 1
9,98901&-C1 - 7.61C1¢E~-C3 =4¢61914E=(C2
=3.11746E-02 -84 48(CS5E-01 =~528926 E~01
=3449908E-02 5.26784F=01 “B.4T7409E-01
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BODY ANGULAR RATE OMEGA 2, AS A FUNCTION OF TIME
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FROM THE PERPENDICULAR TO EQUATORIAL PLANE TO SPIN AXIS
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APPENDIX A

Some of the quantities used in Equations (4. 24), (4. 36),. (4, 38),
(4. 40), and (4.42) were not defined in the Nomenclature. These quantities
are functions of variables defined in the Nomenclature which are used to
write the equations in Section 4 in a more compact form, Since the
derivation of these quantities is straightforward, they will be only defined,

not derived, in this Appendix,

The first eight relations are 'associated with appendage geometry

‘51; _ allc (A-1)
ook,
Tl; _ Ul: (A-3)
rS = ol e, (A-4)
-HII - HK (A-5)
R AR P A0
& = i) o1+ G A + Gy £ il
'5'? = B+ &F (A-8)

Reference to the Nomenclature should clarify the meaning of these rela-

tions.

A1




The following relations have been derived to make the equations in

Section 4 more compact:

= 0 (A-9)
Ny
=k _ =k k <k e
Si = Si+1 + m. bi+1 i=n, 1,..., 1 (A-10)

(A-9) and (A-10) are related to the system center of mass

n
a
= - -y ....k
S = [mM By +Z 5 ]/mT (A-11)
k=1
where
=k =k k. .k
S »Si+m1 b1

B =0 (A-12)
Tk
k k k
My = Mg Ty (A-13)
k k k k
m = (”’o = Py + m, (A-14)
n
c k
mp = my, +z m (A-15)
k=1 .
Other derived quantities are
-l - _(1)k 2 a
gr-'—'wx(wxbk) +2wx b +(0"?) /e\l;x('é\‘l;x,ci)
"'1] 2 ey
.z ok ﬁ}( (v;c) (A-16)



while

i-1
=(1)k _ A =k k < ,k 2k k
b1 —-e*:1xCi o, +Z L’J ("j WJ
j=1
gk - fk. <u7+ck @k)
c i i 1

andi= 2

n(2)k . 52k

) x['ﬁgi)k-i-zmx;+3x(3x3)]

”

wk _ Tk, (= k Ak k ak
H -Iz (w+0iei+orqu) forn.<k£na

(A-17)

(A-18)

(A-19)

(A=-20)

(A-21)

(A-22)

(A-23)
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