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Preface

The work described in this report was performed by the Guidance and Control
Division of the Jet Propulsion Laboratory.
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Abstract

This report describes three computer subroutines designed to solve the vector-
dyadic differential equations of rotational motion for systems that may be idealized
as a collection of hinge-connected rigid bodies assembled in a tree topology, with
an optional flexible appendage attached to each body. Deformations of the
appendages are mathematically represented by modal coordinates and are assumed
small. Within these constraints, the subroutines provide equation solutions for (1)
the most general case of unrestricted hinge rotations, with appendage base bodies

. nominally rotating at a constant speed, (2) the case of unrestricted hinge rotations
between rigid bodies, with the restriction that those rigid bodies carrying appen-
dages are nominally nonspinning, and (3) the case of small hinge rotations and
nominally nonrotating appendages, i.e., the linearized version of case 2. Sample
problems and their solutions are presented to illustrate the utility of the computer
programs. Complete listings and user instructions are included for these routines
(written in Fortran), which are intended as general-purpose tools in the analysis
‘and simulation of spacecraft and other complex electromechanical systems.
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Attitude Dynamics Simulation Subroutines for
Systems of Hinge-Connected Rigid Bodies
With Nonrigid Appendages

I. Introduction

Equations of motion which characterize the small, time-varying deformations of
an elastic appendage attached to a rigid body experiencing arbitrary motions have
been derived in detail for distributed-mass finite element models in Ref. 1, and for
discrete mass models in Ref. 2. With the general structure of the appendage
deformation equations established in these references, coordinate transformations
are developed in Refs. | and 3 in order to allow representation of the elastic
appendage in terms of a set of truncated modal coordinates far fewer in number
than the original set. In Ref. 4, additional equations of motion are derived to
describe the rotations of typical bodies in a system of hinge-connected rigid bodies
arranged as a topological tree, with optional arbitrary nonrigid appendages at-
tached to each rigid body in the system. In this respect, the results of Hooker in
Ref. 5 and those of Ref. 4 are parallel.

It is the purpose of this report first to draw together the appendage equations
and the equations describing rigid body motions of the tree system, assumir.z that
some or all of the rigid bodies carry nonrigid appendages, and to derive a
consistent and detailed set of system dynamical equations suitable for digital
computer solution. Secondly, it is the purpose here to present general-purpose
computer subroutines capable of solving the resulting system equations of rota-
tional motion, and to demonstrate their utility and applicability to a wide class of
spacecraft. :
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In generating the equations of motion for the hinge-connected tree of rigid
bodies with nonrigid appendages, two specific formulations are obtained. The first
formally constrains' appendage base motion to small deviations from a nominal
constant angular velocity in inertial space, thus allowing appendage rotation but
with only small deviations from a constant rate of spin. The second formulation
formally permits no spin and constrains appendage base motion to small deviations .
from a nominally zero angular velocity (and acceleration) in the inertial frame.
However, both formulations permit otherwise unrestricted motions of the system
rigid bodies consistent with the fundamental assumption of small appendage
deformations from some nominal state. Computer subroutines (written in Fortran)
are described which solve the equations produced by each of these approaches. In
addition, a third subroutine is presented which solves the completely linearized
equations for the nonrotating case, under the assumption that all rigid body
rotations and their derivatives are small.

The computer programs are direct descendants of those described in Refs. 6 and
7, which are applicable to the hinge-connected rigid body tree without nonrigid
appendages. All of the programs are designed to calculate the angular accelerations
for every rigid and nonrigid body in the system but do not perform numerical
integration. Thus, the routines are intended as general-purpose tools, to be called
into action by the user’s own particular simulation language, whether this be CSSL,
CSMP, MIMIC, or some “homemade” variety. Each of the routines allows the user
to prescribe the motion of any rigid body in the system rather than allow it to be
calculated, a feature often useful for eliminating unwanted dynamics or for
*“rigidizing™ certain joints in sensitivity studies.

Il. Unrestricted Systems N 76 12 0 é 2

Any problem of dynamic analysis must begin with the adoption of a mathemati-
cal model representing the physical system of interest. In what follows, it is
assumed that the model consists of n + 1 rigid bodies (labeled £, . . ., £,) inter-
connected by n line hinges (implying no closed loops and, hence, tree topology),
with each body containing no more than three orthogonal rigid rotors, each with an
axis of symmetry fixed in the housing body, and moreover with the possibility of
attaching to each of the n + 1 bodies a nonrigid appendage, with appendage «,
attached to body 4,.

If the actual connection between two massive portions of the physical system
admits two (or three) degrees of freedom in rotation, then the analyst simply
introduces one (or two) massless and dimensionless imaginary bodies into his
model (as though they were massless gimbals). Since the number of equations to be
derived here matches the number of degrees of freedom of the system, no price is
paid in problem dimension by the introduction of imaginary bodies.

Each combination of a rigid body and its internal rotors and attached flexible -
appendage comprises a basic building block, referred to here as a substructure;

! Deviations from nominal appendage base motion are treated as small in the sense that their products
with appendage deformations are ignored, but nonlinear terms in these base motion deviations alone
are retained. Thus, there is a formal limitation to small base motion deviations from nominal, but in

- practical applications, substantial deviations are accommodated quite satisfactorily.
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thus, there are n + 1 substructures in the total system, so labeled that s, encom-
passes 4,, a,, and any rotors in 4.

\

Definitions and Notations - - -~ -

Definitions and notational conventions are as follows (see Fig. 1):
Def. 1. Let n be the number of hinges interconnecting a set of n + 1 substructures.
Def. 2. Define the integer set $ = (0, 1, ..., n}.
Def. 3. Define the integer set  ={1,..., n)}.

Def. 4. Let €, be a label assigned to one rigid body chosen arbitrarily as a
reference body, and let 6, ..., é, be labels assigned to the rest of the
rigid bodies in such a way that if £; is located between £, and €, then
0<j< k. A

Def. 5. Define dextral, orthogonal sets of unit vectors bf, b%, b% so as to be
imbedded in é, for k € B, and such that in some arbitrarily selected
nominal configuration of the total system, b% =b/ for a =1, 2,3 and
kjER.

- IN

NOMINAL
STATE —=/
¥

F

Fig. 1. Definitions for the kth substructure, with j < k
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Def. 6. Define
b |
k) =
(*)y={pt) kEB
b}
Def. 7. Define (i} as a column array of inertially fixed, dextral, orthogonal unit
vectors I, iy, iy.

Def. 8. Let C be the direction cosine matrix defined by
{b°) = C{i}
Def. 9. Let = {b°}7';o° be the inertial angular velocity vector of ¢, so that w’ is
the corresponding 3 X | matrix in basis {b°}.

Def. 10. Let ¢, be the mass center of the kth substructure, k € B .

Def. 11. Let /i, be a point on the hinge axis common to é, and 4 ; for j < k and
ke®.

Def. 12. Let p¥ be the position vector of the hinge point connecting é; and 6, from
the point o, occupied by ¢, when the kth substructure is in its nominal
state.

Def. 13. Let ¢* be the position vector from c, to o,.
Def. 14. Let p* be the position vector to ¢, from the system mass center CM.

Def. 15. Let X be the position vector to CM from an inertially fixed point ¢, and
let X =X - {i). -

Def. 16. Let 9N, be the mass of the kth substructure, for k € B .

Def. 17. Let (p)* be a generic position vector from o, to any point in the kth
substructure.

Def. 18. Let Q, be a point common to rigid body 6 , and flexible appendage «,.

Def. 19. Let R* = (b*}T R* be the position vector fixed in £, locating Q, with
respect to o,. :

Def. 20. Let (r)* = (b*}7(r)* be a generic symbol such that R* + (r)* locites a
typical field point in «, with respect to o, when the flexible appendage is
in some nominal state (perhaps undeformed). For a discretized appendage
a,, let (r*)* = (b*}7(r*)* locate the sth node in the nominal state.

Def. 21. Define the generic deformation vector (u)* in such a way that?
@' =R+ @+ W'

and

(p)'= R* + (" + (u)*

2 Superscripts on generic symbols such as P, 1, and u will be omitted when obvious, as when the symbol
appears within an integrand of a definite integral.
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For a discretized appendage a,, let (u*Y<= (b*}7(u*)* be the deformation
vector for node s.

Def. 22. Let g* = (b*}7g* be a unit vector parallel to the hinge axis through 4,.

Def. 23. For k€@, let v, be the angle of a g* rotation of £, with respect to the
7 body attached at 4,. Let v, be zero when bX=bj(a=1,2, 3; j, kEB).

Def. 24. Let J* = (b*}77* (b*) be the inertia dyadic of the kth substructure for o,
so that J* is time-variable by virtue of deformations.

Def. 25. Let F* = (b*}7F* be the resultant vector of all forces applied to the kth
substructure except for those due to interbody forces transmitted at hinge
connections.

Def. 26. Let T* = (b*}TT* be the resultant moment vector with respect to ¢, of all
forces applied to the kth substructure except for those due to interbody
forces transmitted at hinge connections.

Def. 27. Let 7, be the scalar magnitude of the torque component applied to £, in
~ the direction of g* by the body attached at4,.
Def 28.Let F = 2 F* = (b°}7F be the external force resuitant for the total
system.
Def. 29. Define the scalar ¢, such thatfork € ® ands€ P

¢l

€ = { I if, lies between ,and 4,

0 otherwise

(The n(n + 1) scalars ¢, are called path elements.)

Def. 30. Define M = 3, 9N, the total system mass.
kED
Def. 31.Let C7 be the direction cosine matrix defined by (b} = C7(b/},
r,j € B . (Note that in the nominal state, C”7 = U, the unit matrix.)

Def. 32. Let N,, denote the index of the body attached to , and on the path
leading to é,, and let N,, = k. (These are the network elements.) For
notational simplicity, use N, for N,

Def. 33. For’ r€ ® - k, let L¥ = p*™, and let L* =0.

Def. 34. Define D* = - 3 LYW, /M fork€ B.
JES

Def. 35. Let b, be a point fixed in #, such that D** is the position vector of o, with
respect to b,. (This point b, is called the barycenter of the kth substructure
in the nominal state.)

Def. 36. Define (b*}"D¥ =D¥ =D* + LY fork,j € B.
Def. 37. Define the dyadic

K‘= S 9L(D¥-DFU - DFDM)

re®

3 For notational brevity, the set ® — (k) is designated B — k.
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where U is the unit dyadic, and define the corresponding matrix K* =
{b*} - K- (BT,

Def. 38. Define
Q% =K+ J¢ and O =(b)- o (b))
Def. 39. Define

@Y = — IM(D/*- DXV — D/*D¥)

with
(b/}-@%- (V)T = — IM(CHDH'C/*DY — Di*DH™)

Def. 40. Let w* = {b*}7w* be the inertial angular velocity of 4.

Def. 41. Let h* be the contribution of rotors in , to the angular momentum of the
kth substructure relative to #, with respect to o,, and let A* = h*- (b*}.

Def. 42.Let B, be the rth neighbor set for r € B, such that k€ B, if 4, is
attached to 4,. ,

Def. 43. Let B, be the branch set of integers r such that r € B, if k = N,,. Thus,

%, consists of the indices of those bodies attached to 4; on a branch

which begins with £,.

Def. 44. Let. the tilde symbol (7) signify, in application to a 3 by 1 matrix ¥ with
elements ¥, (0 =1, 2, 3), transformation to a skew-symmetric 3 by 3

matrix 'V given by

0o -V, v,
v=l v, o -
-v, VvV, 0

B. The Equations

The objective of this section is to begin with the general vector-dyadic equations
derived in Ref. 4 and to proceed by sacrificing some of their generality in favor of a
particular appendage model. Explicit results, in the form of both vector and matrix
equations suitable for computer programming, will thereby be obtained.

In what follows, attention is confined to a special case of the finite element
appendage model of Ref. 1, for which, as in Ref. 2, all mass of appendage k is
concentrated in the n, discrete nodal bodies of the appendage (with no distributed
mass for the internodal elastic elements). All deformations from a nominal appen- -
dage state are assumed arbitrarily small, so that terms above the first degree in
'these deformations (and corresponding rates) can be neglected. Further, any rigid
body #, will be assumed to carry rotors, and. they will consist of an orthogonal
triad whose axes parallel b%, b%, and b%.
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‘The starting point for this development is the set of vector-dyadic equations of
vehicle translation and substructure rotation as derived in Ref. 4 (Egs. 9, 31-35):

F=9MX 1

_ S wWk=0 Q)
kED

+g 2 W=0 (s€9) ' (3)

kEF

where

W=Tq+ Y D"’xF’+c"x(%F—F“)
red® o

+ 3 MDD X[T+20 X +@" X +w X(w X)]

re®

+ M f X T [0 XD*+w x (0 X D¥)]
re®

—o* o - 3T oo +M I D¥x[w X (& xD¥)]
re® -k re® -k

- 0 X Q. ok — bk — ok X bt — X o*

~ [ px i dm—w*x [ (pxp) dm @
a a .
and
W=+ 3 1,8 (%)
re®
o =a"+ 3 e, [7,8 +uw xg7,] (6)
re® .

The adoption of a nodal body appendage model leads (as in Ref. 2, Eq. 58) to
the following useful relation:

B g
mJ’
& =- ‘2‘ o %)
where appendage a, has_been idealized as n, nodal bodies interconnected by
massless elastic structure, with m, the mass of nodal body s, and v the displace-

ment of the body s relative to b, from the position occupied in the nominal state.

It will also be necessary to develop an expression for &** 'in terms of appendage
variables. From Def. 38, we know that

JPL TECHNICAL REPORT 32-1598




ok = Kk + S 8)
where K*, the “augmented” inertia dyadic, is a constant. J*, the inertia dyadic of

the kth substructure for o,, is time-variable due to appendage deformations and
may be obtained from-

= f (p- pU - pp)dm )

where U is the unit dyadic.

For the small-deformation appendage model adopted here, J* may be evaluated
(see Ref. 2, Eq. 126) as

My
F=F+ ()] T {m AR  + r)uU - (R* + r)u’’

s=|

- u'(R*+ r*)T] + B — I°B*} | {v*) (10)

where J* is the nominal (constant) value of J*, and /* is the constant inertia matrix
of the sth-nodal body for its own mass center and in its own body-fixed vector
basis {n'}*, where in the nominal state, {n°}* = (b*}.

Combining (8) and (10), we have

Ay

Bk = {b*}’[ > [m,‘[2(R"‘ + )Tty — (R* + r)u’’

s= ]

=i (R*+ )] + B1° = I°6* } | () (1)

Finally, Eq. (4) requires more ei&plicit expressions for the integrals over the
appendage a,. The appropriate expressions in this case may be found in Eq. (114)
of Ref. 2, which simplifies to

:prpdm —_j;kvaiidm—w"kapr)dm
or

Tk
prpdm=—2(R"+r’)Xm -0 X 3 (R*+r°) X mir

sm=] sw=]

—2("B+w"><l‘ﬁ) : (12)

s=1
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Note that in Egs. (7), (10), (11), and (12), the superscript & has been dropped
from nodal body variables in the kth appendage (such as u*, which replaces (u*)*).

Turning now to the appendage equations, we will make use of the nodal body
finite element model case described by Eq. (95) of Ref. 2 (correcting the last
algebraic sign within the braces on the right side of Eq. 95 by changing — to +,
and subtracting all nominally nonzero terms from the right side so as to make ¢ a
measure of the deviation from a nominal state in which the appendage might be
deformed). In matrix form, the equation for the kth appendage becomes

Mk U—E 027' M_k 'q~k+ 2Mk (2 wk)~__2 C’kz’r ‘Mk.
d Uo<~ yo %k vo vo vo %k

+ Mk(zou“’k)- + (Eou“’k)-Mk - (Mkzou“’k)- ]qk
. [M*(zww)'  (M*Soy®)” — (Sapob) (M*Soga)”

+ (Zopw®)  M*(Zyyw*)™ + M*| (2 yoe*)”

. k -
= S yo(@* + &*G*)ET, M, (2 pow*) (B yow*)”

k| &
o, + K }q

= = M*{Sq 0" + 2 yo[OX — R¥o* + o H*R* — QFQFR]
+ (2 yw*) (2 ow") 1 = (2 402 (2 0o) 7k
> Uo‘;’k} - (zouwk)-Mk(zou‘*’-k) + (Zoy ) M* (2o, 24) + A* (13)

where the assumption has been made that the appendage structure contains no
damping. The symbol A* is a column matrix containing any forces or torques
applied to the n, sub-bodies of the appendage other than the structural interaction
forces induced by deformations. For example, gravity forces or attitude control jet
thrust would contribute to A*. Also,

ey

g =[ululul B BYBY2 - - - p]"

a 6n, by 1 matrix which fully characterizes the appendage deformations
relative to some nominal- state of deformation induced by the nominal
constant value Q% of w*.
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m 0 0 0 0
0o I' o0 0 0
‘Me=| 0 0 m> 0 0
0 0 0o 1 . 0
0 0 0 0 s I
- -
a constant, symmetric 6n, by 6n, matrix defined in terms of the 3 by 3
partitioned matrices m*, I*.
m, 0 0 1) 12 1
m=!l0 m 0| I's| B, I Ij| (=L...n)
0 0 m I, I; I3
Sw=lU 0 U 0 --- U o
Sw=l0 U o0 U --- o Ul
6n, by 3 Boolean operator matrices, where U and 0 are the 3 by 3 unit and
null matrices, respectively.
—r.r Pra 7. T :
rn=|[r 0 r o .-- 0]
0 -0 o0 0
0O 0 o0 O 0 0
0O 0 /P o0 0 0
=] 0 0 0 0 0 0
0 0
0o 0 0 0 0

a constant 6n, by 62, matrix.

K* = the stiffness matrix that determines the structural interaction forces and
) torques induced by deformation of the kth appendage from its nominal
. state (a constant, symmetric 6n, by 6n, matrix).

It should now be recognized that the term ©X in Eq. (13) must be replaced by
the inertial acceleration of the mass center of the corresponding substructure in the
local vector basis, which is assumed for each k to be zero in the “nominal” state.
For substructure s,, this term is given by (see Eq. 54, Ref. 4)
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OX = CHOCX = (6% + D¥ek + 255 + Bra*ck)

+2C"’

re®

&+ a'a')(pﬂ‘ + Z’TLL c’) + —GJ—EGJE (" + Zﬂ)’é’)] (14)

and

CX = (15)

x
M
treated as zero in the nominal state.

Equations (1)-(15) provide a rather complete system description (although the
contribution of rigid rotors, i.e., h%, will be developed in more detail later). Since
the number of nodes #, in a single finite-element model of an elastic appendage is
typically rather large, it is to be understood that the nodal body vibration
equations, (Egs. 13-15), will provide the basis for a transformation to distributed or
modal coordinates for appendage deformations and that most of these will be
deleted from consideration by truncating the matrix of deformation variables.
Thus, the variables labeled u* and B’ above will be replaced by appropriate
combinations of new modal deformation variables.

The equations actually to be programmed for digital computer solution will
therefore be the transformed and truncated versions of Eqgs. (1)-(15). These will be
described in the following sections as the system motions are confined to two
particular cases of interest: (1) the case in which all appendage base-body angular
rates w* experience only slight deviations from some constant nonzero value (i.e.,
wk= Q% &*~0), or (2) the case in which 2*~0 (i.e, w =0, &*=0) for all
appendage base bodies. )

In the first case, i.e., where w* ~ Q* and &* ~0, the approach taken in develop-
ing the system equations of motion, including linearization, coordinate transforma-
tion, and truncation, may be described as follows:

(1) For the purposes of constructing a coordinate transformation for the ap-
pendages, assume that w* experiences only small deviations from a constant
Q*, and write the homogeneous form of the appendage equations.

(2) Construct a coordinate transformation from these linear, constant-coefficient
equations, and select the truncation level.

(3) Return to the unrestricted w* assumption, and substitute the transformations
from (2) into al/l equations of motion. :

(4) In the homogeneous part of the appendage vibration equations only, ignore
products of deformation variables and deviations of w* from Q*. This step is
not formally correct, since mathematically we cannot justify treating the
deviation of w* from ©* as small only when it is multiplied by a deformation
variable, On the basis of engineering judgment, however, the authors feel
that it is probably justifiable and would be a less significant source of error
than either modeling or truncation: The resulting equations contain all terms
formally required for the analysis of a system with appendage base bodies

experiencing small deviations from their nominal motions, but in applying -

these equations to systems with large deviations of base bodies from their
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nominal motion one is suppressing products of these deviations with defor-
mation variables. In fact, a very large change in base-body spin rate would
- change the effective structural stiffness of the appendage, and invalidate the
modal analysis on which the appendage modal coordinate selection is based.
In this respect, the equations would be tainted by truncation even if the
suppressed terms were retained, and, since these terms would substantially.
complicate the- analysis by coupling all variables into each vibration equa-

tion, they have been rejected here.
N?6 12093’

ill. Systems With Rotatlng Appendages
A. Equations

Inspection of the appendage equations (Eqs. 13-15) reveals that the coefficients
of g* and ¢* depend upon w*, which characterizes the rotational motion of the
appendage base. In general, w* is an unknown function of time, to be determined
only after the appendage equations are augmented by other equations of dynamics
and control for the total vehicle and solved. Only if w* can be assumed to
experience, in a given time interval, small excursions about a constant nominal
value QF is there any possibility of transforming Eq. (13) to a new set of uncoupled
appendage coordinates. Any methods involving modal coordinates (see Ref. I,
Sect. I) depend formally upon this assumption.

Assuming then that w*~Q* and &*~0, Egs. (13)-(15) can be combined to
provide the following appendage equation:

w(v-2003% 2 Jot o {2 @ay - 3t 2le 2 |
+ MH(Zou2)” + (Sou @) M* - (A}kzwm)- }q" |
+ {'— (Zu@) (M*Zoy @)™ + (Zou @)™ M*(Zou )"
+M"[ < L@ =T, % + (2 o) (2 )" ] + K* }q

= (= M*Soy + M*Z ,oR* + M'FS o)k — M*3 4 2% Ck(5"+a'a") D™
re

"Mk[zuoc N + 2 o "’kRk*'(zuo“’k) (Zpow®)” ’k]

= (Zouw*) M (Zopw) + A + Mk[z UoﬂkékRk + (2402 (2 uoﬂk)-’k]

+ (Zou )" M*(Z0,2")

X, c’] (16)

M,
_Mkzuo 2 [ EUO % q'+2‘3’_(§)'—m'. él+“5r“:’r

red® -k

S
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Equation (16) consists.of 6n, second-order scalar equations and can be written
as a matrix equation with the following structure: ‘

M{G* + D" + Gl¢* + Kiq* + A4;4* = L; (17)
where
. k
M= M"(U - EUOZZO'M% )
D,=0"
- Mk
;= 2] ()" ~ S0 T B | + M (20
+ (Eougk)-Mk - (Mkzouﬂk)-
Ap = '(zovgk)-(Mzouﬂk)~
K,/ =(Z,2) M “(Zoe) + K-
[ - Sy @955, 2 + () (Eoe)”

and

L,,‘ = "Mk[zou— zuo(ﬁk'*' D~kk) - 7,‘2(,0]6)"— Mkzuocko % +Ak

-M*Sy, Y CH(O"+a@7)D™ + Ni— Ni

re® -k
| ) 8
"',Mszo.’e; . [ zuo m q’+2@rﬁ—cr+0)’w’ % Cr
with
Nf = = M¥[S yos*a*(R* + D*)
+ (Z o) (o) n] = (Sopw®) M*(Zgy0”)
and

N, = ‘Mk[z uoékﬁk(Rk + D¥) + (242 (2 uoﬂk)"k] = (B0 ) M*(2,2°)

Matrices M,, D/, and K are constant symmetric matrices, while G; is a constant
skew-symmetric matrix, and 4; has both symmetric and skew-symmetric parts. N/
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- contains the nonlinear terms in w* due to centripetal accelerations of the appen-
dage due to w*, and N,f. represents the nominal steady-state value of N.

Notice that the form of Eq. (17) is identical to that of Eq. (140) in Ref. 2 (or Eq.
64, Ref. 1), with the exception of the additional right-hand-side terms

Mo o T R
— MkEUO 2 Ckr[_zflo __qr+ 20)’—' c’+w’w’—c’+(w’+w’w’)D’k
L~ o 5 gD

which describe the coupling of appendage g, to other rigid bodies and appendages
of the system. Also, in comparing Eq. (17) to Eq. (140) of Ref. 2, note that R has
been replaced by (R* + D**), a vector from the mass center (barycenter) of the
undeformed augmented substructure to the point Q, (see Fig. 1 and Def. 35).

At this point in the development of the appendage equations, it is appropriate to
elaborate upon what is meant by “nominal appendage state,” and what relationship
this idea has to Eq. (17). We have already indicated that the approach to be taken
is that of Ref. 1 (see pp. 1-3), namely that appendages are ideally considered as
linearly elastic and that'u and 8 are “small,” oscillatory appendage deformations,
i.e., variational deformations. It is quite possible that these small oscillatory
deformations will be superimposed on relatively large steady-state deformations,
due to spin, for example.

In order to derive a suitable appendage equation, applicable for a “variational
deformation” g, the substitution of an expansion for the total deformation q’ such
as

q9=q+q,

has been made in Eq. (17), where q,, (= constant) is understood to be the
steady-state appendage deformation due to spin. The steady-state deformation is
given by '

(Ki + A, = N,
where
NE = = MH[Z @ Q4 (R* + D*) + (2 yo2%) (2 4o@) "]

- (zouﬂk)- Mk(zouﬂk)

In effect then, in Eq. (17), we have linearized about the steady-state deformation
induced by centrifugal forces due to spin of the kth substructure, with the mass
center of this substructure inertially fixed. It should also be remembered that the
original definitions of o,, c,, and the vectors (r)*, R*, etc., remain intact but that the
term “nominal state” is more clearly specified as the “steady state” of deformation
due to the nominal (constant) spin of the kth substructure, with the mass center of
that substructure inertially fixed. Also, the value of K* should include whatever
increment to the elastic stiffness of the appendage is attributable to structural
preload due to this spin; that is, K* includes the so-called “geometric stiffness
matrix” of the structure.
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The matrix D’, which in the general case would accommodate any viscous
damping that may be introduced to represent energy dissipation due to structural
vibrations, is zero here since such terms have been omitted. But they can still be
inserted if ome accepts the practice common among structural dynamicists of
incorporating the equivalent of a term .D/¢* into equations of vibration only after
derivation of equations of motion and transformation of coordinates.

The nature of terms contributing to G, K,, and A4 is discussed in some detail in
Ref. 1. In particular, the matrix A4; is shown in Ref. 1 to disappear for the case of
small base excursions about a nonzero constant spin only if the nodal bodies are
particles or spheres, or if in the steady state of deformation, all nodal bodies have
principal axes of inertia aligned with the nominal value of the angular velocity w*
(i.e., w* =~ (b*}Q*). The latter restriction will henceforth be adopted in this report
since it greatly reduces the computational task in transforming the homogeneous
form of Eq. (17) to a set of completely uncoupled differential equations.

In order to transform Eq. (17) to a set of uncoupled equations, it is first
necessary to rewrite it in first-order form, such as

U, 0% + V, 0% =8, ' (18)
where
k
o=l 9_ L, = 9_
g* L
’ ' 0 I ’
= X1 2w s 21Tk
0 M K, , G

‘Now let ® be a (12n, X 12n,) matrix of (complex) eigenvectors of the differential
operator in Eq. (18), and let @’ be a (12n, X 12n,) matrix of (complex) eigenvectors
of the homogeneous adjoint equation

UTQ*+ ViQ*=0 (19)
so that ®, and ®; are related by
o ' =197

with / a (12n, X 12n,) diagonal matrix which depends upon the normalization of
®, and &;. Substitution into Eq. (18) of the transformation

] Qk = ‘Dk Yk
and premultiplication by ®;7 furnishes

(P U, ) Y*+ (BT V @)Y =L,
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The two coefficient matrices enclosed in parentheses are diagonal. If A, is the
(12n, X 12n,) matrix of the (complex) eigenvalues of the differential operator in
Eq. (18). then upon premuitiplication by (®;7 9, ®,)~', one obtains

Y =A, Y5+ (07,0,) 070, (20)

Note that the matrix inversion in Eq. (20) consists simply of calculating: the
reciprocals of the diagonal elements of ¢;” 1, ®,.

In practice, one may expect that physical interpretation of the new (complex)
state variables Y, ..., Y,"z,,‘ will permit truncation to a reduced set of variables

- T '
ves[vl vkl ovEe] @1

where N, is the number of modes to be preserved in the simulation. The transfor-
mation matrix ¢, is accordingly truncated to the (12n, X 2N,) matrix ¢,, where

d, =[d; - - - OV, - . - DNt

The equation of motion of the appendage now becomes

- [, |
7= ~ P+ ETE) e, (22)

*
ANk

Since, in the particular case studied here, the matrices U, and V, in Eq. (18)
are, respectively, symmetric and skew-symmetric, so that Eq. (19) becomes

U, Q% -V, 0% =0 (23)
the adjoint eigenvector matrix is available as the complex conjugate
o, = o (24)

The final equations, after truncation of Eq. (24) and substitution into (22), are
therefore obtained without the necessity of actually computing the eigenvectors
constituting ®’*. Thus, Eq. (22) becomes

Pt =K 7+ (37, 8,) B;7e, (25)

Since the appendage modeling process thus far has assumed that the structure
contains no damping, the diagonal matrix, A,, will contain only eigenvalues that
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are purely imaginary, e.g., A, = *ig,. Conventional practice in structural dyna-
mics, if some energy dissipation in the model is desired, is to rather arbitrarily add
what amounts to a viscous damping term D;¢* to the appendage equation afrer
completing the modal analysis, assuming that the structure of D, is such that
eigenvectors @, . . d>k2"* are undisturbed by this addition. Specnﬂcally one
substitutes A, = —é 0, * i, into £q. (22) or (25), where £, is the “percent of
critical damping” and is chosen based on experience (including tests) with similar
structures. (See Appendix A for a discussion of some ramifications of adding
damping after transforming the appendage equations to modal coordinates.)

An apparent disadvantage of Eq. (25) is the fact that the quantities Y*, A,, and
(Dk are complex. However, Eq. (25) can be written in terms of its real and
imaginary parts and the resulting equations greatly simplified by the use of certain
orthogonality relationships. The detailed development of the equations is shown in
Ref. 3, and only the results are presented here.

Realizing that @/ must have the form

. J .
o,=| %2 |, (®,=jthcolumnof ®,,j=1,...,12n,)

where ¢/ = ¢/ + i[V, (6n, X 1), and letting YX =385+ in*, Y** = §* - ink, (a
=1,...,6n,), one can see from Ref. 3 that the real N, X 1 (truncated) matrices,
5% and 7%, are the solutions to the equations

§% = —gkp*k — G*TTL, — E*5*5% (26a)
and
7% = §%8% - G]L; - Ee'q* (26b)

As a result, the relationships between the rea/ quantities q g%, 6%, and n , in
matrix terms, are as follows:

£ =2(8* - T\n*) (27a)
and ‘
k= —2(T,5%5* + ¥, %5%) (27b)
so that
gk = —2(?&"5" + Y 34) ' 27¢)

In order to complete the set of model equations, particularly in the form suitable
for computer solution, it is necessary to return to the vehicle equations, substituting
the relations developed in Egs. (7), (11), (12), etc., into Eq. (4), to obtain
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k=T + 3 D”xF’+_c*x(%—EE5F—F*)
. red

n,

+ > M,D¥ x —Z ‘;nIL’

red sl 4

F+20 X+ X+ w0 X(w X)

+ M, c* X 3 [ XD*+ w0 X (o X DY)

resd

- 3O w+M > D¥x[w X(w xD¥]

re® re® -k

— 0% X Dk . ok — bk — w* X h*

{bk} 2[ 2(R"+r‘) wU — (R* + r)a*” = a*(R* + r*)" }

s=]

+ B'.:I.v _ IJB:-:] {bk} . (Ok

ny . Ny
- 3 R +r) X mi —w* X Y (R +r) X mi

sm-=] ) s=]
- i (F-B* +w* x E-§°) ' ' (28)
s ]

Eliminating the use of R* for simplicity (noting that this is an arbitrary vector
fixed in 4, and it can always be chosen as zero) and substituting ¢* and ¢” where
appropriate, the matrix form of Eq. (28) becomes

F* - (c"° %—% F)-

+ 2 "JIL,D”"C"'[ DI % §"+20%" - & +3)’63’c’]

red

k

Wk=T¢+ 3 D¥CYF" + ¢

reg

+ %kak 2 Ckr[_D~rkd’r+ararDrk]
re®

_ 2 ¢I¢rckrwr+ % 2 Dkrckr'-r-rDrk _wkq>kk k
re® re® —k
. ‘ .zt
— k% — ok = [2AM*,) §U — (M43 — (Mg T
+ zgu(‘ikMk - Mk‘;k)zou]“’k - 2:11-/0;'7( - @*ZY voreM

- zguMk"I'k -“BkzguMk‘?k - o (2?)
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where the operator { reassembles the 3 by 1 submatrices of a column matrix into a
three-row matrix, as illustrated by

= o 2 0 .. = 0]
Using the identity - -
| (quk)rfk E(Mk’k)qu
and regrouping some of the terms in (29), we have

Wk= - 3 [9¥C¥ + O, E5CPD™* + O, DRCHEor

red

- [zgu + zflo;k]Mk"k - 2 5k’ck’27l}oM’q' - h*

re®

+Tk+ 3T D¥C¥F" + k
red

f"—(C"O—?J%F)- c

+ 3 M DCHQ2e%e + 5B + M, e+ S CkeraD™
red - re®

+On 2 DMCR & e D™ — Sk kpk — kpk
red -k

= [Z(quk)rrk U- rl"r(quk)TT _ (qu'k)'f’-}"r
+ STAFME = MAGHZey |0 - 34 (2T, + ShoFIM G (30)

The truncated modal coordinates, §* and 7*, may now be introduced into the
kth substructure equation by way of Eq. (27), as follows:

wh=— 3 [#¥C* + O, E5C¥D™ + O, D¥CH & |o”
red

AR R A LR LY
re®

red

. ~ - M -
_hk+ Tk+ 2 Dkrck’F"f'{Fk—(Cko %k F)

+ 3 [, DPCk (2@ + &a"c") + M, EC¥5"a"D™ ]
red

+ M 2 DM C*EHTGTD™ — Sk K — H*pk
re® ~k

O Y S (31)
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where

K’fw = ‘Zakszk[zou = 7 Z yol

Af = =25"TM*[Zoy - 7 Z ol

P = ZSZoMl.(‘Fk

(_’:k = 22{/0Mk1—;k

% = 2AMAgHY T = (Mg = (AN + SEAGME — M Zog
Pk = Kk 4 Jk
Prk = jE

Using the relation in Eq. (6), the vehicle equations, (2) and (3), become (in
matrix form)

wh o

ARG+ 3 A%, + 2 A+ 3 A°"‘ "= 3 CU“E* (32)
jE? me§ ked

and fors€ 9P,

A%+ 3 AT+ 2 AFEm+ S Amim =g 2 € CHE* + 1, (33)
jED meg

vthere

A% = 2 2 COk((bkrckr+ % EkckrDrk+ % Dkrckr )CrO 3by3 (34)
ked® red

A%= 3 T CH*(PCH + O, EkCHD™ + M, DMC¥ E)e,C7?, 3by 1

keEB re?P
(3%)
Dag” D D CH(RHCH + I, FECHD™ + I, DCHET)C, 1by 3
ke® red |
(36)
47287 D T 66, CH(BNCH + T, ECHD™ + N, DFCHE)Cgl,
" kEP re®
lbyl (37)
AY"=C*27" - 3 Cc¥*D™C™G,a™, 3byN,, (38)
red
- COMK',"T— 2 CorD'.rmCrmFmam, 3 bme . (39)
red

20 JPL TECHNICAL REPORT 32-1588




= g:’(e,,,,c""K"' 2 &, C"D""C”"G -"'), 1by N, (40)

res

A;m=g"(<,,,,c"'3';"— > e,,c"li""c'"'ﬁ,,a'"), 1byN, (41)

red.

= the integer set containing the labels of only those rigid bodies of the system
that possess a nonrigid appendage.

E*= Tk —rf - o* g4 @* + yf) + 2 D*ChFr
- M
k
+{F (c i F)
~ Bk ~ JRuk — ok (BYT 5 + BE %)

-2

re®

ck+ % 2 Dkrckr"r-rDrk

(@¥C* + M, E-C¥D™* + M, D¥CH &")- 2 €, C7od/gHy,

— O, DMCR (257" + &75c") — M, EC¥ oG’ D™*|, 3byl (42)

and substitutions have been made for A* and h* based on restriction to three
orthogonal axisymmetric rotors in #,, with spin axes aligned to the unit vectors
{b*}, and the following equations:

k= gk (43)
8 = $4(dk + o) (44)
- $o* (45)

where
)X =yf- (b*) = 3 by 1 matrix of components of spin rate relative to 4, for three
orthogonal axisymmetric rotors in 4.

* = spin-axis inertia matrix (diagonal) for the three axisymmetric rotors in é4,.

X —'rR {b*} = 3 by 1 matrix of applied torque on the three axisymmetric rotors
in £,.

It is to be understood that when symmetric rotors are present in the kth
substructure, the rotors’ mass and moments of inertia are to be included in J¥, the
undeformed substructure’s inertia dyadic for o,. Of course, the mass of the rotors is
also to be included in the substructure mass and c¢.m.-location calculations.

Equation (44) then provides up to three scalar differential equations which are
uncoupled in acceleration from the system’s vehicle/appendage equations. They
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may be integrated and, with w* and 7% known, can be solved for y, which is then

supplied to Eq. (42).

—

If one now operates on the appendage equations, Egs. (26), in a similar way, they
may be expressed as

me%:

where

'+ 3 @Vy+ 3 erst+ 3 @rit=0F
JE® ned neg

D0+ T Py + F DEEm+ S D=0

jE® nEF neF

@ = % [Z';;c"M a"GI Y c""5""c'°], N, by3
re®

(46)

“)

(48)

Qe = % [K;ejmc"f+ "Gl 2% c""é""e,,cﬂ']gf, N,byl (49)
re
@m = — -;—6"'5:0""5,, %ILA— , (m#n); N,byN,

@ =U, (m=n); N,byN,
mn _ _ l =m~Trmnp 6_"_ .
@7 ke G.C™P, ST (m #n); N,byN,

@M =0, (m=n); N,byN,

[K’,"C"‘°+ "PT S c"5mc'°], N, by3
re®

(50)

(51)

(52)

D™ = % [—Tej,..C"'" +35"P7 2 C'"'IS'""jrC’j]gj’ N.byl  (53)

red
mn l =mp T mn 6_" .
D Tk PIC™G, T (m # n); N,DbyN,
DR*'=0, (m=n); N,byN,
mn l =mpTmnp 6_" .
DT ok PIC™P, ST (m # n); N,byN,

(54)

(55)

(56)

(57)
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or=+ a"'[ —gm—Fmgm 4 L GIv, - fgx,,,] -2Z7, N,byl (58)

(%]

- gr= +a~[§"~—§~'ﬁm+ %P—:Vm-— ',,{X,,;]~—z,"', N byl = - (59

F i
V. = Cmo —_— + warerrm
)

(2w’é’+w a%c") — QmQmpmm 3 by 1 (60a)

rEQ -m

Xy =A™ = M7 (S yo0™) (S ™) 1 = (Sopto™)” M (Spp00™)

+ M™(Z yoft™) (2 yo™) 1 + (2o R27) M ™ (20, 2™), P byl (60b)

zg=1 3 (Bfgncm+ 376 3, c™b s-rC”')""”'g"?j, Nabyl ()
jE? red
zr =1 2 AT, C™ + G"PT S C™D™e,C" | &gy (61b)
I—E 1€m o Fy €Jr gYJ’ Nmbyl
jEP re®

Recapping, the system equations (minus the rotor equations) are as follows:

Aoowo_,, 2 AO]Y + 2 AOmgm_l_ 2 AOm—m= 2 COkEk (623.)
JjE? meg meg keR

A%+ D A%+ T AT+ T Amim =g D ¢ C*E*+1, (62b)
ke?®

JEG meg meg
me g
g%+ 3 @y + X @msn+ 3 @min=on (62¢)
JE? ned ned
meYg -
D+ F DUy + Y Pmgn+ D Pmgn = gm (62d)
JEY nedF neF

and these may be combined into the single matrix equation of the form Ax = B, as
shown in Eq. (63).
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Aoo i AOj 1 2 Agm | 2 A;)m — —
: § I med I meg @°
' Bx3)_ Bxn) | BXN)_ BXN) |l a1
AJO : A:j : EAI;M | EA["" ——;--
m m J
(XY _ 1 (X 1 (X M)y (X Na) || (X D)
@mo || @"’j_ || ; @';" ll ; @';Ul SM
| 1 | ( . X ])
(N X 3)_ 1 (N X )t (N X Np) 1 (N X N,) =
GDMO i ™ I mn ! Gymn .’,m
T ET Tk
(N,%x3) 1 (N,xXn) (N,xN,) 1 (N,xXN,) | _
2 COkEk
keR
3x1
g kg@ €, C*E* + 1,
= (n, x 1) (63)
R
o WaxD_
r
LA ))
L e—

Except for @3, @, 07", and D" when m = n, the elements of system matrix
A are, in general, time-variable. Note also that, if the appendage equations are
multiplied through by the factor 2, matrix A becomes symmetric.

B. Subroutine MBDYFR

Equation (63) provides a complete set of rotational dynamics equations which
lend themselves to solution by means of a generic computer program or subroutine
for the rotating appendage case. When augmented by the rotor equations, control
equations, and kinematical equations, they are fully descriptive of the system
behavior.

The kinematical variables adopted in the preceding sections.are as follows: v, for
k € P (Def. 23); C7 for r, j € B (Def. 31); and w° = (b%) - @° (Def. 9). Although
the equations of motion have been expressed in terms of these quantities, the latter
are not all independent. Relationships among kinematical variables developed in
this section must therefore either be considered in conjunction with the dynamical
equations or be substituted into them to remove redundant variables whenever a
solution is sought.
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The direction cosine matrix C7 (Def. 31) relates sets of orthogonal unit vectors
fixed in €, and £, and hence depends upon those angles y, for which £, lies
between ¢, and é;, and also upon the corresponding unit vectors g* defining the
intervening hinge axes. For the special case in which 4, and ¢, are contiguous and

and the single matrix g’, as follows:
Ci=Ucosy,— g siny, + §g" (1 —cos y,)
and

Cr=Ucosy, +g"siny, + g (1—cosy,) = (C’j)T

It is only required that C7 be determined where &, and Jj are contiguous and,

since C¥=CY%C”, to then derive matrices C% for r€%. An algorithm for
accomplishing this task is described in Ref. 6, Appendix A.

The Fortran V subroutine, called MBDYFR, which provides the solution to Eq.
(63), has been designed in much the same form as those subroutines described in
Refs. 6 and 7. The routine may be exercised by means of either of two call
statements. An initializing call statement supplies the routine with data that will
remain constant throughout the dynamic simulation run.

The description which follows of the subroutine initialization statement includes
some new variables which will now be defined. The use of these new variables is
necessitated by the desire to make the subroutine MBDYFR more efficient.
Therefore, the convention (described in Defs. 1-4) of labeling the system’s rigid
bodies from 0 to n, where each connection between bodies is a line hinge, will be
modified. Rather than introduce imaginary massless bodies at connections with 2
or ‘3 degrees of rotational freedom, these types of connections will be handled
directly by the routine and no new bodies will be introduced.

Def. 45. Let n_ be the number of connections joining a set of n.+ 1 substructures. A
connection is a 1-, 2-, or 3-degree-of-freedom joint at which all the
rotational axes share a common point. The axes need not be mutually
orthogonal.

Def. 46. Define the integer set " ={0,1,...,n.}.
Def. 47. Define the integer set " =(1,2,...,n,}.

Def. 48. Let B; be the jth neighbor set for j€ B, such that k€ B] if 4, is
attached to 4.

The rigid body labeling process is to be carried out precisely as prescribed in
Def. 4, except that the last label will be £ n rather than £,. Note, however, that the
connecting joint degrees of freedom are still labeled from 1 to n, so that one still
has v;, vy ..., 7, and g', &, ..., g (The joints must be in the sequence corre-
sponding to the body label sequence, as shown in Fig. 2). All references to the “kth
substructure,” when applying the MBDYFR subroutine, imply that k€ ®”.

Def. 49. For k€ 9’, let 4, denote the index label of the body attached to £, and

on the pathleading to £, The scalars %4, will be termed “connection
elements.” Thus, it is always true that£,=0.
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. j <, it is always possible to express C7 (and C’") in terms of the single angle y, =



Fig. 2. An 8-body, 10-hinge system lllustrating
the labeling convention :

Def. 50.Let d,, k€9, denote the number of degrees of freedom at the kth
~ connection.

It is also necessary, when applying the subroutine, to relabel each of the nonrigid
appendages @, in the same sequence from 1 to n; (see Fig. 2) so that the labels
become &,, ..., (:E,,. . '

Def. 51. Let n; be the number of nonrigid appendages in the system (no more than
" one per substructure).

The first column of the input array, F, contains the index labels of those rigid
bodies to which nonrigid appendages &, (i=1, ..., n,) are attached.

Initializing Call Statement
CALL MBDYFR(NC, H, MB, MS, PB, PS§, G, PI,
NF, F, ER, EI, SR, MF, RF, WF, ZF)

where

NC= the integer n. = number of system connections (see Def. 45).

H(k, m) = array containing the connection elements #,, k € ¥’, and the
number of degrees of freedom, 4, at the connection; m= 1, 2.
(H(1, )=#4,, H2, 1) =4,, ..., H(n, ) =4,, H(1,2)=4,,
HQ2,2)=d,,...,H(n,2)=4d,.)

MB() = array of undeformed reference substructure (£,) inertial con-

stants j=1,...,7. (Specifically: MB(l)=J}, MBQ2)=Jp,
MB@3) =J3, MB@) = —J% MB(5)= —J, MB(6) = -JI,,
MB(7) = IMy.)
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MS(i, /) = array of remaining substructure body (undeformed) inertial con-
stants; i€ 97;j="1,...,7. (Thus: MS(i, 1)=J},, MS(,2)
'=Jzz,... S(l,7) %.
PB(i, /) = array containing elements of p%; i € By, j € 1,2,3.

" PS(i, j, k) = array containing elements of p¥; i€ ¥, € B/ k=1,2,3
(Exception!! If j < i, set PS(i, i, k) = p¥. Example: PS(3, 3, 1)
= p2, All PS(i, j, k), where j < i, will be ignored.)

G(i, j) = array containing elements of g'; i€ 9, =1, 2,3.

PI(i) = array of indicators; i=1,2,...,n+ 1. (If v, is a prescribed
variable, PI({) = 1. Otherwise, PI(i) = 0. Also, if PI(n+ 1) =1,
system angular momentum HM will be calculated; otherwise;
HM is set to zero.

NF = the integer n, = number of substructures with nonrigid appen-
dages = number of nonrigid appendages.

F(n, m) = array containing the index labels of those rigid bodies with
nonrigid appendages, the number of nodal bodies in each appen-
dage’s finite element model, and the number of modes to be used
in each appendage’s modal model n=12..., n, m= 1, 2, 3.

(Thus:

F(1, 1) = index label of rigid body carrying appendage &,
F(1, 2) = number of nodal bodies in appendage @,
F(1, 3) = number of modes representing appendage @,

F(2, 1) = index label of rigid body carrying appendage @,
etc.

F(n,, 3) = number of modes representing appendage &, .).

ER(n xj)=array of elements of . M n=12...,n5 i=12,...,6n,;

k=F(n1)j=12 ..., N,
El(n, i, j) = array of elements of I‘k; n=12,..., ng; i= 1,2,...,6n;

k=Fn 1);j=1,2,..., Ny

SR(n, j) = array of substructure nominal spin rates, Q% k= F(n, 1);
n=1,2,...,nf;j=1,2,3.

MF(n, i, j) = array of nodal body inertial properties, M*, for each nonrigid
appendage; n=1,2,...,n; i=12,...,n; k=F(n, l),
j=12,...,1. (Example MF(2,3, )= I,,, MF(Q,3,2)= I},
MF(2, 3, 3) I}, MFQ2,3, 4= -1}, ... ,MF2,3,7)=m,, all
for nonrigid appendage @,, third nodal body.)
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RF(n, i, j) = array of elements of r,, k = F(n, 1), for each nonrigid appexi-

dage; n=1,2,..., n, i=12,..., m, j=1,2,3. (Example:
RF(1, 5, I)y=r}, RF(,5,2)=r}, RF(1,5,3)=r}, all for ap-
pendage @,.)

WF(n, j) = array of modal frequencies, %, k = F(n, 1), for each nonrigid
appendage; n=1,2,..., n,j=12,..., N,.

ZF(n, j) = array of modal damping factors, £% k = F(n, 1), for each nonri-
gid appendage; n=1,2,..., ng, j = 1,2,..., N,

The statement CALL MBDYFR (NC, H, . . .) need only be executed once prior
to a simulation run. However, as the simulation proceeds, the routine must be
entered at every numerical integration step to compute the angular

accelerations &° ¥,, .. ., ¥, and the modal coordinate acceleration vectors §* and
7% (k € 9). This is accomplished by executing the “dynamic” call statement.

Dynamic Call Statement

CALL MRATE(NC, TH, TB, TS, FB, FS, TF, FF, GM, GMD, GMDD,
DT, ET, WO, WDOT, DTD, ETD, HM)
where
NC = the integer n, = number of system connections.
TH(J) = array containing the hinge torques, r, ; i € 9.
TB(j) = array containing the elements of T%; j =1, 2, 3.
TS(i, j) = array containing the elements of T*; ie Pr,ji=123.
FB(/) = array containing the elements of F 0 3 j=12,3.
FS(i, j) = array containing the elements of F t.ie9r, j=123.

TF(n, i, j) = array containing the torque elements of A*; n=1,..., ny,
k=F@n 1),i=1,...,m,j=12,3.
FF(n, i, j) = array containing the force elements of A*; n=1,..., ng,

k=F@n,1),i=1...,n,j=123.
GM(i) = array of angles, y;; i€ 9.
GMDXYi) = array of the angular velocities, y, ; i € ?.
GMDDXi) = array of the prescribed angular accelerations, ¥, ; i € 9.

DT(n, i) = array of appendage modal coordinates, §% n=1,..., ny,
k=F@n,1),i=1,...,N.

ET(n, i) = array of appendage modal coordinates, 7%; n=1,..., ny,
k=F@n,1),i=1,...,N,. ’

WO ) = array containing the components of w®; j=1,2, 3.

WDOT(/) = solution vector containing the elements of &% ¥, ..., ¥,;
.j=1...,n+3. (WDOT(l) =&}, WDOT (2) =3, WDOT (3)
=), WDOT 4 =7,,.. .» WDOT (n +3)=7,.)

DTD(n,x)=solutionmatrixfor§";n=l,...,n,,k=F(n, D,i=1,...,N,.
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ETD(n, i) = solution matrix for 3* ; n=1,...,n, k=F(n, 1),i=1,..., N,.

HM = magnitude of the system angular momentum vector (see Appendix
B for the momentum equations).

" 'In summary, the call to MRATE supplies the subroutine “with current- instan-.

taneous values for hinge torques and externally applied torques and forces on both
rigid bodies and nonrigid appendages. Explicit expressions for computing these
forcing functions, which may depend on vy, ¥, and other system or control
variables, are located in the 'main calling program (see sample problem that
follows). Current values of @°, v;, ¥, 8%, and 7* are continuously produced by the
main program’s numerical integration operators and are therefore always available
for input to MBDYFR.

It should be noted here that MBDYFR does not incorporate the terms in Eq. (42)
that describe symmetric rotor torques on body £,. As a result, the user is required,
if rotors are present, to supply these terms as part of a “new” T*, i.e.,

T = T% — of = G 4@ + 4)

Thus, these terms must be formed in the main program along with Eq. (44), and
T'* is supplied to the subroutine as TB (if k =0) or TS in the MRATE call
statement.

Note also that, if any of the y, are to be prescribed, the appropriate values of v,
¥;» and ¥; must be supplied to the subroutine by way of GM, GMD, GMDD,
respectively, in the MRATE call statement. An example of this is shown in Section
IVC.

When the MBDYFR subroutine is used, the main calling program must contain

Fortran V (or IV) statements which specify “type” and allocate storage for the -

variables and arrays being used. The mandatory specification statements are listed
here.

" Required Specification Statements

INTEGER  NC, NF, H(n, 2), F(n, 3), PI(n + 1)

REAL MB(7), MS(n,, 7), PB(n,, 3), PS(n,, n_, 3), G(n, 3),
TH(n), TB(3), TS(n,, 3), FB(3), FS(n,, 3), GM(n),
GMD(n), GMDD(n), ER(n, 6n,, N, ), El(n,, 6n,, N,),
MF(n;, n,, 7), RP;(nf, ny, 3), WF(n, N), ZF(n,, N,),
TF(ny, ny, 3), FF(ny, ny, 3), DT(n,, N;), ET(n,, N,),
WO(3), SR(n, 3)

DOUBLE PRECISION ~ WDOT(x + 3), DTD(n,, N,), ETLi(n,, N,)

Also, in order that storage allocation for arrays internal to MBDYFR be
minimized, the following statement must appear in the subroutine:

PARAMETER QH = 1, QC = n, QF = n, NK = n,, NKT = N,
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The proper placement of this statement in MBDYFR is shown in the listing
(Appendix C).

C. A Sample Problem Simulation -

To illustrate the use of subroutine MBDYFR, the dynamical system shown in
Fig. 3 will be simulated. It consists of a rigid central body, €, to which is.
connected a rigid platform, £,, with 2 degrees of rotational freedom relative to 4.
A spinning rotor, £, is also connected to €, . The platform and the rotor each
carry an elastic appendage, which will be modeled as a simple point mass
supported by a massless elastic member.

For this test vehicle, the platform will be nominally nonrotating, while the rotor
will have a nominal spin rate of w, about the spin axis fixed in €, The appendage
modal models must now be derived from the appropriate discrete’ coordinate
equations.

Rotor Appendage Equations

The general appendage equation is Eq. (17), where the matrices M), G/, and K]
for the rotor substructure are as follows:

m 0 0
]
mi=| O m 0,0 (6 X 6)
0 0 m,l
0 :0
) pmo 0 0 :
: . 1 0
M;=M‘(U—2UOZEOM@TL-) o wm 0 : (6 x6)
_0 _____ Mo
l
A
where
mi
By ="m = S
M = My + M, + M,
The rotor spinrate=Q*=[0 0 )"
0 — Wy 0
o o0 ,0 ~
G|=2| “h I (6 % 6)
B S
0 :0
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™
Fig. 3. MBDYFR simulation test vehicie

We will assume a symmetric stiffness matrix, XK', of the form .

k0 0

: 0 k 0 ,0
K'= 2 ! (6 X 6)

0 0 4k !

_______ - -

0 :0

where k,, k,, and k, are the respective-stiffness coefficients which restrain linear
motion in the b}, b}, and b; directions. Thus, '

u -7
ky = &y 0 0 ! )
A !
K= 0 ky—wiyy 0 0
0 0 ks :
0 : 0
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The homogeneous rotor appendage equation may therefore be written as

b 0 0 0 —wp O
0 u 0 |§'+2) up o o4
0 0 0 0o 0
ky — pw 0 0
+ 0 ky—pw? 0 |g'=0
0 0 k,

where g' = [u] u; uj]” (realizing that B} = B} = B} =0, since m, is a point mass).

If the equation is rewritten in first-order form, as in Eq. (18), it becomes

W, Q'+ V,Q'=
where
k, — wly, 0 0 :
0 ky—wly 0 0
'
U, = L 0 k...
: w0 0
0 0 0
]
¢ 0 0 n
I =k, 4 ol 0 0
I
0 | 0 _k2+w.:p'l 0 »
I -
Y —— . O ..k
ky = wlp, 0 0 : 0 ~ 2w 0 )
0 ky~wl, 0 1 2w, 1, 0 0
0 0 ky | 0 0 0
L. -
and
T
2'=l¢' | 4

The- rotor appendage equation exgenvalues, A;, and corresponding eigenvectors,
o/, may then be found from

[, + V;J0f =0
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From the characteristic equation, one finds that

1

2
A= xi L3 +w}:2w,vi
" iy

where k = k, = k,.

If we now arbitrarily let Vk/p, =2w, and Vk,/ B, = Sw,, the eigenvalues be-
come

A= o,

A; = i3w,
Ay = iSw,
A= —iw,
A= —i3w,

As = - isw:

Note that the eigenvalues are imaginary as predicted and that they have been
deliberately ordered to correspond to the form of Eq. (22), with conjugates in the
lower half of A,.

The eigenvectors corresponding to these eigenvalues may then be determined as

i —i 0 —i i 0
1 1 0 0
oa| 00 _ 0 o __1 (.|«
-, 3, 0 -, 3w, 0 ¢{A;
iw, 3w, O —iw, —i3w, 0
0 0 iSw, 0 0 — 5w,
e —
Also,
8}
24p,0? 0
2
q,l.r UD, = 50p,w;
Bpw?
0 : 24p,02
50p,07
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The final form of the appendage modal coordinate equations, shown in Eq. (26),
can be obtained only if the eigenvectors are normalized so that ®37 9, ®, = U, the
diagonal unit matrix (see Ref. 3). Thus, succeeding columns in &, should be
multiplied by (8,02 ¥, (24p,w)~ 1, (50,03~ 1, etc., for proper normalization
in this case. :

If we also arbitrarily truncate this modal transformation to just the first two
modes, the resulting real and imaginary parts of ¢{ become

0 0 - __ 1
- = 2w,V2p 2w,y6p
h= 1 1 > Ti= l )
20,¥2ps, 2w,Y6, 0 0
Likewise,

Platform Appendage Equations

If the same process is applied to the nominally nonspinning platform appendage,
its homogeneous equation of motion becomes

B, 0 0 kk 0 0
0 n O |+ 0 Kk 0 [¢=0
0 0 p 0 0 Kk
Using the first-order equations again,
%Qz + cvz Q2= 0
where
. - _
kk 0 0O
I
I
%= _0__'_(.)_'-1(2-—‘ _______
: m, O O
0 10 u O
lI a. 0 pu
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Il -k, 0 0
Y : 0 -k, O
L I 00 Tk
- . k, 0" o~*: - - -
0 k 0 0
i 0 0 K :

and
T m;

Qr=[q’ :42]’ I“2=’"2'W

one can easily determine that the eigenvalues are

~ [ K /K ~ [k
A=zxi\[— ,xi\/— ,=xi\/—
: L} # )

If we let k = k; = k, = ky, and Yk/p, = o,, then

[ -
0yl
0, 0
A= a,i
— 0,5
L -
and
1 o0 o0 0 0
0 1 0 0 1 0
0o o0 1 0 0 1 &4
P, = =| 2
] e O 0 -—oy 0 0 $iA,
0 o O 0 — 0, 0
0 0 02i ) 0 0 PO ozi .
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The appropriate normalization factor for each ¢f is (2p,03)" i Thus, if the
platform appendage modal model is truncated to the first two (transverse bending)
modes, the needed quantities are

1 0
- o,V2p, ' , Fz=0
0

1
L ' °2Vrl‘z

Q
]
I

Test Vehicle Constants

To complete the specification of the test configuration shown in Fig. 3, numeri-
cal values can now be assigned to its various mass properties and other physical
constants. First, let

M, = 399.9 kg
M, = 50.1 kg
M, = 50.0 kg
m,=5.0kg
r
250. 0. o
J°=l 0. 275. 0. | kem?
0. 0. 350.
.
B
10. 0. . o0
: ’ J'=1 0 10. 0. | kg-m®
0. 0. 20

M = My + O, + M, = 500.0 kg

B, =998 kg

w=495kg -
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6. 0 0
jz = 0 3. s kg - m2
0 0 38

w,=10.rad/s, § =¢!=.01

0,=9.rad/s, §£=¢=01

7= 0 0 T = 035391  —.020433
s 1y _
| 035391 .020433 0 0
- 035313 =
¥ = 0 » In=0
0 035313

The locations of the two point masses.(see Figs. 4 and 5) relative to their
substructure’s mass center when they are in the nominal deformed state will be

assumed as
' T
r,=[33 0 —.493] meters
T
r,=[0 0 .56]" meters
g!
1
des
]
&\s wg
A A .
— b
- ;
l“/
b,
' NOMINAL A
DEFORMED ! UNDEF ORMED
STATE UhE
B

Fig. 4. Substructure ¢,
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¢ D7
A 2 i
|
|
!

1

Fig. 5. Substructure 5,

Locations for the interbody connections, relative to substructure mass centers,
are ' ‘

=0 o —2.]" meters

p2=00. 1 L] meters
p°=[0. 0. 0.]meters
p¥=[0. -3 0.]meters

The three hinge directions are given by the direction cosines
1 T
rotor: g'=[0. 0. 1]
platorm: g*=[0. 0. L] .
platorm: g’=[1. 0. o0.]
Also, '

¥ nc=2, nf=2, nl=l, n2=l, N|=2, N2=2

hy=0, hy=0, d,=1, dy=2, n=3
As a result of these choices, the initializing call statement arguments become

NC=2
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MB=[250. 275. 350. 0. 0. 0. 399.9]

MSJ 10. 10. 20. 0. 0 0 501
e oo 6 3 8 0--0.- 0 S00 )} - -

-
PB = 0 0- - 2.
0. 1 1.
PS(2,2,j)=[0. —.3 0.] (all other PS elements are zero)
0. 0 1
G=}o o0 1
. 0 O

NF =2
Fo 1 2.
(2 1 2
0. 0.
035391 020433
CERQLLj)=|  © 0.
0. 0.
0. 0.
0 0.

— -
035391  —.020433
0. 0.

EI(L, i, /) =

© o o o
e e e e
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035313 0.
0. 035313
ERQ2, )= © 0.
0. 0.
0 0.
0 0
EIQ2, i, j) =O.
|0 0 0
0. 0. o

MF(1,1,j)=[0. 0. 0. 0. 0. 0. 10]
MF(Q2,1,j)=[0. 0. 0. 0. 0. 0. 50]
RF(1,1,j)=[3333 0. ~.4930]

RF(2,1,/)=[0. 0. .56]

WE =| 10 30.]

01 .01
01

ZF

"
e
‘;——‘

Test Vehicle Dynamics

Before simulating a specific dynamic case for the -test vehicle of Fig. 3, the
characteristics of the interbody connections must be defined. The connection
between #, and rotor £, will be assumed a frictionless bearing so that

n=0

The platform hinge connections will be assumed to be of the linear spring-
damper type, i.e.,

1= = Ky(v2— 72) — Bav,

3= = Ky(y3 = v3.) = By¥s
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where y,, and y;. are platform angular position commands. The values of the
constants K,, K, B,, B; are arbitrarily chosen as

K, =250.n-m/rad, B, =50.n-m-s/rad

K;=300.n-m/rad, B;=150.n-m-s/rad

The dynamic response to be simulated here will be that due to a high-rate
platform slew sequence. Slew commands y,, and y,. will be generated by integrat-
ing the time functions shown in Fig. 6. This will result in a 10-deg rotation about g°
and a 10-deg rotation about g’.

Initially, the rotor is spinning at 10 rad/s relative to &, and the rotor appendage
is at. rest relative to the rotor but deflected radially outward in its steady-state
deformed position. (One can show from Eq. (17), with the assumption k/p, = 4w?,
that the radial deformation (in the b} direction) due to spin is 7, /3, where r, is the
distance from the rotor spin axis to the appendage attachment point.) The plat-
form, 4,, as well as the base body, £, are initially at rest. At =1 s, the command
is issued to rotate the platform about g* at a rate of 10 deg/s until ¢ =2 s; again at
t=3s, a command to rotate about the g* axis at 10 deg/s appears and ends at
t = 4 5. The computer simulation program, employing MBDYFR, for this dynamic
maneuver is shown in Fig. 7.

Notice that the necessary dimension specifications for each variable are stated in
the JPL CSSL III simulation language as: ARRAY MB(7), MS(2, 7), . . ., etc.

An auxiliary routine, called HCK, is used in the simulation to keep track of the
rotations of the reference body (4,) relative to an inertially fixed frame. HCK uses
Euler parameters to do this, and it is initialized using Euler angles. The variable,
THET, is calculated in the program by means of HCK and represents the angular
deviation of the b} axis from its initial, inertially fixed position, i.e., the reference
body “nutation” angle.

The CSSL IIl function, “STEP,” provides the unit step function when the
independent variable, TIME, is greater than the specified constant,
“INTEG(a,, a,) signifies the integration of a, with respect to TIME, where q, is the
initial condition.

20 T T H !

"COMMANDED SLEW RATE, deg/s
=
1
|

0 1 2 3 4 5
t, s =

Fig. 6. Commanded slew rates
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€SSL 111  JET PROPULSION LABORATORY (0H40374mAD0O2H 0217750216236

e®e ST,ART T(RUN)a 28,032 T(TaSK)s= «00) (TP ] 2760
DT(TASK)e= +003 DCTP L] v740

PROGRAM 3-80DY VEHICLE WITH SPINNING ROTOR AND 2 FLEXIBLE APPENDAGES
*SC4020 BLDG/198,80X/601,CAMERA/9IN,FRAMES/50
ARRAY MB(T7) MSI2,7)4PB 213} 4PSt2024314G0343),THII),TE{3),TS124+3)
ARRAY FBL3I) FS(2,3)4GMII)sGMD(I),GNDD{3) ER(216,2)9E11(246,2)
ARRAY MFU25147)4RF(2,103) sWF(2,2)42F(2,2),TFL20103)4FFi2,],3)
ARRAY SRU2,3),0T102,2),ET12,2),00(3),u(2,1,33,UD{2,1,3}
pougLE PRECISION woor(si.oro(z.Z).Erotz.Z).Ec(14)
INTEGER NCoNFsH{2,2),Fl2,3),p[(4)
DATA H/0,0,1,2/P1/0+0,0+1/
DATA "B/250.|27500350..0000..0003’9 97/
DATA MSUL431/10e/MS1(,2V/204/MS501431/200/MS5(127)1/5041/
DATA MS1211)/64/MS(2,2)/30/MS(213)/84/HS(2,7)/5Q0/
OATA PBI11)/0./7PBt)Y,2)/00/PBL143)/w24/
DATA PBI2,)1)/70,/PB(2,2)7}3e/PB1243)/L4/
DATA PS(202411/04/PS(20242)/=43/P81242,31/04/
DATA G(193)/14/G(2131/71e/G(3,10/84/
DATA Friv2414142,2/
DATA Ea(1-2.1a1.03539075/satx.z.z)/.ozoqszsal
ODATA E10112141)1/+035390975/E1(1,1+2)/=4020493286/
DATA ER(241411/003531343/ER(2,242)/403531343/
DATA RFUL o1 41)17e3333/RFUL 01431720 4930/RF(2,103)7456/
DATA MFLl4147)714,0/MF (241470175407
DATA ZF(1s1)/401/72F01,21/001/ZF(2,1)/7401/2ZF(242)/401/
DATA WF(Ls1)/1ne/wWF(], 2)/:0./ur(z.x»/9.o/wr(2-2)/9.01
DATA SRUL41)/0,/SRI1,2)/700/SR1:3)/710e/
CONSTANT K2w2S0,,B82250+1K3=300,:83%50
CONSTANT TFINAL®10e1CLKTIMB900. PIERI914159265
CONSTANT PHIZu0o ,THETZ®044PSIZu0o
CONSTANT GMIDIwl04 W1 m0e9yW21n0s,W31lu0,
INTTIAL
NC= 2 L B NF=2
CALL MBOYFR{NC ,H MB MSsPB PSS ,GPINFF ,ER,EI SR MF RF ,WF ,IF)
PZ1 ,PAL +PB] ,PClaHCK(INITL PHIZ,THETZ,PSIZ)
END
DYNAMIC
IFITIMEZGESTFINAL) GO TO S}
DERIVATIVE BODYJF
VARIABLE TIMEeq. s CINTERVAL Clasgl
XERROR Wilm ] eEe9 W2l g =T 1W3a | eE*TF4GM20a1+E=9+1GMID® 1 sE*P 5000
GM2% | eE=91GMIR | ¢E=91PL0" | +E=9 ,PBOB|sE~9PCON] +E®F )G =] 4Ews
- MERROR W]®] ;€9 W2®| F=9 s N3a| Ev9,GM208] ¢E=9,GMIDS]| 2E=9 9400
. Gszl.g-9.Gn3-|.E-q.pAOI|-qu.PBO-l.qu;PCdilch?oﬁﬂl'lotcs
STPCLK CLKTIM
OUTPUT 10+W10,w20,W3p, Wi o W2,WI,GMIDsGM2D,GMID 1GML1GM21GMI ,THET 09
OTiA,DTIBsDT2ADOT2B,ETIALETIBET2A,ET2B4PZ0,PAO,PBO ) 0
PCOULIX ULy, UIZ2U2X,u2Y,U2Z,01XD,UtYD .UZXD.UZYD.GHZC.N.
GM3C,GM2CD,GMICD ,ANGM
PREPAR TH:t.wx.nz.ws.cHlo GM20 6MIDIGM2,6M3,ULX,ULY yU2K, UaYseoe
GM) ,UIXD,U1YD U2XD ,u2YD,GM2C ,GMIC ,ANGNM
NOSORT
WO(l)wwl § wWO(2)uw2 ¢ WO(I)ew3
GMi))mGM] § GM{2)8GM2 $ GN(3)mGM3

Fig. 7. Simulation program for test vehicie dynamics using MBDYFR
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GMD(1)aGMID 8 GMD(2)sGM2D s GMD(J)=GMIp
A ; DT(141)80TIA $ DT(1,2)°0T18 § ET(},1)®ETIA § ET(1,2)eET1IB
OT(2,1)=0T24 ¢ OT(2,2)=0T28 ¢ ET(2,1)%€T2A s ET(2,2)eET28
COMMENT, ., .
PLATFORM POGITION COMMANDS
COMMENT
GM2CD®(STEP(140sTIME} nSTEP(2,0,TIME})ePIEC|Qe/180,
GMICD®(STEP(3¢0+1TIME)aSTEP (4,0 TIME))*PIE®|0¢/180,
GM2CeINTEG(GM2¢D 400! s GM3ICSINTEGIGMICD Q)
COMMENT, 4
REFERENCE BODY NUT,TION ANGLE
CONMENT
01 ,02eHCK (M TRIX,P20,PAO,PBO,PCO)
DCI,0C2,0C3aHCK(BTOl ,00000014:014D02}
DCMeSQRT(DC]1e*e2 + DC2ee2)
THETSASIN(DCM)e1804/PIE
COMMENT, .,
HINGE TORQUES
COMMENTY :
TH(2)8aK29 (GM22GM2C) » B2°GM2D
TH{3)®aKIe(GMIaGMIC) » BI®GMID
COMMENTc 0o -
SYSTEM ANGULAR ACCELERATIONS
COMMENTY
CALL MRATE(NC TH,TB TS FB FS TF FF 1GM¢GMD ,GMOD JOT ,ET ,WO 4WDOT 4040
DTO,ETD KM ,U,UD)
VIXDsUDES ) ,1) 8 ULYDUD(},s3,2) S U2XDesUDI2,),]) § U2YD®UD(2,1,2)
ViXsylislel) S ULYSU(]s1492) 8 UIZOUL]9]1,)
U2XeU(2+s141) 8 U2YeU(21102) S U2ZaU(291,3) .
Wi0eWDOT(]) s W2094DOT(Z) s WIO=WOOT(3) § ANGMaHM
COMMENT 0 )
SYSTEM ANGULAR RATES AND POSITIONS
COMMENTY
WisINTEGIWDOT(1),W1],
W2sINTEG(WpOT(2),w2])
WISINTeG(WDOT(3),W31)
GMLIDSINTEG(WOOT(4),GMy01)
GM20s INTEG(WDOT(S) ,0,)
GMIpesINTEG(WPOT(6),0,)
GMI®INTEG(GM|D,0s) 8 GM2®INTEGIGM20,0¢) S GMISINTEG(GMID,0,!
DTIA=INTEG(DTD¢1,1)30,) S OTIBRINTEG({OTD(!,2),04)
OT2AsINTEG(DTD(2,1)40,) $ OT2B8®INTEG(DTD(2,2),0,)
ETIARINTEGIETD(141)¢0s? S ETIBSINTEGIETD(1,2),00)
ET2AINTEG(ETO(2:11) 0! § ET28INTEGI{ETD(242)400)
COMMENT .4,
HCK PARAMETER RATES ANO POS[TIONS
COMMENT
P200,PA00,PROD ,PCODSHCK (HCK ,PZ0,PAO PBOPCO,WI 4W2,W3)
PZO=INTEGIPZOD,PZ]) s PAO®INTEG(PAOD,PAl) .
PBO=INTEG(PROD,PBI). '§ PCOeINTEG(PCOD,PCI)
END X
END
END
TERMINAL
Slee CONTINVE
END
END

Fig. 7 (contd)
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All arithmetic statements are in Fortran, although CSSL III allows several
statements in a single line if separated by a “$”. Variables to be plotted at every
communication interval, Cl, are listed in the PREPAR statement. Printed vanables
are listed in the OUTPUT statement.

The statement “CALL MBDYFR(NC, H,...)” is located in the INITIAL
section and is therefore executed only once, i.e., prior to the dynamic calculations.
However, “CALL MRATE(NC, . .. )" is in the DERIVATIVE section and is thus
executed at every integration step. Note that two additional output variables have
been added to the MRATE call statement argument list. They are U and UD,
containing the appendage deformations u], u;, uj, u?, . . . etc. and the deformation
rates u), i), ..., respectively. These variables are always available internal to
MBDYFR using the relations of Eq. (27) and are outputted here only to more
clearly illustrate the dynamic response of the system. (8}, 8, ..., 8, B . . .etc.
could also be obtained from the subroutine in those cases where the appendage
nodal bodies have inertia.)

Results of the dynamic simulation are shown in the computer plots of Fig. 8, and
the sample printout is presented in Fig. 9.

- The solutions show, as expected, that all three components of the reference body
angular velocity, w® are strongly perturbed by the platform as it accelerates or
decelerates. Further, induced vibrations of the platform appendage are also in
evidence on the reference body rates. Rotor spin rate, y,, relative to #, remains
very close to its initial and nominal value of 10 rad/s, although the effect of
slewing the platform about an axis parallel to rotor spin is quite evident as are the
subsequent vibrations due to platform appendage motion. Platform hinge rates, v,
‘and ¥,, also show some appendage vibration, although it is very small compared to
the slewing rate transients.

The components of rotor appendage deformation u|, u; exhibit both modal
frequencies, w, and 3w, but are relatively small in amplitude compared to the
platform appendage deflections u2, u. An “X-Y” plot of the platform appendage’s
deflections relative to its locally fixed coordinate frame is also shown.

System angular momentum magnitude in this test simuiation should remain
constant since no external forces or torques are being applied. The plot of HM
shows this to be true very closely. Small deviations from a perfectly constant
angular momentum in the simulations are to be expected due to the presence of
modal damping (see Appendix A), numerical integration error, and round-off error.

N76 12094
IV. Systems With Nonrotating Appendages
A. Equations

In Part 111, dynamical equations were developed for the substructure tree on the
basis of (1) arbitrarily small flexible appendage deformations (and rates) from some
nominal state and (2) arbitrarily small deviations of the angular rate of any rigid
appendage base from a constant nonzero spin rate, 2*. In this section, the
assumption will be made that Q% =0 (k € %), i.e., that the appendage bases are
nonrotating.
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Fig. 8. Test vehicle (with spinning rotor) simulation results using MBDYFR
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Fig. 9. Simulation printout for test vehicle with spinning rotor




- Equation (29) may now be simplified by the assumptions (for k € ‘5} ) w¥=0,
w*=0, q"zO, q"zO, i{"‘zO, c* =0, ¢* =0, to obtain

- . Mm, \
(ke B) W =T+ 3 D¥CHF + F"—(C"°—£F) c*
red Mm

- 2 D~k’Ck’2{/0Mr"""‘ 2 q)krckr‘br_’;k

req re®
- o*n* _zro;k k"zguquk

+ %k Ek 2 Ck'(:)’(:)’D’k
re® -9

+ (,JIL 2 D~k’Ck’(:)'&’D’k — a’k(pkkwk A
re® - '

2. %rD-krckrerwr - GJILk (..‘k 2 Ck’D~’k(b’ (64)

red re®

The appendage equation (Eq. 16) may be simplified as well (letting R* = 0) to
obtain

(k€ B) M"(U SueZho )q + K'g*

= ‘Mk(zou - szuo)d’k - Mkzuo 2 cke'D™

resd
- M*3 oc"°—(ﬁ PN MES,, D> cvsh, M % i
re® -k

_Mkz vo 2 Ckr-r-rDrk (65)
resd -

This appéndage equation is analogous to that in Eq. (207) of Ref. 2, whose
homogeneous solution has the form

6ny

= 3 aieM'e]
Jj=1
where A; and &7 are, respectively, eigenvalues and eigenvectors available from

(M + K')ol, =

~ and

JPL TECHNICAL REPORT 32-1598




If ¢, is the 6n, by 6n, matrix

o =[of 07 - - - o]

the transformatmn

gk = on* (66)

may be used to transform Eq. (65) into

i* + oin* = oL, (67)
where .
Li=-M*"Zoy — iZyo)o* — M Ty 2 Cr&p™*
re®
—Mkzuocko% +Ak+MkEUO 2 Ck’ZUo G)TL¢’
re® —k
_Mkz vo 2 Ckr~ re rDrk
re® -9
If the modal coordinates 1, n%, ..., 715 are now truncated to the set

e ey "IN (as symbolized by the overbar) and modal damping is also in-
corporated, Eq. (67) becomes

7%+ 2,5,5" + 507% = oL, (68)

Returning to the vehicle substructure equation, Eq. (64), the truncated modal
transformation, ¢* ~ ¢,7j*, may be substituted and the result combined with Eqs.
2), (3), (5), and (6) to give

A% + 2 A%+ 3 A%Gk= ¥ C™E* (69a)
JjE® ked ked

(ie?) A'°°+2A'fy+2,4"‘ k=g ze,C"‘Ek+1' (69b)

je?
where
00 2 2 Cqu)kr‘CrO’ 3by3
kER red
A%= 3 3 C%PFrCl,g, 3byl
ked re?

= COk(Akr+ 2 CkrDrkCrkPk) 3 by Nk
red

AP = gl'kzq Eza Cikeikq,kra Cro, 1by3
[=3 r

AT=g’ ¥ 3 Cike, " D Cigi, byl
kE@ re®
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Aik = gir(chikzkr+ 2 €i’(?krD"rkcvlt'}-)k)’ 1 by Nk

red

Ek =Tk _ 'rf!‘ — z)kgk(ak + %1:) + 2 D"er{uFr
red

ck+ G.)]L 2 Dk’Ck'(:)’(:)’D’k
red -

i"-(cm%%r)-

=k gkk  k k e oy
— otk - Y o 2 C%,u/'gH;
re® JjE?

+ 9, &k > Ck&ra'D™, 3byl
re® -%

@¥* = JUCH + O, EXCHD™ + O, D¥CHE,  3by3
Ak = &-’kTMk(Eou - 72 yo) N,by3
Pk=3T M*s*, 3byN,

I(E"’ does not include the effects of appendage deformation.)

As in Egs. (32) and (33), substitutions have been made for #* and 4* based on
restriction to three orthogonal axisymmetric rotors in 4, with spin axes aligned to
the unit vectors {b*}, and the relations in Egs. (43)-(45). Again, it is to be
understood that any rotor's moments of inertia are to be included in J*, the
undeformed substructure’s inertia dyadic for o,, and it mass is included in the
substructure mass, M, .

Operating on the appendage equation, Eq. (68), in a similar way provides
(keF) A4X%°+ 3 4%+ 3 a™q7=0Q* (70)
JE? reg

where .

A*® = RkCHO . pKT 2& C¥D™*C®, N, by3
re

AY = (chkfejk -PS C"’ﬁ”‘c’fej,)gf, N byl

res

A”‘=—1—""TC"’%, (r#k); N.byN,

A*=U, (r=k); N,byN,
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0* = — 25,7 ~ a27* — Pr'CH % + 3TN

- E (chkjejk — pkT 2 CkrD.rkCIjej’)a)jgj."G_

_Fkr 2 Ck’(:)’(:')rDrk, Nk by 1

where modal damping, £, has been added (see discussion in Section IIIA).

The substructure and appendage equations may now be combined into a single
matrix equation of the form 4x = B,

F CO%EKk
A(X) |AO] |A0k i"0_ kZ%
ISR . = T " --"" (71)
A | 4T A4° ¥; g Y eC*EF + 1,
----- I R - ke®
Ako IAkj 'Ark 2 | ] = === - ;.__..
i Q

Again the elements of A are, in general, time-variable because of substructure
relative motion. 4 is also symmetric.

Very often, one can justify making the assumption that a// the variables, i.e., w°,
] k. and their derivatives are in some sense “small” and a complete linearization
of Eq. (71) may be carried out. The computational benefits of a total linearization
are quite substantial since the coefficient matrix, 4, then becomes formally con-
stant, allowing its inverse to be computed only once, in advance of numerical
integration.

If each symbol in Eq. (71) is expanded into three parts, the first being free of the
variables w’, y;, 7, and their derivatives (indicated by overbar), the second being
linear in these variables (indicated by overcaret), and the third containing terms
above the first degree in the variables (indicated by three dots), and if one then
determines explicit expressions for the new barred and careted symbols from their
definitions, the linearized form of Eq. (71) becomes

A%+ 3 A%y, + 3 A%k = 3 [CH(E*+ E*)+ C™E*] (72a)
JEY ked ked

(eP) A%+ 3 ATy + 3 A*ik

JjE®R ke
= gi' 2 ‘.‘k[éu‘(fk"' ék)+ éikfk] +E A - (72b)
keP
(ke® A%+ 3 49§+ S Ak =0k 0F (72¢)
JjE? reg
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where

AY = A + A+ - - .

EX=FE*+ E¥+ ...

: etc.,
and
C7 = C/r = U = 3 by 3 identity matrix
éq= _ngpy (r>./)
A, - A T‘ .
Cr=v,=(C")
Specifically,
=3 3 o '
keEB red
A%= 3 3 g
keED reP

A0 = Ak 4 2 D-rki-,'k

re®
T0=5" 3 3 o
kEDP re’d
A=g" T T e,
ke® re®

Ak =gi"(€ik3k7+ 2 Eirﬁrkpk)
res

Ef=Tt-5f+ 3 DUF
res

A - . - AL ~ A = O, =\~
E¥ =Tk - ;}; - ~k3’k‘,’)’z‘ + 2 DkrckrFr + 2 DX F + Fk - ( k F) L‘k
re® re® M

AK0 = Ak _ pkT > D« :
re®
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It would remain then to determine T*, T, FX, F*, F, F, X*, AX, 7. %, etc., for the
particular system under study and to carry out the computations in Eq. (72).
However, in constructing a subroutine to perform these computations, it was found
to be more efficient to directly manipulate the combined form

A%+ 3 AYy+ T A%k = 3 C™E* (73a)
jE® kes ked :

(GEP) 4%+ 3 A%+ I A% =g" T . C*E*+7  (73b)
JE? keg ked

(k€F) A%+ T T%+ 3 A% =
je® reg

where
E*= E*+ E*
Cik= Tk 4 Cik
T=F 4T
etc.

By avoiding the separation into the parts E¥, EX, etc., the computation becomes
more efficient even though some second-order terms in the linearized variables are
retained.

B. Subroutines MBDYFN, MBDYFL

The Fortran V subroutines MBDYFN and MBDYFL were written to provide
the solutions to Eqgs. (71) and (73), respectively. As in the case of MBDYFR, these
routines are also exercised by either of two call statements, the first of which
initializes the program with the system constants.
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Initializing Call Statements

CALL MBDYFN(NC, H, MB, MS, PB, PS, G, PI,
NF, F, EIG, REC, RF, WF, ZF)

or

CALL MBDYFL(NC, H, MB, MS, PB, PS, G, PI,
NF, F, EIG, REC, RF, WF, ZF)

All the arguments in these call statements are defined exactly as given in IIIB,
with the exception of the two new arguments, EIG and REC. Notice that the
MBDYFR inputs ER, EI, SR, and MF no longer are used in these routines. The
input arrays RF and EIG are used by the subroutine only if there are nonzero
external forces and torques A * applied to an appendage.

EIG(n, i, j) = array of elements of ¢4; n=1,2,..., ng i=12...,6n;
k=F(n 1) j=12,...,N. (Note! This array is not used by
the routine if A%, for all k € %, is zero.)

REC(n, i, j) = array containing the “rigid-elastic coupling coefficients,” A* and
Pk n=1,2...,n5 i=12...,6 k=F(n 1) j=
,2,...,N. (Fori=1,2,3, the elements of REC are those of
Pk for i =4, 5, 6, the elements are those of A*".)

In order to compute the angular accelerations @°% ¥ ..., ¥, and the modal
coordinate acceleration vectors 7% (k € %) at every numerical integration step, the
simulation must repeatedly enter the subroutine using the dynamic call statement.

Dynamic Call Statement
CALL MRATE(NC, TH, TB, TS, FB, FS, TF, FF, GM,
GMD, GMDD, ET, ETD, WO, WDOT, ETDD, HM)

where
ET(n, i) =array of appendage modal coordinates, 7*; n=1,..., ng.
k=Fn 1,i=1...,N.
ETD(n, i) =array of modal coordinate rates, §*; n=1,..., ng
k=Fn, D, i=1...,N,.
ETDD(n, i) =solution array for modal coordinate accelerations, n*;
n=l,...,n/;k=F(n, Doi=1...,N,.

and all other arguments are defined exactly as in [I{B.

Again, it should be noted that MBDYFN and MBDYFL do not incorporate the
terms in E* that describe rotor torques on #,. The user must include these terms. if

rotors are present, in T* (or T*) as it is formed in the main program.
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Also, if any of the y; are to be prescribed, appropriate values of ¥,, as well as y;
and y,, must be supplied to the subroutine by way of the MRATE dummy
arguments GMDD, GM, and GMD, respectively.

When either the MBDYFN or the MBDYFL subroutine is used, the main
" calling program must contain Fortran “type” -and-storage allocation statements.
The mandatory statements are:

Required Specification Statements
INTEGER NC, NF, H(n,, 2), F(n, 3), PI(n + 1)

REAL MB(7), MS(n., 7), PB(n_, 3), PS(n_, n,, 3),
G(n, 3), TH(n), TB(3), TS(n,, 3), FB(3), FS(n_, 3),
GM(n), GMD(n), GMDD(n), EIG(n,, 6n,, N;), REC(n;, 6, N;),
- RF(n,, n,, 3), WF(n, Ny), ZF(n, N
TF(n,, ny, 3), FF(n,, ny, 3), ET(n,, Ny,
ETD(n,, N;), WO(3)

DOUBLE PRECISION WDOT(n + 3), ETDD(n,, N,)

In order that storage allocation for arrays internal to MBDYFN and MBDYFL
be minimized, the following statement must appear in the subroutine:

PARAMETER QH = n, QC = n,, QF = n, NK = n,, NKT = N,

The proper placement of this statement in MBDYFN and MBDYFL is shown in
their listing (Appendices D and E).

C. Sample Problems

To illustrate the use of subroutines MBDYFN and MBDYFL, a sample problem
suitable for computer simulation will be described. The test vehicle to be simulated
has the configuration shown in Fig. 10—a rigid central body, 4, a rigid platform,
é |, which is hinged to & (2 degrees of freedom), and a flexible appendage, ,, also

- attached to 4.

0 . f91 /gz

s
o)

B

N\

Fig. 10. MBDYFN, MBDYFL simulation test vehicle
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For this example, the numbers used to describe the test vehicle’s mass properties,

- including the appendage, were taken from an actual spacecraft design. The ap-
pendage model includes the characteristic vibration modes of four solar panels, a
parabolic antenna, and several other structural members.

Test Vehicle Constants

The following numerical constants are required for initializing the subroutines:

My = 79.0 kg
M, = 1.93 kg

1230.

sym.

-

4.75

sym.

16.29
1290.

0.
5.53

4345
-61.75
1650.

kg-m?

0.

0. | ke-m?

1.32

Let the modal model for appendage a, (&,) be truncated to seven modes, i.e.,

Ny =1. Thus,

PO =37M%, =

0338 1+ 0106 ' .0023
0017 | 0011 | —.0182
— 8678 : — .00005 : 0.

a7 = Eov + Zhof) M %, =

0814 1 4236 12130
1717 | 1230 | —.2386
0080 ! 0019 ' 0009
5,=27[.5756 6134 6134

-
N
228

| — 4081
! 5930
| - 0521

6307

) —.6055 1 —.3050 1 —.0276

| _5381 | 1753 |, .1051

16z ! sses ! 3919
kg-m

17577 1 -4320 1 2.032

| 4020 |, ~.1589 | —2.061

12520 ! -.9205 | 2761
kg-m?

2723 2963 3.047]) rad/s

E=[20 20 20 20 05 .05 .01]"
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Als_o, let

g=[0. 0 1]

]T

(=]

L

A
~

=0 o0 o], p°=[0 o0 o
Since no external forces or torques will be applied to the appendage, the eigenvec-

tor matrix :50 is not needed, nor is the matrix 7, Finally,

n=1, nf=l, ny=1, Ny=1

The integer ny, which indicates the number of sub-bodies in the appendage model
and is only required if external forces and torques are applied to appendage «, has
been set to the smallest acceptable value that satisfies dimensioning requirements.

The initializing call statement arguments therefore become
NC=1
H=[0 2]
MB=[1230. 1290. 1650. - 1629 —-4345 6175 79.0]
MS=[475 553 132 0. 0. 0. 193] '
PB=0 .
PS=0

PI=[0 O 1] (assuming no prescribed hinge motions)

NF =1
F=[0 1 7]
EIG =0
REC =
[ 0338 ' 0106 ' .0023 ' .0032 ! =.6055 | =—.3050 ' —.0276
[} |
0017 | 0011 |, -0182 |, .0010 , —.5381 , 1753 |  .1051
~ 8678 ! —.00005 o, ! 2234 ) 1962 ! 5585 L 3919
0814 | 4236 12130 | —.4081 | 7.577 1 -4320 , 2032
17.17 :12.30 :-—.2386 : 5.930 : 4020 : —.1589 :—2.061
0080 1 0019 + .0009 ! —.0521 1 2.520 ' —-9205 1 2761
| 1 1 | | |
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WF =27[.5756 6134 6134 6307 2723 2963 3.047)"
ZF=(20 20 20 20 .05 .05 .01]

Test Vehicle Dynamics

As before, the platform hinge connections will be defined as being of the linear
spring and viscous damper type, but the position commands will be deleted, so that

= —Kyy,~ B,y

7= —Kyv;— By,
where

K, =900.n-m/rad

K2=850.n-m/rad

B,=100.n-m-s/rad

B,=100.n-m-s/rad

The vehicle response to be simulated in this example will be that due to an
arbitrary sequence of force and torque pulses applied to the reference body, £, A
rectangular pulse of thrust will be applied in the b3 direction with magnitude 300 n
and a duration of 2 s, starting at ¢ =.5 s. This will be followed by a I-s torque pulse
in the b? direction of magnitude 10. n-m, starting at 1 =3.5 s. And the last
disturbance will be a 1-s torque pulse in the b} direction of magnitude 10. n-m,
starting at ¢t = 6.5 s. The computer program for this dynamic simulation is given in
Fig. 11.

Initially, the system is assumed to be completely at rest. Again, the CSSL 111
language function, “STEP,” is used to construct the applied pulses. Only the
angular rates of £, are calculated in this example; its inertial angular position is
not computed. Appendage modal coordinate rates and positions are both provided,
although only the rates are plotted in the system responses of Fig. 12. A sample of
the printed output is shown in Fig. 13.

. Notice that by far the greatest disturbing effect to both platform and flexible
appendage is due to the applied force. However, the changes in w® magnitude due
to the torque disturbances are quite significant. It is not clear to what extent the
platform vibrations are coupling with appendage vibrations and reference body
motion, although the platform rotations are small in magnitude.

It is apparent that the applied force (fixed with respect to é,) caused some slight
accumulation of system angular momentum as the system mass center moved in
response to platform and appendage vibrations. This small amount (.17 n-m-s) was
dwarfed, however, by the next pulse of torque, so that after 4.5 s, the angular
momentum should have been approximately 10 n-m-s. The last torque pulse,
applied orthogonally to the preceding one, would then raise the total angular

momentum magnitude to slightly more than V( IO)-2 + ( lO)2 = 14.14 n-m-s. The

simulation printout shows a computed value of 14.25 n-m-s.
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CssL_ L1l
see STARTY

PROGR
*5¢C40
COMME

OATA
DATA
DATA
DATA
DATA
0ATA

DATA
DATA

INITI

$700

END

WJET PROPULSIQN _LABUOKRATORY 04Q374%A0020 021775021424

T(RUN)® 4,518 T(TaSk})s 0003 (TP [ o BY4Y
DTI{TASK)® «003 DOCTP - 'S4y

AM  2<BODY VEMICLE WITH FLEXs APPENDAGE
20 BLDG/198,BUX/601,CAMERA/IINFRAMES/S0
NT

ARRAY MBC7)4uSC1 71 4PB(3)yPS{L,843196¢2,3)

ARRAY El1G( 1 ,6,7) RFUL0E03) RECEI0647)mFiLs7) 2FL327)

ARRAY T8(3),TS(143)¢FBLIIFSEE42)o6M(2),GMD(2),aMDD(2)

ARRAY THU2) swOt3 ) oTF Ul a0 a3)oFFilad 3 eE€TH107)4ETODI147)

DOUBLE PREGCISION WOOT(S),ETO0(},7)

INTEGER NC NF H(1,2),F(143),P1(3)0tb
HUVoL)/G/NiL02)72/P17Q0Q0 )/
FULadd/W/F 3020 78/F 4143077/
MB/1230°01290601650912060291°43¢4516}075,7%ey/

NS/ 9075156530 §032,0010910003093/
Glled)/7beral2, 00/ 0/
REC/403375490016549°98678,+084381170¢1710007965 9000
0IUSS 100011041 20460B8E"47504236012030400185% 100
0002335,°,018108,5:4731E=5021¢3+°02386)0000%1840¢9
0009244100101 9120234, %¢9081509300%+052 11000
©040551°e5381 21 ¢702:70577 0040201282010 :
CeJUBQI 19753105585 124032179158919¢92081000
©0028762101061+103919,20032:72006( 02761/
WF957500e4)337 0081337106307 1126723920963030047/
1FFe200°2010200+20+9050¢050401/

CONSTANT FINTIN® 100 sCLKTIMa?004PIESI014159265

CONSTANT Ki=900+,819100¢,K25850+,82¢]00,

Ab ..

NCay 3 NFw)

00 57 b=y ,7

WFiLsLIowFLl,L)e2.0PE

CALL MBOYFN(NC ,H MByHS ,PB PS G Pl NF,F EIG RECRF WF 1y

DYNAM|C

OERIY

NOSOR

COMME

IF(TIMESGTeFINTIM) GO TO FIN
STPCLK CLKTIM
"QUTPUT 10oW)  W2oWI NX I NYoFZIETALIETARZ1ETAIETAYIETAS ,ETAGIETA7 2o
ETDLJETDZ2+ETDIsETOYIETOS1ETDO JETO7 ¢ANGM N Dy w209WID9 000
GMIiGMIDIGHE,GN2D
PREPAR WL W2 , N3 ,NXyNY ) FZ4ETDL)ETO24ETOIETOHIETOSIETDO ,ETD7 000
ANGM,GM1,GM2,GMID,6M2D
ATIVE  80DY2F
VAR ABLE TIME®Qe 3 CINTERVAL (=0l
RERROR Wiw]legme ] MERROR wisldE=s
T
eMD(1)%eM)p GMil)sgM}
GNO(2)%6N20 s eMt2)mGM2
ETC 1 1%ETAL S ETUL)2)8ETA2Z S ET(IJIBETAd s ET(1oY)mEqAd
ETCL SI®ETAS S ET(116)SETAC S ET(1,7)ETAT
ETO(1,4)%ETDL & ETDOI1+21%ETD2 8 ETOUL4II®ETGI & ETO (1 41mETOY
ETO(1,9)%ETO5 8 ETD (1 +6)%ETDO 8§ ETD( | 47)%ETD7
WO(llew) S wol2)eW2 $ wO(3)swd S ANGM=HM
NT'O'
HINGE TORQUES
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COMMENT
TH(})s®"K)1oGM] = BIoGMID
TH(2)s"K20GM2 » B20GM2D
COMMENT e 0o
FORCE EQUATION
COMMENT
FZR(STEP(eS+TIHE)»STEP(2¢5,TIME) 123000
FBid)et2
COMMENT 00
ENGINE TORQUE
COMMENT
NXS(STEP(Ie5, TIME)=STEP (4¢G5, TIME) e 100
NY® (STEP(4o5 ,TIME)SSTEP(7+5TIME) )00
T8(1)mNX S Ta(2)=Ny
COMMENT 0o
SOLUTION FOR SYSTEM ACCELERAT[ONS
COMMENT :
CALL "R:tE!Nc.TH.TB.TS.FB.FS.YF.FF.GH.GHD.GNDDo27oE?n.uO.'oOt.-o.
ETOD  HM
WiDawOOT(1) s w20ewDoT(2) S w30=swDOT(3)
-COMMENT a0
SYSTEM RATES AND POSITONS
COMMENT .
WioINTEQ(WOOT(]),00)
W2mINTEGIWDOT(2)-,0¢)
WIs INTEGIWOOT(3),0¢)
ETOI®INTEG(ETODD (1912 ,04)
ETD2eINTEG(ETOD( 420 ,04)
EYDISINTEG(ETOD(1,3),04)
ETOYSINTEGIETOD(194) 404
ETDS®INTEGIETDO 1 95) 400
ETD6SINTEGIETDO (1460 ,04) ETAS® INTEGI(ETD6 0o}
ETO7®INTEGIETOD 147),001) ETAT=INTEGLETD7 100!
GMID®INTEG(WDOT(4),40,) $ GM)oINTEG(GMID,00)
GM208 INTEGIWQOT(5),0,) [ QM2 INTEG(GM20,0¢)

ETAJ®INTEGI(ETO 1100}
ETA2@INTEG(ETD2,0¢)
ETAISINTEG(ETDIsUe)
ETA4Y® INTEG(ETD4 9004}
ETAS®INTEGIETDS 00

END

END

END

TERMINAL

FiNgs CONTINVE
END

END

Fig. 11 (contd)
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Fig. 12. Test vehicie simulation resuits using MBDYFN
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Fig. 12 (contd)
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Exactly the same simulation can be made using the linearized subroutine version,
"MBDYFL. The only change necessary in the simulation program -of Fig. 11 to
allow the use of the linearized version is the change of ‘““CALL
MBDYFN(NC, ...)” to “CALL MBDYFL(NGC,...)"” in the initialization sec-
tion. This was done and.resulted in solutions for the system response which are
“virtually indistinguishable from those plotted in Fig. 12. However, some slight
deviations are detectable in the printed output shown in Fig. 14 when compared
with the MBDYFN results of Fig. 13. The major difference between the two
simulations in this case is reflected in the computer running time. A total of 2 min
of accountable central processor time (Univac 1108) was required by the program
using MBDFN as contrasted with only 1 min of central processor time used by the
MBDYFL program. In addition, memory storage is considerably reduced by the
use of MBDYFL, so that the overall cost of producing the desired solutions in this
case is significantly reduced.

Another convenient method of reducing computation time and therefore cost
under certain circumstances is to use these subroutines’ prescribed variable option.
By setting PI(i) = 1, the hinge angle variables y,, v;, and ¥, may be prescribed, i.e.,
defined by the user in the main program rather than computed within the
subroutine. When this is done, any expression in the main program defining the
hinge torque 7;(TH(¥)) is ignored by the subroutine. The equations normally solved
by the subroutine to obtain ¥, are then deleted from consideration, thus reducing
the system order and speeding up calculations.

For an example of this approach, we can return to the program of Fig. 11, using
MBDYFN, and change PI so that PI(1)=1 and PI(2)=1 (leaving PI(3) =1
unchanged so that the angular momentum calculation is still performed), as shown
in Fig. 15. This means that the platform hinge rotations are to be prescribed.
However, by not defining any function for GMDD(1) and GMDD(2), these
variables remain zero, as will their integrals. Thus, the simulation will proceed as
before but with ¥, =y,=1v,=0 (i =1, 2); i.e., the platform will be “frozen” or
rigidly connected to 4.

The system- response (with identical disturbances) in this configuration was
simulated, and the plotted results were indistinguishable from those in Fig. 13. A
sample of the simulation’s printed output, shown in Fig. 16, indicates clearly that
“freezing” the platform has had no significant effect on the dynamic response of
the reference body or the appendage modal coordinates. However, some numerical
differences are discernible in the printout.

Thus, prescribing the platform’s “motion” in this case did not appreciably
change the overall result and, as a matter of fact, took 15 s less computation time
than the original run with no prescribed variables, a saving of §.

V. Summary and Conclusions N 76 12 b é 5 |

In this report, detailed mathematical models have been developed, suitable for
describing the attitude dynamics of vehicles that may be idealized as systems of
interconnected rigid bodies with possible terminal flexible appendages. The result-
ing mathematical formulations apply to two kinds of system behavior: (1) generally
arbitrary rigid-body rotations with the restriction that appendage base body devia-
tions from some nominal constant spin rate aré small, and (2) unrestrained
rigid-body rotations with the restriction that appendage base motion deviations
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CSSL 11 JEV PROPULS[ON LABORATORY 0403749°A002H 021775-225735

see START TIRUNI® 7,986 TITASK!S 1003 CTP +535
: DT(TASK)a ,003. 0CTP ,535

PROGR, M  22800Y VENWICLE WITH FLeXe LPPENDAGE (FROZEN PLATFOrM)
*5C4020 BLPG/198,80x/7601 CAMERA/IN'FRAMES/SO
COMMENT :
ARRAY MB(7) MS(1,7)PB8(3)9PStI,143)0602,))
ARRAY EJGUI 2807 oRFEL 11031 RECE11607)anrlL07)o2Fl47)
ARRAY TB(3),TS(3,3)sFB(3)9FS(1,3)yG6M(2),GMD(2),6M0D(2)
ARRAY THU2) sWO(I)oTF U0 sd)aFF Lol s d)sET L0720 ETD (L)
OQUBLE PREC]SION WDOT(S) ETOD(},7)
INTEGER NC’NF.H‘l.2’.'(]."0"‘3"‘
DATA MUVoL)/7U/H(392)72/PL/ 000/
DATA FULaL)/U/FLL020717F 81,3077/
DATA nB/123091129001165000°160279°4304510075,7%0g/
OATA MS5/49¢7515¢5311032¢0¢00¢:s00191¢93/
DATA GU1sd)/1e/Gl2,1)7)0/
DATA REC/¢D3375+90016541°08678,0¢08135017¢3714G07955000
oQ1US500001 1041”0 4008EH10e4236012030400185% 1090
. 000233512018 18:2¢4731E=59230¢39°0238640000%18s000
00032441 000101402023 4:%04083+5093091°6052 )00
®060950°96381¢1096207¢57710402012¢520000¢
®e3UB01107530¢556851°4¢32:1°¢1589)%0%20501000
. ®90R87620010500039179200321720061902761/
DATA WF/057500063337,9261337966307112072312+%63030947/
DATA 2F/902019201920¢420490504051401/
CONSTANT FINTIM®1001CLKTIM89004sPJE®I 41567246
‘CONSTANT K1®900°B1®1000¢:K2%8500¢+82%,00,
INITIAL : - '
NCm= | [ NFe|
PO S7 L™1,7
S7e¢ WFLLyLI®WF L), L)02,0P]E
CALL MOUYFN(NC,H M8 M5 P8 PS,G ,P| NF ,F,E1G,REC,RF ,WF 2¢)
&END
DYNAM]C
IFITIME2GToFINTIN) GO TO FIN
STPCLK CLKTINM .
QUTPUTY IO.II.IZ.N),NX.NV,FZ.ETA!.EYAZ.ETAJ.ETA".E?AS.£1A5.51A7nn
' ETDIETD21ETOIVETOYIETOS1ETOO L ETOZ )ANGHM W ID w20 sN3D1 00 e
! GM12GMI01GM2,GM2D
PREPAR Wl oW, W NXINYIFZoETOLIETDRIETOIETOYETOS5ETD6,ETD7 9000
ANGM,GM1 ,GMZ,GMID,GM2D
DERIVATIVE 80pY2r-
VARjABLE TIMgwge S35 CINTERVAL Cl=e0l
XERROR Wi®l¢E=p $ MERROR wi®)eEme
NOSORT
GMDIJ)I®GMID 8 enel)egh
GMD(2)%GM2D0 s GM(2)9GMH2
ET(L+1)®ETAL 8 ET(1)2)2ETAZ S ET(10J1%ETAI 8§ ET(],4)0E¢Ay
ET()1,5/%ETAS § ET(1,6/2ETAG S ET([47)VETAT7
ETD(I+i)mETD] s ETPI102)%ETD2 3 ETO(193)%ETDI S ETO(1ou)®ETOY
ETO(145)%ETDE 3 ETO(106)0ET06 8 ETD(|97)ETD?
WOoljilew) S wo(2)9w2 S wOl(J)ew) S ANGMapM
COMMENT 00 : -
HINGE TORQUES

Fig. 15. Simulation program for test vehicie with prescribed platform motion using MBDYFN
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COMMENT
THiJ)}woKioGM] « BlegulipD
TH(2)e"K2eGM2 » B2°GM20

TB(j)eNX s TB(2)mNY
COMMENT e

COMMENT

ETOD,HHM)
COMMENT e

COMMENT
WISINTEGIWDOTL}),04)
W28 INTEGIWDOT(2),00¢)
WIS [NTLG(WDOT({3),04)
ETOISINTEGIETDD(1el) 404
ETO2®INTEGIETDD(}¢2)404)
ETO3sINTEG(ETOD( 931 ,0,)
ETOY®INTEGIETOD(194),404)
ETOS®INTEG(ETDD (] 95) 40 ¢)
ETOGwINTEG(ETDOD(196)40,)
ETO7SINTEGIETOD 107 ) 4042
GMID® INTEG(WDOT(4) U0
GMZ208 INTEG(WQOAT(5) ,0,)

END

END

EnD

TERMINAL

FiNees CONTINVE

END '

END

WiomWpOT()) S wWw20"wWOOT(2)

COMMENT s o0
_ FORCE EQUATION
COMMENT
FIo(STEP (45, TIME)~STEP(2¢5,TIME))*30g,
FBLI)wF
COMMENT 00
ENGINE TORQUE
COMMENT -

NAS(STEP(JeS , T ME)=STEP (4¢SS5, TIMg))e]l0e
Nv-tsr59(¢-5.txne)-srﬁr(7-s.Tanli-|o-

SOLUTION FOR SYSTEM ACCELERAT]ONS

CALL MRATE(NC,TH,TB,TS FB FS,TF FF,GM,GMD ,0MDO ,ET ET0,w0 ,%00T y0q,

S wipewporid)

SYSTEM RATES AND POS)TONS

ETAISINTEGIETD 200!
ETA2SINTEGIETD2,00)
ETAJ® INTEG(ETDI,00)
ETAS®INTEGL(ETO4,00)
ETAS®INTEGLETDS,00 )
ETAG®INTEG(ETD640¢)
ETATSINTEGI(ETD7+0¢)
GMI®INTEGIGMID .00
GM2eINTEG(GM20,0,)
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T
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"
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Fig. 16. VSlmulquon printout for program using MBDYFN with prescribed platform motion




from a nominally zero angular rate are small.:The second approach was then
further restricted to the often very useful assumption that a/l system rotations are
small, permitting a fprmal linearization with respect to hinge and reference- body
rotations. Of course, appendage deformations are assumed small in every case.

~ Three FORTRAN subroutines were then described which solve the equations of -

motion for these three cases, namely, MBDYFR (for spinning appendages),
MBDYFN (for nonspinning appendages), and MBDYFL (linearized. for small
rotations). Each of the routines has much the same functional appearance as those
programs described in Ref. 6.,i.e., an initializing entry and a dynamic entry point,
with the only differences being the addition of appendage-related parameters,
variables, and forcing functions. The routines also retain the option of user-
prescribed rotations at selected hinge connections. However, an additional option
provided in these programs is that of calculating angular momentum magnitude,
which at times provides a valuable check on computational accuracy.

In applying MBDYFR, one can conclude that the mathematical difficulties
introduced by spin have forced not only a first-order transformation to obtain
uncoupled coordinates but, as a consequence, two coordinates per mode must be
solved for in the subroutine. However, what appears to be a computational
disadvantage in this case may well be softened by the necessity to consider fewer
modes. Some other-difficulties are also introduced by this particular modal trans-
formation. The presence of both the modal coordinate position and rate in the
expressions for appendage deformation and deformation rate can lead to signifi-
cant error if modal damping is inserted (thus disturbing eigenvector orthogonality)
and large steady-state appendage deformations are present. The user must ensure
that any appendage deformations in the damped case remain essentially oscillatory
about a nominally zero mean. MBDYFR, as it-now stands, also forces the user,
regardless of which appendages are spinning or not spinning, to formulate each
appendage’s modal description using only the first-order transformation, i.e., as if it
were subject to spin. While it was much more convenient to program MBDYFR in
this way, future requirements for improved computational efficiency may make a
modification of MBDYFR desirable. Still, in spite of these particular characteris-
tics, it is felt that MBDYFR can be successfully employed in a wide variety of
applications because of its inherent generality and versatility. In addition to the
prescribed variable and angular momentum calculation options, the user may also
choose to use MBDYFR to directly calculate the steady-state deformations due to
centrifugal forces. This is accomplished by setting SR, the nominal appendage
spin rate, to zero even though, in the simulation, the appendage is spinning. Setting
SR to zero restores the centrifugal force-terms to the equations, and appropriate
deformations will appear in the solution. However, as indicated before, the greater
the modal damping under these circumstances, the larger the numerical error will
be in the steady-state deformations due to spin.

The routines MBDYFN and MBDYFL are of more immediate utility at JPL
since current spacecraft designs here are three-axis-stabilized. They represent a
generalization of the hybrid-mode concept, developed in Ref. 2, to the rigid-body-
tree approach. As a result, it is no longer necessary to add special terms and
re-derive equations of motion in order to accommodate discrete rigid-body rota-
tions (or translations) in the system (as was done, for example, in Ref. 9 for the
Viking Orbiter with flexible appendages and rigid propellant slosh masses). Even
translational dampers can be reasonably well approximated within the hinge-
connected tree system. Because of its speed advantages and because it usually

JPL TECHNICAL REPORT 32-1598



74

provides acceptable solution accuracy even when rotations are not strictly small,
the completely linearized version, MBDYFL, will offer the greatest utility among
the three programs at JPL for routine control design studies.

To make these subroutines more easily available to the aerospace industry, they
have been submitted to COSMIC (Computer Software Management and Informa-
tion Center), University of Georgia, Athens, Georgia, for evaluation and dis-
semination to interested agencies and institutions.
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Appendix A

Effects of Damping on Rotating Appendage
Equationsr o -

In Section IIIA, it was pointed out that the addition of viscous damping-like
terms to the already transformed appendage equations, particularly for the case of
a nominally rotating appendage /base, is mathematically not justified. However, the
insertion of modal damping terms is usually thought to be justified on the practical
basis that it reasonably and more conveniently represents the physical response of
systems as determined from actual test data.

However, it may be useful to illustrate how and to what extent the mathematical
inconsistencies so introduced may affect computational results. For example, one
can show that the insertion of modal damping into Eq. (26) mtroduces errors in the
steady-state values of §%, 7j*, and therefore the deformations q* and ¢*. This can be
seen from the following. Repeatmg Egs. (26) and (27), we have

- §% = —gkqk — GKTTL, — E4gk5* (A
7% = 5'8% — ML, —F e q* : (A-2)
g =28 - Ti*) (A-3)

= —2(T,5"5* + §,5"7%) (A-4)
g* = —2(T, 3% + §,5*7*) (A-5)

If we now examine ¢* and ¢* when §* and 7* have reached a steady-state

condition, i.e., when 8% = 7% = 0, we have, from (A-1),

gki% = —*TTL, — E*5*6*

and from (A-2),

Substituting from (A-2) into (A-1),
k= -TTL, - a""é"a"[@’L,; + a""é"a"ﬁ"]
or

=k — _I_*Z'L;( _szkTL;‘ - gkzk,'—’k

JPL TECHNICAL REPORT 32-1598

75



78

or.

Ak = (U (T~ B)L (A9)
Substituting from (A-1) into (A-2), |
= gL+ 3+ ek ~TTL; - é"“Z"a"E"]

or

8% = §TL, — §*TL; — EAE46*
) , _

5k = (u'+ BEC) '(47[ - THL, (A-7)

Fréin_ (A-s), (A-6), and (A-7),
gk =2, (U + 8T (W - BTDL - DU+ 88) (-TT-89)L

gk =2 R U - BTD) + T U (T + B9 | L, (A-8)

where ]
Up= (U +343°)
From (A-4), (A-6), and (A-T),
q,’,‘ = 2[¢k6kU£— l(f[ + gk\;kr) - fkakue— '(J[ - Ek fD ] LL‘, (A'9)

Notice that from (A-9), ¢ # O in general! However, as {* becomes infinitesi-
mally small, (A-8) and (A-9) approach

gk =2[ b7 + T.TT]Ls
and
Gos = 2[@6"?[ - .I_‘kak‘L-kT]LI:' =0
due to orthogonality relations between y, and T,.

The discovery above that, in general. §% #0 when modal damping is introduced
is rather disconcerting. It is further disturbing to realize that if the appendage
deformation rates q" are not zero when the modal coordinates appear to indicate
an appendage at rest, then the angular momentum calculations of the subroutines,
based on §*, will be in error as well.
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Fortunately, we have assumed that the appendage deformations, ¢*, and their
derivatives are small and represent only the oscillatory component of the total
possible deformation. This tends to imply that L; must be very small to begin with
and that the steady-state levels of ¢* (or its derivatives) after damping are “small”

~compared to its transient oscillatory amplitudes. Therefore the errors introduced in
(A-8) and (A-9) should be of relatively little significance. However, one should be
aware of their existence and that they can add to other computational errors.
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Appendix B
System Angular Momentum Computation

i

41"n Ref. 5, Hooker shows that for a dynamical system of the type considered
here, namely, a topological tree of rigid bodies any one of whxch may carry a
flexible appendage, the equations are of the general form

Ax= B
where
%00 ) %ok 1 b o
A= J 1 a 1 b | and x =
b S e
b 16T 1 ¢ 7

and Hooker proves that the angular momentum of this system about its mass
center is the product of the first row of 4. with x:

H= amwo + aOk? + bon (B'l)

and that the 3 by 3 matrix gy, represents the instantaneous system inertia. The
relation (B-1) is precisely that implemented in each of the subroutines MBDYFR,
MBDYFN, and MBDYFL to calculate A (3 by 1). H is a 3 by 1 vector matrix
whose elements are the components of the system angular momentum vector in the
reference body frame. These three elements are available within the subroutine if the
user wishes to extract them. He may also wish to transform them to an inertial
reference frame in certain situations as a check on his simulation accuracy.
However, the normal subroutine function as shown here in the examples and
listings is to supply the user with only the magnitude of H, i.e.,

1
|H|=(h} + hi + h3)*
where

T
H = [hyhyh,]
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Appendix C

. Subroutine MBDYFR Listing and User
Requirements

Subroutine Entry Statements
CALL MBDYFR(NC, H, MB, MS, PB, PS, G, PI, NF, F,
. ER, EI, SR, MF, RF, WF, ZF)
CALL MRATE(NC, TH, TB, TS, FB, FS, TF, FF, GM, GMD,
GMDD, DT, ET, WO, WDOT, DTD, ETD, HM)

Input / Output Variable Type and Storage Specifications

INTEGER NC, NF, H(n,, 2), F(n,, 3), PI(n + 1)

REAL MB(7), MS(n,, 7), PB(n,, 3), PS(n,, n_, 3), G(n, 3),
TH(n), TB(3), TS(n,, 3), FB(3), FS(n,, 3), GM(n),
GMD(n), GMDD(n), ER(n;, 6n, N,), El(n, 6n,, N)),
MEF(n; n, 7), RF(nf, n, 3), WF(nf, N, ZF(nf, N,
TF(nf, n., 3), FF(nj, n, 3), DT(nf, Ny, -ET(nf, N,
WO@3), SR(n;, 3)

DOUBLE PRECISION WDOT(n + 3), DTD(n, N),

ETD(n;, Ny) ‘

External Subroutines Called

CHOLD—double precision subroutine for solving matrix equations of the form

Ax= B
where 4 is a square, symmetric, positive-definite matrix (see state-
ment 1291).
Subroutine Setup

Insert the Fortran statement

PARAMETER QC = n,, QH = n, QF = n, NK = n,, NKT = N,

(If more than one appendage is present, use the largest n, and N, for the
PARAMETER statement to provide sufficient storage.) '
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Data Restrictions
">LW>L%>LM>LM>1
Core Storage Required -
Code: 6500 words

Data: ~ 500 words (minimum; increases with n, n;, etc.)

Listing
le SUBRAUTINE BOYFRINC,ComBoMa PBPAYGPIINF FIERET SRoMFIRFIWF,ZF)
2° (4 '
de (4 ADJUSTABLE pIMENSIONS
qe (4
Se INTEGER Pl¢114+CINC,2)
beo REAL MR(1) MAINC,7) ,PBINC,3) ,PAINC,NC,3)
“1e PARAMETER QCc®2,QH=3,QF ®2 NK®] yNKT=2
8e PARAMETER -NAKB6ONK ,S8QCol ,VaqH*I ,V4s4eV,53aleS,QaqH INHEYN
9o PARAMETER §TaV+2eQFeNKT S4ateST
10e c ' :
ile c ADOITIONAL pIMENSIONED VARTABLES
120 4
13e DOUBLE PRECISION A(ST,ST),B8MAS5(S)
14e INTEGER EPS(Q95)2CPSINC, S ,H(Q) HI(S) FI1IS)sFINF,I)
lge REAL ADO(3,3)AB(3, J)oAOFl(QF.JoNKT’oAOFR(QF I NKT) s AKFR{QF s QN NKT
lae 3).AKFI(QFpou.NKT),Ac(J.J).Ab(Q u».AV(Q.J).AlS(:».a(er.nx.an.uo«qr.
170 SNK 431 sCE(3),CLI3),CKIQF 31 ,CKDIRAF,3)4C0UIAF3),CR(3),Can0iSs3),CV I
18e $3),CW(S,3%, 0X0S$,5),DY(S,5),0Z(S5,5),0X0(S5451,DY0(5,5),020(5,51,00350
19e S(QF.)'.DLKR(OFoJ.NxT).DLKl(QF.J NKT)3DLKROCNF 93, NKT’.DLKI“(UFoS.NK
20 ’7)oOUR(J.NKT)oDUl(J.NKT).DUXO(OF).DUYO(QF).DUZO(QF).EA(J)oER(“F.Na
21 SK NKT),ET(NFoNOK  NKT) JFEXOLS) FEYO(S) ,FEZO(S) 4FS1S,3),601&,3),60(w
22¢ oJ)oG(QoJ’.GK‘QF.J-NKY)nGPSO(QF'J) GRKOS(WF 3 yNKT)I 111912201330 112,
230 S113,123,1XX(S)olYYUS)HIZZUS) IXY(S)HIXT(S),IV2US) ,LAISSIsLY(S,S5),
24e SLZIS,S) ,MSR(S) 1MS ,MF.INF (NK-37) ¢MCKIQF 331 yMCKDIQF ,3),PH(S,343),PSGI(S
25¢ oSoJ).PS(S ﬁ.Jo.H.PK(QF.J.NKT)."GSO(QF.J).PSF(S.S.Josi.PKOS(QF J4N
260 ’Kr).RF(NFoux-JDoSR(QF.J).TXO(S):YYO(S).TZO(S)oT(GoJoJl.ts(s.al.U(q
27 SF . NK,3),UD(QF sNK43) ,¥J1353)svJD(3,37,vJD0IQF 43,31 VE(UF,3),VB(ARF,N
28e SH6K) ,WFINFyNKT) sWEDE(QF 13) s WG (M) o ZFINF (NKT) 4 2SRUWF yNRT ) LS (NF,
29e SNKT) ,AN(3) qHII)
30e EQUIVALENCE (A4PS) ,(LXDXO),(LY,DYV),(LZ,02Z0)
3le NBSNC*!
32 ¢
33 4 DEFINE EPS(KsJ) USING C
Jqe C
3Se D0 84 K=lNC
b6 DO 84 Js2.NB
37 IFIK,EQelJai}) CPS(K,J)s]
Jae IF(KeLTalJdej)) GO TO 87
39e GO TO 86
40° 87 CONTINVE
’ 4t JoeK s+l
42e Jisyal
43e D0 89 LwJ0,y!
440 IFIK.GTolLay)) GO TO 89
45 IF((CPS(KiL)+EQ. l)-AND-(C(J'lol).EQ-(L-l))) CPS(KsJiml
Yoo 89 CONT INUE -
47 86 - CONTINNE
48e- L=0
49 00 | Jsj,Ng¢
Sge KKSC{Js2)
Sie 00 1| K=»j,Kk
52e Lale) .
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S3e
S4e
S5e
S4e
S7e
Syge

S9e

69Qe
ble
62e
63
b4
4S5e
YY)
67
68e
69e
7Qe
Tye
72e
73
T4e
75e
76
77
7ae
79°
80s
8le
82e
81e
Aye
85
840
87
83e
89e
9Qe
9o
920
93
94e
95
P60
97
98¢
99e
100e
101
102¢
103
1040
105
106
107e
108
109e
110e
1110
1120
113e
il4e
115e
116
117e
11de
119
123
12|

[a N a Xalad

a N aXal 4

la W aRakalW

239

242

[aXaXKal

24g

46

[aNaNa¥al

3%

DO } lsi,Ng

EPS(LLr11=Cpgld,l) B

COMPUTE H(1}8C, WHERE lwHINGE LABEL AND CsCONNECTION LABEL

10

DO 8 Jm2,Ng - - ot
KKSC(J=he2)

D0 8 Kn] KK

Isle)

Hilledm]

COMPLUTE Hl¢1)®Js WHERE [s30DY LABEL®!l AND JSNEAKEST HWINGE LABEL

Hit] 1=y

HI(Ng)anH

00 47 lsNH,|
IF(leENet) GO TO 47
Kiss(l)

K2sr(l=})
1F(K1e£QeK2) GO TO 47
Hl(K2*l)18]a)

CONT INUE

DEFINE Fl(y)®sK, WHERE JauODY=LABEL+! AND K IS APPENDAGE=LABEL
(IF x=Q, BODY HaS NO FLEXe« APPLNOAGE)

00 239 Ns=l b
Fl1(Ny=n

DO 242 Xs) NF
JN"“-"“
FliJn)aK

NF sNg

N3dsNRA

DEFINE SUBSTRUCTURE MASSES

MSB (1 )=MB(7)
DO 248 Ns2Z B
MsBinlesnAlnyel s 7)

TOTAL HUMBER OF FLEA. APPENDAGE MODES TO 8t RETAINED

NTMO=O

D0 441 g=| ,NF
NTHOBNTMO®F (K43
NT2s2¢TNMO

INITIAL CALCULATION NF HARYCENTER VECTORS WeR.T, BODY CaGeS
AND MINGE POINTS

IxXty)msmB(y:
Iyy(y)snaia)
122(1)=nai3)

IxY (g t=ndiy)
1X2())1eMB(5)
1YZ(1)1uMB(4g)
BMASGi ) amMg(7)
TMesgMASS (L)

D0 35 J=2.NR
IXX(JImMAlJals])
lV'(J)-HA‘J-lnz)
12Z(ylamnal galsd)
1XY(glmMAl yal o 4)

M -l ' “Y
Ent ORI QA

BMASSIJISMA(J=117) cﬂ?‘e
TMeTM+BMASS (J)
DO 149 st ,NB
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1220

123

j24e

125

126
127
128
129
130

131

132e
123
134e
}135e
1360
137e
138e
139e
140
14]a
142
1430
144e
14Se
1460
147
148e
149
15Qe
1S1le
1520
1530

154

1559
156w
157
158
159
14g¢
161
162
163e
1640
165
1660
1670
168»
169
{70
1710
172«
173e
174e
175
176+
177
178
179
1800
181e
182e
183
'naq.
1850
1860
187
188e
189
190¢

70

400

400

520

80
99

101

163

149

[a e Na X ol

736

1isfa=]

DO 147 ys=i,uB

JIisJael

IF(1.EQsJ) GO TO 143
IF{1.GToJ) GO0 TO 79
IF(1,EQ.1) GO TO 80
IFP(CPSI1100)0EQey) GO TO 400
Lxt1,disPACTLelLs})

LY(] ,JIsPA(glsll,2)

LZ(1 ,J)aPA(1lsl],3)

GO To 149

CONT INUE

00 4600 xs!,u!
IFlCPS(IKyJ)EQel) GO TO 500
CONT INUE

GO To 149

LX(] , JraPAl 4K}

LY(] ,JisPA(1]:Ky2)
LZGT,JiePA(]]l4Ked)

GO TO 149

DO 90 Ls=14y] -
IF{CPS(LIJ3I.EJel) GO TO 101
CONT NUE

GO To 149

Lxt1,J)mPB (L s1)
LY(1,J)ePB(2)

LZUT,JiePB (3}

GO To 49

Lx(),J)m0o, -
LYtl,Jisne

L2l ,J)1e0e

CONT INUE

DO 13 M=)l 4NB

00 13 usiinp

DXIN ,J)eLX (NoJd)

DY (N, JISLY(nod)
DZUIN,J)slZNsd)

00 13 x=iins
DX(N,JI1mDX(NyJ)=(BMASSIK)/TH)OLX(N,K)
DY(N.J)-DV(NnJ)-(SHASS(K)/T")OLY(N.K)
DZ(N.J)-DItNoJ)'(BHASS(K)/T")'LZ(NAK’

NOMINAL SPIn RATE CENTRIFUGAL FORCES

DO 736 Ksi  NF

I'le.x)Ol

RissSaik,1)

R2=sSQ (K ,2)

R3sSR(K,3)

DimsDx((,1)

D2e0y(,1)

D3=D2(1,1)
HlDE(K.|)'.RJ'(R;ooloaloos)*azn(-RZODjonxODZI
WWDE(K42)%R3*(»R3eD24R20DI)=R]®(R|*D2=R2D})
WWDE(K.J)--RZ'('RJODZ‘RZ‘DJ)oRl'(RJ’Dl'Rl'DJ)

CALCULATION OF AUGMENTED. INERTIA DYADICS FOR EacH 80pY

D0 3t N=|,Np

PHIN,1,1)81xX(N)

PHIN,] ,2)®alXY(N)

PN(N.]QJ"-]XZ(N)

PHIN,2,2)81yYIN)

PH(N.Z.J)'-]YZ(“!

PHIN,3,3)172Z(N)

00 30 Jy=lNp

PHINGL o1 )®PHIN,L 1 ) +BMASS(JVe (DY (N, J}oo2+4Dz(Nsy)0e2)
PHINGL «2)apuiNel ;2)=8MASS U )e8XINLJ)2QYIN, )
PHING1,312pu (N1 ,3)=BMASS(QTeDXINJI®DZIN,I)
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191°
192
|93e
194¢
19Se
1940
- - 197
1989

199

200
201 ¢
202°
203
204
20Se
206e¢
207
208
209
21p°*
FARE
212
21)e
214e
215e
2160
217
2180
219
220
22
222+
2230
2240
225
2260

227+ -

228

2290

230~
231
232°
233
234
235
236
237
238
239
2400
249 1
2420
243
244
245
2460
247
N 248e
249
250
251
252s
253
254
255¢
256
257
258¢
259

30

kB

€

202

201

204

206
203

PHING2:2)%PN(N32,2)¢AMASS(J)o(DXINJ)2e2+D7INJ)e02)
PHIN,2,3)8pH(N;,2,3)=BMASS{J)eDYINJI*DZIN D)

PHINGI I ISP (NI 3)e3MASS(JIelDX(N,J)Iee2+DY (N, J)e02)
PHIM,2 1 )pp(Nsl,2)

PH{N,3s1)®pN{Ny1,3)

PHING3,2)8pKHI(N,2,))

COMPUTE PK AND GK (3 X NKT ARRAYS)

DG 261 K=}  NF

LNsF (K ,2)

JNT"‘K.J,

00 201 1s1,3

00 291 Jml yNT

PK(Ksl,J)=0.

GK(K,I,J)=qg,

00 202 L=l N

LLwge({lel)ot

PKAIK 1 J)®PKIK I ) eMp (K, & 7 )8ER(KLL U}
GRIK 1o J)®GR (K1 gU)eMFIKR L 7)PET (K LL )
PKIK,1,J)m2,0PKIK,,J)

GKIK !, J)m2 eGKI(K, 1,4}

CONTINUE

COMPUTE DLKR=AND DLKI=TRANSPOSE MATRICES (3 X NKT ARRAYS)

DO 2n3 K=} NF

LNeF (K,2}

INTeF(K,3)

00 203 Jst,NT

0O 204 (=l,3

OLKR(K,[sJ)u0e

OLKI(K,!,J)=0¢

Do 205 Lsl, N

Ll®bge({L=l)e}

L2eL g+t

Ly 2%}

L4mL3e]

LSaLye*]

LoaLgel .

OLKR(K 41 ,4J)sOLKR(K 41 ,g)oHMF (K ,Ls7)e(E](K)LI,J)oRF(K,L,2)
s =ET(RIL20 I ORF AR LIV IOHFIK L,y JOETIK LY, J)

s aMF (KoL ,4)CEI (K, 1.51d) @ MFUK,LSIeETI(K,Lbo4y)
OLKR(K225J)u0LKRIK ,2,0)eHF (K ,Ls7)0(EJ (KoLl ,J)®RF(K,L,3)
s CELIKILIIIIORF (K LI eMF (KL i2)0ETIKILE YY)

s eMF (Ko J4)®ET (K LYsJd) = MFIK,L,6)0EL (K, ,Lbsd)

OLKR(K 133 J)@OLKRIK (3, ) eMF (K ,Lo7)0(E](KobL2,d)eRF(K b ,1)
$ ~EI(KIL s JIORFIK,Le2)IoMFIK,LyIIOETIK,VLE,J)

bd “MF (KL SICET (K, LYsJd) = MFIK ,Lsb)eE]IK,LS,4)

OLKI (Kol od)mDLKT (K 1,0 oMF (K ,L¢7)8(ER(KsLIyu}@RF (K, L ,2)
$ 2ERIKILAIJIO®RF (K, Lo ) ) eMFPIK L, 1 OERIK LYy J)

s «MF (KoL J4)SER(K LSO rd) = MFIK,L2SISERIK,Lb,4J)
OLKI(K,2:J)8DLKI K 42,J)eMF (K, Lo7)e{ER(K LI J)O®RF (K ,L,3)
$ -ER(K'LJQJ).RF‘Klel ,’OHF‘x'LQZ,.ER(K.LS.J,
s “HF (K L 4V SER(K,L44J) = MFIK,L,6) eERIK Lb6,yJ)

OLKTI (K33 0J)uDLKIK y3,J ) eMF (K Ls7)@{ERLIK1L2,J)ORF (Kb, 1)
s CERIK i 1 sJIORF (K 4L 3219 eMF (K L I I1SERIK,L6,J)
$ “MF(KIL SI®ERIK,LusJ) = MFIK,Ls6)®ERIK LS4 y)
CONTINUE

00 20e I=1,3

DLKR(K,14J)m=2e%0LKR(K 3 sJ)OWF (K ,J)
OLKI(Ks[sJ)m=2e®DLKI(KefosJ)®WFIK, J)

CONTINUE

RETURN

ENTRY MRATE(NCoTH,TB,TAFB,FA,TF ,FF,GM,GMD ,GMDD,DT,ET,w0,w00T,
SOTD,ETD,HM,u,UD)

REAL TFIQF K o3) sFF(QF sNK3) DTIQF JNKT)sETIQF 4NKT) ,TB(3),TAINC,3),
SFB(I)FAINC , 3)4GM(1),GMD(] ) GMOD(3 ) THI]),W0(I) ,WXO(S),NYO(S),wZ0{
$S1,E(S3,1)
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2600
26|
2620
26830
2640
265
264
2867
2680
2690
270
271
272¢
2730
274
275e

2740

277
278¢
279
280¢
284
2820
283
284
285¢
2840
287
288
289
29Qe
2910
2920
293¢
294
29S5e
296
297
298¢
299e
300°
J01e
302e
J03e
J04e
J05e
306
307
J08e
309e
JiQe
Il
3120
31 3e
Jl4e
JiS5e
llée
Il 7e
Jlge
319
32¢0°
321
J22e
J23e
3240
325
J240
3270
323

84

(2 ¥ aXal

2

Ja2

334

33so

3351
338

362

366

DOUBLE PRECISION gC(ST),DTDIGF NKT) ETO(GQF (NKT} ,W0OT (V)

BOOY=TQ=p0pY COORQINATE TRANSFORMATION MATRICES

00 335 Jel  NH
MMeJe)

NaH(J)e]
SeMsS§IN(GgM(y))
CeMecOSigN¢y? !
CGMl®] o=ClNM
GIoCGHUleGl g, 1)
G2eCGMIeGIl gy, 2]}
G3®"CgHisgiy,d)}
SGleguMegl g, 1!
SG2eS5GMeG(y 2)
SGlegGMeGly,3)
G1SegieG(J,)
G2SmG2eG(J,2)
G3SsGleg(Jd, !
Gl2eGleG(Y,2)
Gl3=sGgleg(J,3)
G23mG2eG(J,))
ABL) ,1)0CGMeGIS
ABl],2)a5G3eGl2
AB() 3 )m=552+G13.
AB(2,1)%=5G3+G12
AB(2,2)eCGMeG2S
AB(2,3185G]+G2)
AB(3,1)m5G624613
AB(1,218e5G1+G2]
AB(3,3)18CGMueGIS
IF(JeEQel) GO TO 3350
DO 321 (=Mn,lI
IF(EPSI(L,N)EQel) GO TO 322
CONTINUE

GO Yo 3350

KsbL

DO 334 L=l,)

00 334 M®],3
TiJelLsH)=0,

00 334 lsj,3
T(delLoMIBT ol aMIoaBIL 1 OT (K] M)}

G0 To 335

CONT INUE

DO 3351 L=;,)

00 3351 M=y 3
T(JelLoMImAg(L M)
CONTINUE

COORD,. TRANSFORMAT{ON OF G VECTORS

D0 362 1w NM

D0 382 ysl,)

GOl ,J)e0.

00 342 Ks|,3

GOl ,JluGO(sJd)®T(]4KosJ)eG(],K)
CONTINUE

{To ReF, BODY FRAME)

-

ANG, VELOCITY COMPONENTS oé EACH poOODY (IN REF, BODY FRAME)

00 346 Kol  NH
GGIK,1)8GMp (K)eGOIK, 1)
GGIK,2)GMD (K)eGO(KX,2)

LGGIK,J)uGMp (K)®GO(K,3!}

00 3461 Jei,.nB
KyvsuitJg)
wxotyi=swo(y)
wYO(ylmwotl2)
W20(y)mwo(y})
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329
3iQe
Jdje
332e
333
JJ4e
335
ddbe
337
3J38e
339
J4Qe
4y
J42e
393
J44e
J4Se
J4pe
J47e
J438e
I49e
353e
A5] e
s 2e
3S3e
3S4e
385
3Se6r
357
358
359
Jége
36) ¢
362e
J63e
Jbqe
365
b6
b7
déae
369
370e
371
3720
373e
374
375
376
377
J78e
379
Jage
38}
382
383
d84e
3ése
Y- TY)
387
388
389e
39Q¢
3930
392
393
394
395
94
397

Jeo
36

36468
3647

34666

469
472

4720

4721
468

00 38 K=Ky
IFLEPS(KoJ)oEQeD) GO TO 236

WX0UY)IsWXO( Yyl eGGIK,))

WYO(Y)ImwY0( )*GGIK,2)
WZ20(UIew20( ) *GGIK,))
CONTNUE
CONTINUE

ANG, VELOCITY COMPONENTS AT EACH MINGE (IN REF, BODY FRaANE)

00 4466 M=) NM

MisMe|

MCaH(M)e)

NIsHI(HC)

WHXOswXx0l{Mc)

WHYOsWYO(MC)

WHZO0aWZO(M¢)

IFINTCQeM) GO TO 3467

00 3468 Nu=py N}

WHXOSWHXO0=gG(Ny])
WHYOeWHYO=gG(Ny2)
WHZOsWHZO0=ga (N, I)

CONTINUE
WGJIIMy1)9GGIMed )oY Q=GGIM2)*WHZO
WGJIM,2)8GG (Mol )ounZO=GGIM,3)3WHXO
WGJIIN3IRGGIMs2) oWNHRO=GG(M, 1) oWNYO
CONT [NVE

TRANSFORM PKx AND 6K MATRICES TO REFERENCE gODY BASIS-MU_T.aY FREQ,

DO 448 ksl NF

KK®sF(K,1)*]

JHTSF(K,3)

IFIKKsEQel) GO Y0 4729

MaH! (KK)

00 472 [sl,3

DO 472 Jsl YNT

DLKRO(K 149)%0¢

DLKIOt(K I y1=00

PXOS(K,1,J)a0¢

GKOS(K,1,J)=00¢

DO 449 Lei,)

OLKRDO (K14 J1mOLKRO(K 1401 *TIM,L,1)eDLKRIK, L 4J)
DLKIO(K 13 )®OLKIQ (KT su)eTIM, Lol ) eDLKI(K, L)
PKOS(K, [ sd)1aPKOSIK,JoJ)eTIMNL110PKIK,L,yJ)
GROS (K 1 sJ)aGROS (K, 1 4J)eT (Mol o1V eGKIK,L,)J)
PKOS(K ,1;J)ePKOS(K, ] ,J)enF (K, J}
GKOS(K,1,J)uGKOS(K, [ ,J)eWF (K, J)

GO TO 468

CONTINUE

DO 4721 1%,

DO 4721 J®|,JNT

DLKRO‘K.'.J..OLKR“.IQJ,
DLKIO(K 4] og)®OLKI(K,14J)
PKOS(KeloJ)1aPK(Kyl,0)oWF(K,J)
GKOS(KslrsJ)aGKIK [ g)enFiK,J)

CONTNUE

COMPUTE TOTaL gXTgRNAL FORCE ON gacH SUBSTRUCTURE (IN RgFe ¢cOO0Rp.)

FEXO(1)eFB8 ()

FEYO(1)aFB(2)

FEZO())aFB(3) .

IF(F1(1)1+EQ.0) GO To 254

ILeF1(1)

JNSF (1L, 2)

00 253 Jm} N

FEXO(1ISFEXQULI*FF{IL Jel) N : EB

FEYOU1)wFEYOUL)*FF (1L ¢d,2 : : AG
1) vyotl) (1 ) Gﬂl‘hl‘.g ‘Alljﬁﬁ
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398e 253 FEZO(1)mFEZO(LI*FF{IL sV}
399 254 CONT{NUE,

%00° . FS(i.1)eFEXQ(L)
40} FSt1,2)aFEypltl)
402¢ FS(1,3)1aFEz0(1)
403 DO 246 N=2 ,NB

- 4040 KsN=}
“Q5e DO 246n L=;,3
4060 24940 FSiN,LieFA (L)
407e IF(FI(N)«EQ,0) GO TO 246
40ae 1LesF1iN)
409 JNSF (L ,2)
4ipe DO 245 JUs} N
410 DO 245 =1,

Hl12e 245 FSIN,II)SFS(NeL)*FF(ILyJ 1
413e 244 CONTINUE

4lye
415e g COMPUTE TR NSLe ANg ROTAT, pISPLACEMENTS OF APPgNpaGg SUB=BOQIES
LI X c
4170 00 232 k=1l ,nF
41ae JNSF(K,2)
419 LKaF (K,3)
4290 D0 233 Js] N
420 00 233 1=1,3
422e Uik, ustt=0,
423 B(Kyysl)e0,
4240 VD tK,J,l)eq,
4258 BO(K,J, 1130,
4240 tos(y=1)%6a41
HE L.
L4 -
429e U(Kf:.x)tuz:.J 1)02,0ER(K,J0,L1eDT(K,L)=24aEl(K,JD,L)CET(K,L)
4300 BiKaJoldmBrRoeJrlle2,oER{K, R, L"DY(KoL)'Z-oEl(K.1ﬂ.L)OET(K,L)
43)e UD IR ,J,11myup K, l)-Z-OER(K.xo.L;oET(K.L)-lF(K,L;
4320 s “2e®EIIKIDILIODTIKLIOWFIK,L)
433 233 BO(K,Je1)mgD(Kod,[1=2e®ERIKIIRILICETIRL)ONFIKGL) -
43y4e s w2e9E1IKs IR, LICDT(KyL)OWF (K yL)
435e 232 CONTNUE
4340 (4
437 c COMPUTE Coem, PERTURBATION (FROM NOMe UNDEFORMED LOCATION) ON EACH
43ae C SUBSTRUCTURE WITH AN APPENDAGE (LOCAL COORDS,)
439 [
440 Do 242 x=1 NF
4430 IKsFE(K, 1)}
4420 JNSF(Ks2)
4493 Do 263 1=i,)3
“4q0 McKD(K,1)=q,
445 263 MCK(K»1)=0,
4460 DO 245 JUs| 4N
8470 Do 265 1s=1,3
4480 MCKD (K 1) MCKDIK [ )aUDIK sd 1 )OHF (K (Jo?)
449 265 MCKiosltaMek(KollmU(Kod o LIOMFIK o Js7)
45qge 00 264 1®1,)
4S5 ] CKD(Ko[)mMcKD (K1) /MSB(IK)

452e 264 CXIXK, 1 )eMCK (K o]}/ MSR(IK)
953e 262  CONTINUE

4S54 ] .
*5;° g COMPUTE TOTAL EXTERNAL TORQUE ON EACH SUBSTRUCTURE W, R.T, [TS
4560 ¢ INSTANTANEOUS CoM, (IN LOCAL COORD.)
457 ¢
453 00 268 L=1,3
459 268 TSl ,LiesTB( !
4400 Do 247 Ne2 NB
~ Q4pe KaMwy
94620 D0 267 Lel,3
463 267 TSIN,L)sTAIKIL)
Ybqe 0a 2470 N=),NB
945 ILsFI(N)
Séor o IR(ILeEQD) GO To 2470
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467
4680
Q69
47Q¢
87 ) e
47 2

874
a75e

477
478
479
380¢
4ate
q4g2e
483
4840

4864
487
488e
4890

492
493e
494
49S5e
K94
497
498
499e
$00°
501
§02e
$03e
504e
5QS5e
S06e
$07e
s0ae
509e

Si1°
S12e
S1lJle
S14e
S$1Ge
Slée
S17e
Slae
$19e
$20¢
52]e
522
S23e
524e
525¢
S2é¢
527¢
528¢
929
$30¢
S31e*
532
§33e
Sl4e
535e

473e

4740

485

49ge:
491

510e

2671
2670

269

272
271

177

1?7

347

INSF{IL2)

00 2471 J®=y JN

00 2471 L=1,3
TSIN,L)aTS(NLISTRLIL oJ L)
CONT INUVE :
00 289 N=1,n8
KeFI(N) -~ - -
IFIKEQO) GO TO 249
Ys(N.ll-YS«n.ll°cx(x.2?-FS(N.J:-c:tx.;)0r54N.2)
Ts(u.z)-TS(n.2)°CKlxoi"fSiN.l"CK“'l"'S(“'J’
Ts(u.:x-fStu-l)Oc:(x.l)OrS(N.2)°CK‘K02)‘FS("o|)
CONTINUE

DO 271 Nwil,N8

KaFl(N}

1F(K.EQ,0) g0 TO 27

JNEF (K, 2)

DO 272 Jwl  JN

RUXSRF (K sd o1 oUIK 1}

RUYSAF (Ksde2 1 *UEKIJ02)

RUZ'RF‘K.J.)‘.U(‘IJ'J'
TS(N.I)OTS(N.!"RUVOFF(KoJ.J)'RUZ°FF(K|Joz)
TS(N.:)DYS(NoZ"RUZOfF(KoJ.l)'RUI'FF(K0403)
TSINGIISTSINIIIPRUKSFFIRIJ421=RUYCFFIKJI L)
CONTINUE

TRANSFORM yeECTORS vO0 REF. 800Y FRANME

TX0(1)8TS(1,1)

TYO())eTSi,2)

T20(11e7S(,3)

DO 17 Is2sNn

MeHl(])

Kelawy

LeCiKsl)el
FExo(l)-Ti".l.I‘OFSCl.l\*T(H.Zol!'FS(luZ)’T(Hqul’°75(103’
rsvo«t)-r(n,l.zioﬁs(x.1)or(n.z.2)or5(1.z)ottn.3.2)ors(x,:)
FSZO(I)-Tin.l.l'ors(t.l)*rln.zialoFS(x.z)or(n.a.alots(loai
Txoft1) 'Y‘n.lol’OTS(lol)’Y(N.I.X)OTS¢l:zlfY(N.J.L)oTS(l.J)
TYoty? -r(a.l-z)otstl.1l°r(n.z.z)075(1.ztor(N-J.zioTstI.a’
TZO0( ) -T(n.l.J’-rs(x.|)¢r(n.z.3lorstl.z’ortn.J.J)-Tsix.:)
DXO(].!"Y(NOIQ\)ODI(I'l"T'ngo\"ov(l01)07("|3|l).01(lol)
DVO(x.l)-T(u.l-Z)oox(l.xlor(n.z.z)oov(l.l)oT(N.;.z)Ool(x.l)
020(1,1)-r(n.1.J)oox(x.xi*r(n.z.;)oDV(l.l!oTiﬂoaas)Ooztl.l)
DXO(loL)'Ttn.l.l)oux(l-L)OTin.z.ll-DY(l.L)QT(H.J.ll'oZ(l.L)
DVO(!OL"T(HO!lZ)ODI(loL)°T(Ho202)'OY(loL,‘r("nloz"Dl‘loL’
010(1.L)-T(n.l.J)oox(x.Lytr(n.Z.JDOOY(lo&)cT(H.J.J)Ool(l.L,
DO 17 Js}iNB

IF(1.EQeJ} GO TO 17

1F(CPS(KeJ)EQel) GO TO 77

IF(CIK,1)eEQelJdel)) GO TO 17

OXO(L J1ulx0({ 1)

DYO(1,J)eDyQllsL)

OIO(an)'DZO(l.L’

G0 Y0 17
DXO(loJ)‘Tlnolol)onx(l.J)Or(n.z.l)001(1.J)cT(H.J.l)ODZ(l.J)
DVO((.J)IT(nolnl)'pl(l.J)&Y(H.2|2DODV|I.J)OT(H.S.ZI‘Dl(l'Jl
ozo(l-Jlnttn.l.J!-ox(l.J)*r(n.z.a)-OV(l.J).t(l.).al'ozcl.d)
CONTINUE

00 367 =} ,NB

DXO{1,1)9DxtY41)

DYO(1,1)m0y(ls1)

020(1+1)%0Z(1s})

COMPUTE TOTAL EXTERNAL FORCE ON VEHICLE (IN REF, COORD )

FTX080«
FTYQ0eQe
FTZI0e0+
00 247 N=l, N8
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$l4e
$37e
$38e
539
S4Qe
S41e
S420e
S43e
S4q4e
545
S44e
§547e
S4ge
S49e
$Sge
SS1e
5§52e
5523
5S4e
855
$560
557
S$58e¢
§59e
54Qe
561
862e
S63e
Sé4e
Sé65e
S66e
5467
Séae

. 569

S$70e
S71e
8§72
$73e
S74e
876
§$760
577«
$78e
8§79
sS8ge
581
582e
58 3e
S584e
585
58se
587
588
S89e
593e
S591e
592
S93e
S94e
§95e
S96e
$97se
S98

§99%e
.600.
601
802
603
604e

247

215

FTXOsFTXO*FEXQ(N)
FTYOsFTYOSrgYO(N)
FTZOSFTZO*FEZO(N)

ADDITIONAL AUGMENTED INERTIA DYADICS ¢IN REF.80DY FRAME)

DO 37 1I=1.NB

DO 37 Jsl.nB

IF(1.,GE.J! GO TO 237
OX2=0X0(14J120X0(J,1)
Dv2epyv0(119)%0Y0(JUs1)
02220201144} %020(J4l
PS(I.J.l.l)-'TH'(DYZODZZ)
PS(I4Js142)aTHeDXO(J,1)00Y0(],J)
PS(T1sdel s I)1aTHODXO(J,1)9020(],4J)
PS(T,Je2:11aTMODYQ(J,1)00X0(],J)
PS(14Js242)a~THO(DX2+D22)
PSC14Js2:3)1aTMeDY0(y,y[)0020(],J)
PS(l,ds3,1)uTMe0ZO(I,LVe0XO(] ,J)
PS(14Js3:2)aTMeD20(y,1)0DY0(],J)
PSU14J0dsd)m~THe(DX2+DY2)

00 378 M=i,3

00 378 Ns=il,3

PSUJs 1 MeN)aPS(T s N M)

CONTINUE

00 751 Jai N8B

00 751 M=1,3

0o 751 wN=l,)

PSUJsd MsNYSPH{J M N)

COHPUTE VARIABLE PART OF APPENDAGE INERTIA (IN SUBSTRs COURDS,)

D0 236 K=}  NF

KKSF{K,1)*}

MaH] (KX}

JN»F (K ,2)

DO 235 1%1,3

DO 235 Jsl,3

VJ(l,J)ew0e

VJO(1l4J)=0,

DO 234 Js|  gN

T11wMF(Kosd,1)

1229MF (K 4Jd,2!

133sMF (K yd,3)

f128=MF{Ks g4}

113mamF (K y,5)

1238MF(K1g,6)

MSBMFE(KeJe7)

RI®RF(KoJe1}

R2BRF (K sJ12)

R3=RF(KsJr3)

VisutKJeld

U2sy(K,Js2)

U3IsU(K,Jsd)

B1%8(K,Jel)

82e8(K,yJ02)

BI=B (K, Js3)
Voll41)8VI(1e8)%2e0i{NSO{R20U24RIGYI}I=112083%]3082)
VJ(2,218VJ(2:2)%2.0(NSe(RIOUI*RIOUI)I=[2308]*]]208])
VI(3,3)18VJ(3:3)%2,0(MSe(RI1eY]+R20U2)=]]3®B2+12308])
VJ(1,2)8VJ(]92)"MSe(R]*U2+R20U] }=]1]30p]1+]123°B82=83%(]22-121}}
VJ(1e3)1eVJ(123)"MGe(RICYUI*RI*UL)*]12%81~123%B382%(i11=13))
VJ(2,3)8yJ(2:3)=MGe(R20yI+RIGY2)1=]12°52%113%83~g1°(133~-122)
VIsUDI(K4Jdot) '
U2=ypiKeJe2).

V3ISUD(K,J13)

BI®BD(KeJdry)

82%BDI(K,J12)

BI=BD(KsJ13)
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605

2

VJO(L o118V pllslle2ee(M524R20UZPRIGUII=T]20B34113082)

606e VJD(202)8V pi2+2) 2.0 (NSO (RIOUI+RISUII=123eB]1+]]1208))

607e VJ0(3,3)8V p(3,3)e2.0(MSO(RIOUI*R20UZ)=113082¢123°81)

608 VDU 420mV plls2)-uSe(R{®U2eR29U} I =11 3081 +[230822B3% (122=1]1)

409 VJO( 1302V 0(113)=NSe(RICUISRICU()+[12¢B1=123983-82¢(111=13D)

610° 234 VUD(2+3)3V g (2+3)=nSe(RZOUI*RICU2ZI~112982¢113°B381° (133122}
L _ 8Lfe. e N2, 10wV 0 2) . e e Ll

612 VJ(3,108VJ(1,3)

&)3e Vyl3,218v (2,3}

blye DO 495 1=1,3

815 00 495 J=i,3

bl6e 495  PSIKK,KKel,J)®PSIKK,KKs1sJI+YI(],J)

617 vJD(2,11sVypll,2)

618 VJ0(3sl1)eVyptl,d)

6190 VJD(3e218V 3 p(2:3)

82Qe 4

b2} C CONVERT INgRTIA MATRIX TO REF. 800Y COQORDS,

822e c :

6230 IFIKK.EQel) GO TO 2370

624 00 237 Jsi,3

6250 0o 237 1=1,3

424 AClJy,1)1m0,

427 00 237 L=1,3

28 ACIJ 1 1mAC (s )eVID(ILIeT (M L,1}

$29¢ 237  CONTINUE

$3Qe 00 238 Js=1,3

430 DO 238 Isl,3

6320 VJDO(K,Js1)=00

833 DO 238 L=l,3

634e VJIDO(K,Js1)aVIDO(K, gy l)eT(MsLoddeacil,])

635 238 CONTINUE

6lse GO To 236

637 2370 CONTINUE

élas 00 2371 Js=j,3

639 00 2371 1%,,)

b4Qe 2371 VJDOI(K,Jdel)aVIDly, 1)

b4y 234 CONT INUE

b42e C

43e ¢ TRANSFORM LUGMENTED pOOY INERT1a DYADICS To REF. BODY FRAME

b644e (4

b4ge DO 383 [s2, 5B

450 MaHl (1)

647 DO J&4% JUmi 3

6480 DO 344 K=i,3

649¢ AB(J,K)=Q.

65Qe D0 344 L=1,3 :

451 ABIJ,KIAB (WK ISPS(T 1 Jsb)oTIN,L, K]

852 344 CONTINUE

653 DO 345 Js1,3

6S4qe DO 365 K=1,3

655e PS{I,1,J,K)aQe¢

656 DO 3465 L=1,3

657 PSUT,14dsK)aPSIL,1,J,K)eTINsL JIOABILK)

658 368 CONTINUE

659 363 CONTINUE

64600 4

LI C COMPUTE THg PGSO,GPSO, AND DDSO VECTORS FOR EACH FLEx, APPEND,

b62¢ ¢

6430 00 208 K=} NF

bé64e KKsp (K, )}

645 Man] (KK)

LLY T JNTep (K,3)

6670 D0 207 1=1,3

6680 Cvil)=p,

6690 DO 207 J=m]  NT

670 207  CV(118CV(1)oDLRR(K,§,J)eDT(K,JI+DLKI(Ks] J)OETIK,y)

671 1F(KKeEQel) GO TO 2090

672e D0 209 I=1,3

6730 PGSO(K,])=g, TS

AL thm
G e
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6740
6750
760
677
678¢
679
68Qe
68)0
682
683
68ye
6850
6840
687

688e.

689e

6900

690
6920
93¢
6940
69Se
%50
%7
698e
499
700
704 e
702
703
704

~708e:

7C6¢e
707e
708
709%e
71Qe
Tije
712e
T13e
7140
718
7160
717
718e
719

72Qe

72}
7220
723

72460 -

72%e
726
727
728
7290
730°
73)e
732¢
733e
7340
735e
7360
737

738

739
780
T80
7420

209

2090

2091

a N aNaNaX¥al

281

97

2303

487

GPSO(K,[)2q,

00SO(Ks 112,

00 209 Jei,.3

PGSO(K,1)ePGSO(K, J)eT(M,J,1)el=MCK(K,J))
GPSOIK,1)9gPSOIK, 1)eT(MyJylde(=NCKOIK,J))
DOSO(K 110 pSO(Ky[)eT(MeJdy]ldeCVIY)

GO To 208

CONTINUE

00 2091 1s¢,3

PGSO(K,])eanCK(K,])

GPSO(K,1)%enCKDIK, )

DDSO(K,1)scyi 1)

CONTINUE

VECTOR CROSS PROQDUCTS DESCRIBING SYSTEM ROTATIONAL COUPLING,
(QUAORAT]Cc TERMS INVOLVING THE CONNECTING BODY ANGULAR
VELOCITIgS AND THg MUTUAL BARYCENTER=HINGE VECTORS):

00 261 K= NF

1oF(Ksl1)el

OUXewZO (1) epGSOIK,2)=0YO(])®PGSO(K,I)
DUYSWX0(1)ePGSOIK,3)=WZO(1)*PGSO(K,1)
QUZOwYO(1)ePGSOIK, | )=WX0(])*PGSO(K2)

DUXO(K)SWYQ(])0(DUYZ=2e0GPSO(K 3! )=NI0()e(DUY=2,0eGPS0IK,2))
DUYO(K)®WZQa(])e(DYX=242GPSO(K,1})=WX0(]}e(DUZ~2.0G4PSO(K,3))
DUZOIK)ISWXQ( )0t DUY=«2e0GPSO(K2))=WYO(])®(DUX=2,0GPSOIK,1))

00 230 N-I.NB

Tef ] (N)y

DO 4746 Jel,)

CWWD(N,J)m,

CPX=Qe

CPY=Q.

CPZ=Qe

CPFXs0.

CPFYsQe

CPFIs0e

DCPXe0.

0CPY=0.

DCP2sQe

00 2301 L=y ,NB

ILeF (L)

IFLIL+EQeT) GO TOo 2303
DCPXsOCPXepYO(NIL)eOUZO(IL)~DZO(N,L)eDUYODILIL)
OCPY=OCPY®DZO(NL )eDUXO(IL)=DXO(IN,L)eDUZO(]L)
DCPZaDCPZ*pxO(NIL)eQUYOLIL)=pYOIN,LIODUXO(IL)
CONT I NUE

WOX®wYO(L)eDZO(L N)=WZ2O(L)ODYO(L N)
WoYewZOo(L)eDXO(L  N)=WXO(L)ODZO(L,N)
ROZewXD({L)eDYOIL yN)=WYO({L)eDXOIL N}
WWFDOXsWYO(L)oWDZ=WZ20(L)oNDY .
WUFOYesWZO(L)®NDXoyx0(L)OWDZ
WWFDZesWXO(L)eWDY=uYO (L )ONDX
IFUI.EQe0) g0 TO 482

CUWO (Nl )ocaWD(Nyl)oWRFDX

CWWD (N 2)ucyRO(N,2)ewuFDY
CIID(N.3)-¢-lD(N.;)o!!FDZ

CONT {NUE

CPFXaCPFXeunFDX

CPFYSCPFYeoquufFDY

CPF2eCPFZownfOl

IFINSEQ.L) 60 TO 2301t
WWOXeTHeWNEDX*FEXO (L)
WROYsTHeuWFDYSFEYO(L )
WW0ZeTHouWFDZ*FEZO(L )
DANOXeDYO(N,L)*RNDZDZIO (N, L ) eWNBDY
OWWOYSDZOIN,L)*WWOX=DXO(NyL ) ewRODZ
OWWOZ=DXO(N,L)OWNDYDYO(N,L ) eWNOX
CPXacPLeOUyDX

CPYnCPYSOWEDY
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743
74490
74%¢
Tage
7487
798¢
_______ 749e
750e
7S}
7530
753
794
7550
7560
757
758¢
759¢
760
7630
7620
763e

7640

765e

Tboo

767
7éae
769e
770e

7710

772
773e
7740
775¢
7740
777«
778
779¢
78¢ge
780
782¢
783e
7840
785¢
784
787
7880
789¢
79ge

79 e

792¢
793¢
794e¢

79%¢

ALY

797
79ge
7996
80ge
80
802e

803

804¢
805
8pse
807e¢
808e
809
8)ge
810

230!

293

244

230

c
<

4

Jool

(ol a¥a)

CPIncPZoDWwOZ

CONTINUE

OFXSDYO (N ,N)SFEZO(N)=DZOIN,N)SFEYO(N)
DFYSQZO(NIN)IOFEXO(N)=DXO(N,N)eFEZO(N)
OFZepXO(NyN)*FEYO(NI=DYO(N,N)SFEXOIN)

HXOPSINING] 1) OWXQINIOPSIN,N ) 12)0MYOINISPSININ,]13)e020(N)

 HYSPS (NoN12,1 ) OWKOINI*PS (N N 202) OWYO(NISPSINGN,2,3)eWZO(N) . _

MZOPSININ1I, 1 1OWXO (NI *PSIN N 302)0WYO(N)*PSININ,I,3)eqZ0IN)
IFI1.EQQ) 60 TO 243
HloivJDO(l.lol)"XO(N)'VJDO‘!.]n2)0"0(N)0VJDO(|.1.3)'!10‘“)
HYDSVJDO(] ,291)°WXOINI*VJIDO(]22:2)0WYQINI*VJIDO(],42,3)°0w20(N)
HZD'VJDOCI.Jol)0|x0(~)OVJDO(l.JoZ)O'YO(N)'VJOO(].3.3)0110(N)
FACTaNSBI(N) /TN

FTXMaFTXO®paACT

FTYMSFTYOOp,ACT

FTZNeFTZ0®FaACT
PGFXS(PGSO(]+2)®(FEZO(NI=FTIN)=PGSO(]1,3)0(FEYQ(N)=FTYN))/NSBIN)
PGFYS(PGSO(143)2IFEXO(N)I=FTXMI=PGSO(Ll 1 )®(FEZO(N)=pTZN))/NSB(N)
PGFZe(PGSO([s3 VO (FEYO(N)~FTYNI=PGSO(],2)*(FEXO(N)=FTXMN))/NSB(N)
PWWOXSPGSO([12)°CPFZ=PGSO(]43)°CPFY
PWWOYSPGSO (] 93)oCPF =PGSOl s1)0CPFL

PUNDZ PGSO (11 )OCPFYPGSOL]+2)eCPFX
WODSXO®WYQ(N)®DDSO(]+3)eWZ0(N)*DDSO(],2)
WDDSYORWZO(N)*00SO(L,3)eWXO(NI®DDSO(T,3)
WDOSZOSWXO(N)I®DDSO(],2)eWYO(NI®00SO(1,1)

GO TO 244

CONTINUE

HXDeQ, -

HYD=Q.

H2ZD=Qo

PGFXu0,

PGFYs0.

PGFZs=0o

PawOx=0.

PWREDYS0,

PANDZ S

WODSX0=0,

w00SYOs=Q,

wD0SZ0sQ,

CONT INUE

K ® 3e(Nej)

EIK® ol oMY oNZOIN)=HZOWYO (NI ¢TXO(N)CCPRSOFX"HXDoPGF X=PRUD A =WDOSXO
sS+DCPX

E(K®2,1 )uHZoNXOIN)IoHXONZOINI+TYO(N)ISCPY*OFY"HYDePGFY=PUNDY<N0DSYO
$+0CPY
:?K’)oll-onlYo‘N)-nvtllotniotlo(N)‘cPZ'DFZ'Nloorcrl-rl!ol-lopslo
sSepCP2

CONTINUVE

AO0 MATRIX ELEMENT COMPUTATION (3X3)

0o 3001 1s5,3

00 3001 V7,3

AQO(]1,J)=0,

00 3 l.l.“s

00 3 J=i,Np
AQO(te1)mAQQll,))ePS Tedelsl)
AQ0(1:2)8A00(112)ePS(Losdels2)
AQO(§+3)8A0Q 1 ¢3)ePS(],4Jd0t,)
A00(2:2)0A00(2:2)epS(14J92,2)
ADO(2:3)8Ap0(2,3)epS(],4,2,3)
A00(3:31ea00(3¢31ePS(LaJeded)
CONTINUE

loo(Z.l).AOQ(lol’
AQgO(3s1)mAgg(l+d)
AQ0(3+12)mAgg 2,3}

FLEX, APPENDe CONTRIBUTJON TO AQO MATRIX COMPUTATION (3X3)
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812 00 210 K= ,NB

813 KKaFl(K)
- _ 814e . 00 210 L=],NB
. 815 IF(K.GTL) GO TO 219
8lse DO 2103 1s;,3 h
. 817 D0 2103 J=;,3
i’ 818e 2103 PSFI(KiLsloey)=0o
819 LLsF1 (L)
820 IFIKK<EQeD) GO To 2101
821 DP1=spGSOIKK,1)e0X0(L ¢K)
8220 DP2wpPGSO(KK,2)9DYO (L 4K)
823 0P3=PGSO (KK ,3)eDZO (L ,K)
024 PSFIKsLolsy)2=DP2-pp)
825 PSFIX,L,2,2)3=0P1=pp3
8260 PSF(KolLe3s3)3=DPj=pp2
827 . PSFIKsL11+2)%PGSO(KK42)8DX0(L ,K)
828e PSFIKslol13)2PGSO(KK,3)00XQ(L,K?
829 PSFIR L2121 )uPGSO(KK,1)0DYOIL K}
8130e PSFIKsL02+s3)13PGSO(KKI)eDYO (L K}
831 PSFIKsL03,1)1%PGSO(KK,1)00Z0(L 4K}
832e PSFIKsL93+2)%PGSO(KK+2)90Z0(LsK)
833 2101 CONTINUE
8340 IF(LL.EQsD) GO TO 210
835e IFIK.EQ.L) 6O TO 2102
836 PO1®pGSO{LL,1)4DX0(KsL?
837 PD2spGSO(LL,2)eDYQ(K,L)
833 PD3epPGSO(LL,3)80Z20 (K ,L)
: - 839e PSFIxoLelo1)=PSFIKsLI1s])=pP02=FD]
4 - . ) 84Qe PSFIKsL.1202)13PSFiK,4L1292)=pD]=PD3
84)e PSFIKILI33IMPSF(K,L1343)=p0}=PD2
84 e PSFUKiLsjag)®PSFIK, Ly 027*DY0(KsL)*PGSOlLL, )
843 PSFIK Lol s3)"PSFIR, L2l 13)*DZO(KL)OPGSOILL,L)
S4ye PSFIK L o2+ )=PSFIK,L)s2+1)4DX0(KsL)*PGSO(LL ,2)
8450 PSFUKILI2+3)%PSFIKILI293)*DZ0IKsLI®PGSOILLY2)
84pe PSFIKsLoIs1)®PSFIK,L13:s})%DX0(KsL)®PGSO(LL )
8u7e PSFIKeLo3+2)3PSFIK,L+3+21¢DY0(KL)IOPGSO(LL,I)
848e GO Tp 210 N
849 2102 CONTINUE
850 D0 214 l=},3
85 e DO 214 usl,3
852 214 ABII,J)®PSF(KsbLol,J)
. 853 00 235 1=},
854e DO 215 Jej,3

855¢ 215 PSF(KsLols ) SABLT ,J)eAB(J,])
856 210 CONTINUE

857e 00 2151 K= N8

853 DO 2151 L=y N3

859 IFIKLLEWL) G0 TO 2}3)
860e - DO 2141 I%;,3

86 DO 2141 J=s;,3

8620 2141 PSFUK Lol 2y )mPSF (LK ydsl}
863 2151 CONTINUE

8b64e 00 3004 K= ,NB

365 KKsF{(K)

86s0 DO 3004 L=j  NB

847 LLesFI (L) .
868e IFI(KKeEQeO) s AND4{LL.+EQeD)) GO TO 3004
869 D0 3003 1s;,)

87Qe DO 3003 J#;,)

87je AQO (1 4J) A0l 4 J)aPSFIKsLyTsd)

872¢ 3003 CONTINUE
873¢ 3004 CONT{NUE

8740 4

875e 4 AOK VECTOR ELEMENT COMPUTATION (3Xx1}) -
874 C

877 4 AKM SCALAR ELEMENT CcOMPUTATION

878 ¢

‘879e 7. Dg 14 MelNH

880° . " ' 1QeH (M) e}
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TIE) AVIM, ] )%0.

882e AV(mMys2)=00 .
883e AV(R,3)=00 . )
884e DO 7 Jsl,Ng
8850 DO 7 [=IQeNB _
884 DO 11 MNSi,) N
ToTm s o 887e o IFGEPSUM ) gEQeB)-G0 TO- 7 - . ool
883 PSG({UslsN)eQe : ;
[} el
::;' 10 ggG:g.%oz’zPSG(J.l.N)‘(PS(JvloNoL)'PSF( JaloNyL))regO (M, )
891 11 AVIM N)ISAY (M NIC®PSG(Je] NI
89,0 7 CONTINUE
893e 00 14 K=l NKH
894e IF(KegTeM) g0 TO 14
395e JAsH (K )}
896 AIS(1)=0,
897 AlS(2)=0e"
894e A1S(3)1=0e )
899e 00 i5 JaJ3 NB
9 [ - ]
,3?. ?g(::P;(éfi?.ea.o),oa,(:PS(n.x:,:0.0)» 60 1O 1%
902 00 18 N=®1,)
) 9023 18 ALSINISAIS(NI*PSG(J,14sN)
040 S NT INUE
905 ' :g(:ln)-GO(u.l)OAJS(l)oGO(KozivalS(ZD.GO(K JlOAlS(Ji
906 14 CONTINUE
907 C )
908e C AQGF! AND AQOFR MATRIX COMPUTATION (3XNKT) :
909 [4
91ge DO 219 K=l NF :
Fife JKBF(K,3)}
912e JQaF (K,1 )+
913e 00 222 1w}, 3
P14 00 222 Js1,3 :
915 222 AB1(],J)=0, :
P16 00 221 L= N8B - .
P17 AB(],2)mA8(192)°DZO(L ,JQ) :
9180 AB(]1,3)8AB(1+3)*DYOQ(LIJQ) ?
?19e 22y AB(Z-J)-AﬂGZoJ)-DxO(LoJQ)
929 AB(2,1)meAg(ls2)
921 AB(3,112<Ag(1,3)
22 Aa(:.z)-~aa¢z.3)
923 00 220 1=1,3
9240 00 220 J=1{, K
925 AOFRIK,1,J)sDLKRQ(K,144)
9260 AOFI (K 1 4J1uDLKIO(K,]0sd)
927 Do 2 Lel,3
9230 Agerg.l.J)-AOFR(K.l.J) - AR L) eGKOSIK,L,J)

929e 220 ADF T (K o1 sJ)@AOF TR, 14J) = AB{IsL)OPKOS(K,L V)
930e 219 CONTINUE

:35: E AKFR VECTOR COMPUTATION (L1XHKT) (FLEX,COVUPLING W]TH RIGID SUBSTRUCTURE
333: 2 AKF1 VECTOR COMPUTLTION (1XNKT) (FLEX,COUPLING WITH RI1GID SUBSTRUCTURE
935 c

936 DO 224 x=|  NF

9376 JKEF(K,3)

933 JOaF(Ky1)ey

939 " DO 2245 Jsy JK

fu4ge ISRIK»J) w0,

4. 2245 IS1(K.J)s3,

9426 00 224 Mml  NM

943 DO 231 1sl,)

9440 DO 231 Je=l,3

q4ge 23 ABLT,4)=0,

4460 DO 226 L=)1,NB

947 IFLEPS (M, L,.ea.o) GO TO 224 ﬁ

9486 AB(],2)®aB(102)=DZO(L+JQ!} R R (ﬂ&

949 AB(1,3)8AB¢]+3)°0Y0(LovQ} '

) 93
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950 AB(2,3)8AB(2,3)=DX0(L,JQ)
951 226 CONTINUE

952 : AB(2,1)m=AB(1,2)

953 AB(3 Ll )mera(lsd)

954 AB(3,2)m=AB(2+3)

955 00 228 l=1,3

954 D0 228 Je], 4K

957 DURIT 4 J)SOLKRO(K 1 ,J)

958 DUT{T s JISOLKIOIK, [ ,J}

959 IFIEPSIM,K) ,EdeQ) DUR(I J)=0,

96Qe IF(EPSIM,K) EQeD) QUL(l4J1=0,

96} 20 228 Lwl,)3

962 DUR(T yJISOURIT ¢J) Bl L)eGRKOSIK L )
630 220 QUI(T,J)80Ultlsd)eAd (] L)®PKOSIK,L,J)
F64e 00 2244 J®j ,JK

965e - Do 22491 l=y,3 :

964 ZSRIK JISISRIK yJ)eDURILI qJ)eWGgI(M, 1)
9670 2241 2SI JisIgiiKyJdieputlll JieNgiim,1]}
968 00 229 usi . K

969 . AKFR(K M ,J)a0e

970 AKF1 (K M ,J3u00

97 00 229 =i,3

972¢ AKFR{K M, J)@AKFRIK ,M,J)+GO(M, 1)epURLT,J)

973 229 AKFI(K MyJ)asAKFI (K ,4,J)eGO(M 1)epulll, J)
974 224 CONTINVE

975 c .

9760 (4 COMPUTE CORRECTION ELEMENTS FOR (E) VECTOR
977 4

978 DO 4) Jw2,nN8

979 JKsHI (J)

980e 00 411 Mes},3

98] 411 CwiJyM)uQe

982 DO 42 Ksiyx

9830 IFIEPS(K,J).EQsT) g0 TO 42
984 CHEU, | )eCH(Url I *WGUIKL) -
7850 CHEJe2)1nCRJ12)*NGU(K2)
9860 CWlJ, 3 CH(JrI)*WGJI(K,I)
987 42 CONTINUE

98ge 41 CONTINUE

989e 00 40 Isi,NA

990° EAL11800

99 . EA(2)30.

992 EAtl)=Q.

993 DO 4n) J=2,NB

994 DO 4507 Mej,d

995 DO 4507 (=;,3

S 994 4507 EAIMISEA(M)GIPSIT U MLIaPSF{ 1 ,JosMald)eCW(Jd, L)
997 40} CONTINUE

99a. Ki=s3e({lw})
999e E(Klsl,1)mg(Klel 1 )=EALY
1000° E(K1+42,1)8g(K1¢2,])=EA(2)
100} E(K]¢3,1)8g(K1+3,1)=EALD)
1002 40 CONTINVE
1003 : 00 55 Mls],3
1004e 11 ECI(MI)=EIMN], 1)
1005 D0 52 Jm2,NA
1006 0O S2 Mwi,)
1007 Kimde(J=l)eh
1008e 52 EC(M)sEC(M)+E(K],])
1009 1ag
" 101Qe 00 60 KslyNH
101l JKap (K)+]
1012 IF(PI(K)eNg,0) GO TO 40
1013° =]y
10l4e EC(1+3)=0,
1015 00 40l usi,3
1016° 01 CE(M)mge -
1017 DO &) JUsJK  NB .

1018¢ : IF(EPS(K,J),.EQ,0) GO TO o)
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1019 00 45 M=1,3

1020 Jislde( =llen
102, 85 c CE(MI®CE(M)eE(JL 1)
R 1022¢ b1 CONTINUE
1023e D0 66 Lel,)3
1024 66 EC(1+3)@EC([*3)+G0(K,L)eCE(L)
e .o . 20256 ECC1eIImEC 1eINCTHOKD . . e e o o
1024 50 CONT [NUE
1027 D0 610 l=l,3
1028 00 610 Jsl NN
1029 IF(P1())«EQ.0) GO TO 610
1030 EC(IISECIT)aAVIJ,1)eGMDDIJ)
103 610 CONTINUE
1032e KsQ
1033e {vs)
1034¢ DO 612 1sl,NH
1035. IFtPILI)eNE,O) GO TO 612
1036 KsKe}
1037 jvelvey
1038 00 61l Jsil MW
1039 IF(PI(J)eEQ.O) GO TO &1}
104Qe 1F(1.GT4J) ASU)sJd)uaS(J,1)
104 ECI(K+3)@EC(K*IV=AS{[,JieGMDD(J)

10428 41 CONTINUE
1043 812 CONTINUE

10846 <

lgﬂso C COMPUTE RT, HAND SIDE OF APPENDAGE EQUATIONS (IN APPEND, COORDS,)
1046e 4

1047 DO 477 Kxsi  NF

1048 00 479 1=1,3

1049e 479 CDUI(K,1)=0,

1050 D0 478 Lw] , NF

10S}e IFIK.EQeL) O TO 478

1052+ COU(Ks2)=COU(K12)eDUYO(L)

1053 COUIK1)3Coy (K, 1)eDux0(L)?

1054 COUlK»I)=Cou(KIDeDUZUIY)

1055 478 CONTINUE

10564 477 CONT [ NUE

1057 ) 00 483 xs=si| NF

1058 1sF(Ky1de])

1059 MeHILL)

1060 CQ1Im(FTXQeCOUIK,1))/TH ¢ CawD(1,1)
106 e CQE2)S(FTYQeCDUIK,2))/TH ¢ CWND(],2)
1062 CQ(3)IS(FTZ0+COUIK,3)1/TH « CuwDI([,3)
10630 IF({1+,EQel) GO TO 4840

1064 DO 484 Jwl,3

1065 VE(K ,J)s=WypE(KyJ)

10640 DO 484 (=],3

1067 484 VE(K JISVE(K2J)*T{M,Jobl)oCcQlL}

1068e GO0 TO 483

1069¢ 4840 CONTINUE

107ge DO 4841 J=i,3

10710 4841 VEIK,JISCU(J)=WNDE(K,y)

107 2¢ 483 CONTINVE

1073 DO 485 K=] NF

1074 NL=F{K,2)

10750 IsF(Ksl)*}

1074e¢ MaHI (1)}

1077¢ RIsSR(K,1)

1073 R2sSR(K,2)

1079¢ R3sSR(K,3) -
108Qe IF(].EQel) gO TO 4a70

108 ¢ 00 487 Jsy,3

1082¢ 487 WH(JIST (Mo g, 1oWXQ(])eT (M s2)enYOll)eT(MyysI)enZ0(l)
1083 GO T0 4872

1084e 4870 CONTINUE

1085 wwll)1aswxoiy)

10840 wwi2)sWwYo(g) .
1087 WH(3)=WwZOI(]) '
108ge 4872 CONTINUE
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1089e
109ge
1091
1092e
1093
1094e
1095
10%6e
1097
1098e
1099e
1100
1103
1102e
1103
1 104e
1105e
1104
1107e

1108
1309e .

111Qe
1il]e
f1l1t2e
1113
1114e
1115e
1116*

11170
1118e

1119e
1120

112}

11220
1123

1124%e.
11256

112¢4e
1127
1128e
112%e
113Q0e
113)e
1132
1133e
1134
113Se
113se
1137
1138e
1139e
1140e

114

1142e
1143
fl44e
1145e
(146
1147
11480
il149e
1150
1151
1152e
1153
1154
1156
11Sé4e
1157

488

484
485

493

494

4929
492
491

WilmwN(])ee
2=Rj®e2
W22=wi(2)®%e2=R2%e
WilewwW(3)®e2=R3%e
Wi2euw(j)ogw(2)=RleR2
Wildeyw(j)eww(3)=R]eR]
W23lauw(2)owyi(Ii=R2¢R)
D0 486 Ns| nL
N&Sbe(N=])
DO 488 Jsi,3
JNENg e
JMEUNSD
VBIK JUN)=FF (K Ny g)
:::K.JH)'fﬁlKoNoJ)
KoeNb*1 ) ayB(KsNaet)
-M
‘:;?i“;“»”‘“‘J’ t FIK N 7)o (eRFIK )Nyl )®{WIIoN22)¢RF (K N,2
1N6+2)uyBIKINge2) =M e
55;7F(‘.N.J).'23’ FIK N, 7)0(=RFIK Ny2)®{WI3eW]l)*RF(K,N,}
KeN643)qyBIKING» | -
-p .
52;7::K-No2)"23’ J)=MFIK N, 7)) (=RFIKINsI)® (W] | *022) *RF(K,N,!
& MF UK ,Nsldoww( e
el yar N W L )oMF (K sNoH) oW (2) =M
cs(::.-nr(;:u:;:::::l:‘"F(K.N’Z).'w(z'-"::::::2:::::3:
< . 1.)=MF KN &) s
CL‘3’..NF‘K,:-4:'R1OHF(K.N.Z)ORI-HF(é.; 2;523
ve(K.Néoﬁ):;e;:.;ZL;?F:"N'é,.Rz."F‘K'N:J)‘RJ
s;QTZ‘CLts)-RJ'CL(Z)) TaNizlecE(3I-Nu3IcELZ))
KoN&+5)ayBIK N .
. be =t
‘;;7:.:t(v:,"'nl.c|.|3)§, ‘WW(J)OCE([ '-W'((,OCE‘J))
sNb+b)ayg (KINse+b )~
iRt ia) )= laN ) )ecE(2) =W
e, wi2)ecg!
ConrLi2 cL(1)) cefahy
CONTINUE
Nvsly
00 491 k=) NF
JNBF (K4 3)
NL®F(K42)
NLbaspeNL .
DO 492 Jsi JN
ILONV+y
30-IL‘NTHO
v:;::g;(KoJl¢lF(K.J)QDT(K.J))02.
oz (Ko g)=ZF (K, JIeET(K 4]
93 Nsm] ,NLS ! yeze
;:;:VV!‘EI(KtN-JPOVB‘KoN)OZO
VV2=ER{KiNsJ)eva(KiN)e®
DO 494 N=],3 ' 2 /
:;;-vVl-GKtK-N.J)OVE(x.N)
vVg.vvz.PK‘K.N’J,.VE(K.N,
vvz-.wr(x.J,-vvl-zsn(x.a)
BeWF (K3 y)oVV2=72S[(K,y)
EC(IL)wyV] !
EC(10)eyv2
DO 4920 L=f ,NH
é:::l:L)oEQ.O) G0 TO 4920
Ec'l:,:égz:;;:::FR(L.K-J)oGHoD(L)
Nt oE FItLeKsJd)oGMpDOI(L)
CONT INVE
NVENY+JN

[} { A

Nvely

00 4462 K=| ,NF

NL®F {K,3)

DO 463 1= NL

ILaNveg |
10SJL*NTMO ’

JPL TECHNICAL REPORT 32-1598



1158e 00 463 Js=l ,NL

}:27: JUEBNV®Y

1‘6?. JOsJYL*NTMO

tieze ALIL,JL)=0,

ez A{IL,J0)=0, .
. ) . A(lO,JL)=0,

1164e o Atlo,Jore0, - o B T - i

,125. IF(]EQed) AlILIJLI=2, N ‘ _

11640 IF1]1+ERed) At10»JD) w2

1167 463 CONTINUE
1j68e 442 NVSNYeNL

1169 [4

1170e

117as g ENTER COEFF, WHICH CUUPLE REF. BOODY AND FLEXs APPENDAGES INTO ,

::;g: Nvyaly

e DO 464 Ksl  NF

o NL®F{K,3)

L 7ee 00 44635 J®1.3

17 DO 445 Isl,NL

4 ILaNye]
10s]L +NTHMO

::;;: ACIL JISAOFRIK U, 1)

L18a- . Aldetl)salqLed)
AL10,J)8A0F T (Kedy])

1182 445 ALY
v10)8AL 10 d)
11830 464 NyaNyehl

1184 c
1185e T
SO g ENTER COEFF, WHICH COUPLE SUgSTR, BODIES AND FLExes APPENDe INTO ,
:::;: Nysly
L1oe. DO 46 Kml,NF '
1190 gt:;‘K'J)
:::;: DO 447 Js=! , NH
193 IF(P1{U)eNELO) GO To 467
1193 JisJte] : '
PO DO 447 Is),NL
oes ILeNY+]
N 10s 1L *NTHO
Ll oas ACIL Jie3laaKFRIK,J, 1)
I ooe AC10,JI+3)maKFIIK, 4,1
 one :(Jlb3.lL’-A(lL|Jt¢J’
(J143,10)4010sJ3¢3)

1201 4671 CONTINUE
1202 467 CONTINUE
1203 LYY NVSNVeNL

1308 ¢
. .
12060 g CALCULATE FLEX, BOOY COUPLING COEFFe AND ENTER INTO A MATRIX
A e
1209¢ 00 473 L=l NF
2100 NL=F (L3}
2. 0 474 =) NF
12130 NRsF(K.d)
12140 IF(KeEQeL) GO TO 474
e 00 475 [=l NR
1KsNRO+1
:g::: 10=[K*NTHO
L2138 DU 475 Js] NL
o JKBNCO+J
12200 JO® JKoeNTMO
12210 AtIK,JKk)eQ,
12226 A(10,Jk)=0, °
12230 A(IK,Jo)=0,
12246 A(]lO,J0)=0, .
12250 TR TR .
12240 . K)IA([KoJ‘)-GKOS(K,N.l)QGKQSlL.N,J)/T"
A(IO.JK)'A(looJ‘l-PKOS(K.N.l)OGKOS(L.N.J)/TH” Sg-ﬁs
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12270

1228e:

1229
1230°
1231¢
1232
1233
1234
1235e
12360
1237
1238

1239
124Qe
j24)e
1242e
12423
{244e
124Se
12460
1247
1248¢
1249
125Qe
125
1252e
1253
125 4¢

1256
1257e
1258
1259
1260¢
128} 0
12620
1263
12640
1265¢
1266
1267
1268¢
1269
t270°
127
1272
1273e
12740
1275e
12760
12770
1278
1279
1280
12810
1282¢
1283
1284
1285
12840
1287«
1288
1289
129Q¢
12%% ¢
1292¢
1293
12940
12950

4750

47s
474
473

23

24

5651

S65¢

5654
5653

8782

o NaRNalal

ACIK,JOISA(IKsJO)eGKOSIK, N, 1)oPKOSIL,N,J)/TH
AC10,J0)%A([0eJO)aPKOSIK NI )OPKOS (L NJI/TH
CONTINUE . .-

AGJK G IKI®A (K sJIK) .
ACJK1018A{10sJK)}

A(JO,IK)=A[]KsJO)

ALJO,10)8A¢[04J0)

CONTINUE

NROSNRONR

NCOeNCONL

LOAD SYSTEM MATRIX (A) WITH AODO.AQKsAKM ELEMENTS

00 23 1!®},3

DO 23 J®i+)

Ao )maQ0(C o)
00 24 I=1+3

KsQ

00 24 Jel.NNM
IF{PIlU)eNE.O) GO TO 29
KeKe
A(Ke3,t)mAy(Jdel?
All XKe3)mAay(Jdol)
CONT INUE

K=0Q

DO 250 =i  NM

"I (PI(1)eNg,0) GO YO 250

KsKe )

L=0

DO 285 JmiNM
IF(PI(J)eNE.O) GO TO 25
LobLel

IF(KeGTsL) GO TO 26
AlKe3,Led)aaSily)

GO To 25
A(KOJ.LQJ'-A(LOJ.K.J’
CONTINUE

CONTINUE

ANGULAR MOMENTUM OF THE SYSTENM

IF(PL(NHel ) NEol) GO TO 8752

DO S451 1%,

HH(1)=Q,

00 5451 Je®y,d

ML) (L )eAlT ad)ewa i)

00 S452 1=;,)

00 5452 J=) .M
HHCLIBHNT ) eAV(J 1) eGND(JS

00 5653 1%;,3

00 5453 K= ,NF

NL®F(K,))

DO 5454 Jwi NL
un(])-nu([)oAOrR(K.l-J)ODT(K.J)OAOPI(K.I.J)OET(K.J)
CONTINUE

HMESQRT(HH( 11902 ¢ HH(2)®®2 &+ HH(3)®e2)
CONTINUE

SOLVE SYSTgM MATRIX FOR REFERENCE DODY ANG. ACCELERATION AND HINGE
{RELATIVE) ROTATIONAL ACCELERATIONS

NTYSVeNT2

ITa]lyenNT2

Kyely

CALL CHOLD(8924A,ST,I1T4€C 400 ieDe7)
00 210 JoNTY, 49~

IF(JJLEeV) GO TO 9313

JysJe(valy)

ECLIISEC YY)
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1296 G0 To %10
1297 913 CONT I NUE

: 1298 . KeJey
. 1299 IFIPI(K)eNE,O) GO TO 91}

1300° EC(JISEC(KY)
1301 XyasKye=|

_____ 1302 _ GO0 Y0.910 oL
1303e 911 EC(J)=sGNDO (k)
1304 910 CONTINUE
1305e 00 9003 e,V
1304 9003 #0O0T(l)=sEC (1)
1307 {ay
1308 00 9001 K= NF
1309 NLSF(Ked)
131Qe DO 9002 N=|,NL
1311 [0sleN -
1312e ILe[O*NTHO
1313 DTD(K,N)eEc(10)
1314 9002 ETOD(K N)mEC(IL)
1315 9001 Is=lenL
13140 92 CONTINUE
1317 RETURN
1318e END

DIAGNOgTcS

ATION TiNE = 44,48 SUPS

CSSLeTRAN.CSSL
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Appendix D

Subroutine MBDYFN Listing and User
Requirements

Subroutine Entry Stateme;lts
CALL MBDYFN(NC, H, MB, MS, PB, PS, G, PI,
NF, F, EIG, REC, RF, WF, ZF)
CALL MRATE(NC, TH, TB, TS, FB, FS, TF, FF, GM, GMD, '
GMDD, ET, ETD, WO, WDOT, ETD, HM)

Input / Output Variable Type and Storage Specifications
INTEGER NC, NF, H(n,, 2), F(n,, 3), PI(n + 1)

REAL MB(7), M§(n,, 7), PB(n,, 3), PS(n,, n, 3),
G(n, 3), TH(n), TB(3), TS(n,, 3), FB(3), FS(n,, 3),
GM(n), GMD(n), GMDD(n), EIG(n, 6n,, N),
REC(n;, 6, N,), RF(n, n,, 3), WE(n,, N),
ZF(n, N,), TF(n,, n,, 3), FF(n,, n,, 3),
ET(n, N,), ETD(n, N,), WOQ3).

DOUBLE PRECISION WDOT(n + 3), ETDD(n, N)

External Subroutines Called

CHOLD-—(see Appendix C and statement 1013)

Subroutine Setup
Insert the Fortran statement

PARAMETER QC = #;, QH = n, QF = n, NK = n,, NKT = N,

(If more than one appendage is present, use the largest m, and N, for the
PARAMETER statement to provide sufficient storage.)

Data_ Restrictions

n>lLn>ln>1Ln>1,N>1
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Core Storage Required
Code: 4500 words

Data: ~ 500 words (minimum; increases with n, n) .

Listing

1o SUGRQUTINE MBDYFNINC,CoMBIMAIPBIPAIGIPLINF F g1GIRECIRFIWFILF)

FZ I 4

Je 4 ADJUSTABLE DIMENS]JONS

qe C

Se INTEGER PJ(l)sCciNCI2)

s REAL MBUL) MAING,7)4PBINC3) PAINCINGC,3)

7e PARAMETER QCa| ,QNe2,gF e | yNK®| NKTu?

ge PARAMETER NOK=6ONK»SoQCP i 1 VIUN®IsVHT4OV 153u3eS 4N INHEQN

9e PARAMETER STBVeQFONKT,54m40ST

10 (4

e ¢ ADDITIONAL DIMENS|ONED VAR[AGLES

iae 4

13e DOUBLE PRECISION A(ST,ST),BMASS(S)

l4e INTEGER EPS(Q,5) ,CPS{QCsS) 4HIQ)4HIIS),FI(S),5(NF,I}

15 REAL ADO(343)4aB(303)A0F(QF o3 INKT) oAKF{QF ;QuoNKT)9AS(Q28)¢AV(Qs3)
140 SoA1SII) 4 CE(I) JCKIQF ¢3)oCuWi3) oCWND(S03),CALS3000R(SsS) DY (Ses) 0L
17¢ $5,5),0X0(5,5),070(5,5),0Z0(5,5),0LKCWUF 3,NKT),0LKQ(NF,34NKT},DUR(]
lae SINKT)ISEA(I) vEIGINFINGKINKT) oFEXOSS) oFEYOIS) ope2085) sFS5(542)060(Q43
i19e $)1GGUQ311GlQedl o I XXESIo YYIS) o 22(S)y RYIS) JXZISIIVZISIsLA(SS)
29 SiLy(SeS)eb28SeS) yMSBIS) s MCKIG4F 13D sPHIS4303),pSGiS595+3)PS(595,393)
2l $,PKIQF ;3 ,NKT) ,PGSOUQF 3V ,PSF(5,5,3,3) ,PKO(QF ,3,NKT),RF(NF NK,3),RE
22 SCINFoOINKTI o TXOUS)aTYO S)sTZOIS) 9T€Q030I)9TS(SeIVsUIGFINK,3),VEIQF
23 $03)ovBIQF aNOKI s WFINF oNKT) yWGUIQNI3) s LFINFINKTI o ZSRUWF INKT ) oM ( 3}
24e. EQUIVALENCE (A,PS) (LXK DXCIo{LYIOYO0), (L2020,
25¢ NB8aNC*} -
260 4
27 (4 DEFINE EPS(K,J) USING C
ryyl 4
29e 00 86 K=1NC
3ge 00 86 yw2,NB
je IF(KeEQelJdel)) CPS(K,J)®}

32e IF(KelTo(Jd~l)) o TO 87

33e GO To 86

34e 97 CONTINUE
35e JOeKe |
Joe JisJe|
e 00 89 Le*yQ.Ji
dge IF(KeGTolLel)) GO TO 89

Ive . IFCUCPSIKILI eEQel ) sANDelCIU=L ol ) eEQe L)) ) (PSIKsJdI®]

4ge

4)e 89. CONT INUE
42e 86 CONTINVE

43 L=

44e DO I Js=,yNC ,

4Se KKeC(Jy2) 7

4oe 00 | Ks| kK
4ye LeLey

. 48e 00 I Isg4NeG

490 1 EPS(L,I)2CPS (U, 1)
5Qe 4
Sjie C COMPUTE M{])mCy WHERE [SHINGE LABEL AND CoCONNECTION LABEL
52¢ 4

S3e leg

Sqe 00 8 Js2,NB

550 KKkeC{J=1,2)

Sé6e DO 8 Kmjp KK ﬁ

S7e Isje) - : .
58¢ @ HigplaJ=] @ﬂwYP‘&ﬁxﬂ

" QU
@Eﬁ iNJQﬁL Q
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59e (4
¢0e [4 conP '
$ UTE Ml
< (ljad, @
e o WNERE |
i e 2800Y LABELel AND JanEpR
i 8 s NEAREST WINGE LA
65e lf(:7 e I
... .EQO" 6 |
o KisWil) oo
:‘0 7%::‘l-’,
. jeEQeK2)
4 “ Hl(K2e))s]el ‘o 1o 7
;‘. : CONTINVE
75: 2 DEFNE F gy
; Jisxs wHER
7:: 3 1 (.o‘ :;:eov.LABEL‘l AND
Tee 239 D0 239 N®jN ' Has NO FLEX, A:Péq Y4
77 Fiinl®g ® - |
S T ‘
4 Kol
e 244 rt«uu’:x o
Ble i
:2. c NdaNg
3
.q: 2 DEFINE SUgsST J
o 8STRUCTURE MASSES
:;. v ::B(ID-NU(7D .
. 248
24 Ne2,N
s7e 2 asstn’-nh‘ﬁ'?.rt
:z: z TOTAL NUMBER O
e F FLEX, APPENDAGE
i :,"0.0 _ ROoDES TO0 8¢ RETA
:3. . Ngnsol K® i yNF -
9;: ' aNTMO+F (K ,3)
[4
e ¢ INITIAL CaA
LCuLatl
:’: : ‘ |o:~or BARYCENTER VE
; l 0 HINGE POl CTORS Wemer
M Xxtji)s ' " -
" - ‘ Cv6eS
100¢ vYiilenp (2}
102 12z401)emp i3}
1oie [TTISRLLEICE
tozs 1x2¢1 18N8 (5)
103+ ;:zixicnata)
Loue '"Asstlliﬂs(7)
1ose oo.ﬂNASS(l'
:01. e A5 Jys2.n8
“’. llz(Jl‘HA(J'loZ’
llo: 'lvzdaonhqa-l.si
113 et
i . | lv% JISHA(J®},5)
‘l:: e ;JD-NA(J-I.bt
" aSSstyleny e
s enats. Abu=ie7}
¥ ) |" BMuASS | y)
- X 49 s Ng
::;. 00" 199
. 49 ye
e ::-J-l JeliNg
L0 t1eEQev
) 6
e Qo 10
::;: lF::.G"J’ @0 710 ;:3
12 lr(c;gg;., Yoeaonr®
1232 70 X 10J)eEQet) 6
125¢ LY(!:Jl:"“..l“l’ T
52: L1l PACLLoll,2)
s o ISPACT oS
T0 149 s

127
4QV CONTNUE
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1dee 00 60U K=jf,J}

129 1FICPSIKIJI*EQel) GO YO S00
130 60U  COnTINUE
131 &0 To 199
132 Suw LACTed)®PACT LIRS}
133 LYCLoJI®PALLLeK 2}
_ 1340 LZilyJ)IoPALLLIKII)
135 G0 To 149
13e6° 80 00 90 L®"Meyld
137 1FLCpSiLaylo€ael) @0 TO 10}
laiae 90 CONT INVE
1390 60 To 199
149¢ Y1) WAL agtePpiLl)
j4)1e LY(lsd1®PB8(L2)
j42e LI J)mPB(L )
143 GO To 149
L4y 163 LXC(1eJdI®00
145 LYL]sd)®00
f4ee S IFFTILI D
147 149 CONTINVE
1480 00 13 N=|,N8
j49e DO 13 J®=)INB
1500 DX{N,JIBLA(N,J)
151 DY (N JISLY(Ny )
152¢ DZCNUIOZiNGY) _
1830 00 13 K=| N8 )
1540 DX(NLJImOR(N,J)O (BHASSIKI/TM) o R (NeK )
155¢ DY(NJIBDY (N JIO(BHASSIKI/ZTHIOLY INIK)
i5e° 13 DZINSJI®DZINQJI=(BNAGS(KI/THISL2ZIN K
167 4
156 < CALCULATION OF AUGMENTED INERTIA DYADJICS FOR §4CH 80DV
159e (S
160 00 31 NwiN®
16le PHIN L L )oTXKUN)
162¢ PHIN L 2 )%l XY (N)
l16de PH{N,sd)welxZ(N)
o8 PH{N,2,2)9}YY(N)
165 . PH{N,2,d)m=]YZ(N)
166 PH(N,3,2)s1l2(N)
je7e 00 30 J=i.n8
168 PHINGL 1)IOPH (N, |, )egNASS(J)e (DY (N JIne2eD2(ysdlee2)
169 PH(M, L ,2)ePH(N | ,2)"8NASS(YIeOX(N ,JIODY(N,J)
170 PHINGLeIIOPHINY 12031 ognaSSEY)o0R N, Y ®0ZINy)
174 PHINI212)PNIN 2921 %0uASS IO (DRINIYI®O2002(yoyleed)
1730 PH(N,2,3)9PH(N,2,3)eBNASSIJY)eDYIN,JI®0Z(NJ)
173¢  23g PHINGI DI®PHIN D2 oguASS i) o (DA INeJIvO2eDY () pylee2)
174 . PHING2eb)epH{N, 421
175e PH(N,I, B )epH(N,1,d)
l;“ b )] PHINII s 2)2PNH(N,243)
V270 (4
$78e [4 OEFINE PX(3 X NKT ARRAY)
179¢ ¢ OEFINE DLK*TRANSPQSE MATRIX (3 X NKT ARRAY)
180 ¢ :
jege 00 201 K=j,NF
182¢ JNT®F (K¢d)
183e 00 20! (%449
1840 00 201 J®1,dNT
jés5e PR(KoloJIORECIK ) § V) -
1860 201 OLK(K,I,VIsREC(K,[¢I J)
187e RETURN
1860 . ENTRY MRATEINC ) THeTB TAIFBFA TF ipP 16MeGNO 4GB0 I1ET1ET0,00,800T,690
1890 S0 M) ) .
190 REAL YPOQRoNKo3t orrlaroNk el agT Qe sNKTIETDIQF oNKT o Te (30 4 TAtNCeIE
1980 SeFBIINsPAINC I agnuitiognOt ) ygnOO(L) oTHES) ,Wpdd)owR0(S) 0YOIS), 020
{92 $(S)4ELSI 1)
193¢ OOUBLE PRECISION ECIST)+ETOD(QF sNKT) (WOOT (V)
|9qe C !
195 < B0DYeT0=800Y COORDINATE TRANSFORMAT[ON RATR[cES
1% °* ¢ : ’
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39704‘ 'oo 335 J® )Ny

198 ' nMayel
1790 . Nepig) ey
200¢ SGHeSIN(EN(VY))
201 e ConPcoOSion(d))
202¢ CGnisle=Con
203¢ GleCaMIoG(Je ]
204¢ G20CGN106iJ02)
20%e GleCGMiogiyrd)
2060 SGivsGneGiyrl)
207e SG295GNGI(JY2)
208¢ $GInSGMeG(JyI)
209e Glsoglegiysl)
2ige 625%G29G14e2)
21° €3g®GleG(Jyd)
212 Gl2mGleG(J,2)
213e GIJ'GIOG!J03)
214¢ G23mg2e6iyed)
218 AB(), 1 )mCan*G1S
2l 60 AB(1,2)9563°Gi12 -
- 217 AB(1,3)==5G2+G13d
218 AB(2,1)m=5GJ+G12
219 AB(2,2)9CGN*G2S
2209 AB(2:3)mS5G6l*G23
22\ AB(d,1)°562% 1)
222 AB(J,2)0=5G1+G2)
223 AB(3,3)eCGM*G)IS
224 1FLJeERel) @D TO 359
22%° 00 32) L%}
2269 IF(EPS(L N)eEQsy) GO0 TO 322
227 321 CONTINVE
224¢ G0 To 3359
229¢ 322 KL
230 DO 334 Luj,d
23} DO 33% Mm},d
232 TlgsLaM)I®0e
233e D0 334 (%1,3
2340 334 TUgeLeMIeT(J,L,N)eAB(L, 1»-tts.lo"i
235° 60 To 235
226 3350 CONTINUE
2370 DO 3351 L*103
238°¢ DO 3353 Mej )

239 3361 TilgspLemdeagipon)
240 335  CONTINUE

24} 4

2420 C COORpe TRANSFORMATION OF G VECTORS (7O REF., o00Y FRANME)
243 4

2440 DO 362 lIs}) Ny

245 DO 362 Jml,d

246 G0(l )"0

247 D0 362 Kwj,d

24ge GO(1,J1%60¢! J)OT(t.K.JDOGGl.K)
2490 LYY CONTINUE

25¢g° <

25} ¢ 4 ANGe VELOC[TY COMPONENTS OF EACH 8g0Y (N REfre BgDY FRANE)
252e (<

283 00 J66 K&} Ny

254° GG (K4l 1%GMDIKIegQiRe )

255e GG(K,2)°6MDIK)eGO(K,2)

2560 dos GG(K,I)eGNDIK)eGO(KyI)

257e 00 Jd6l Jslq.Np

298¢ Kvapjty)

299 wxgly)swgly?

2460¢ WYQ(J)eW0(2)

26 w20l 1smoi 3}

262e 00 J¢ K®™}4kV

263 IF(EPS(K,v)eEQQ) GO TO 36
2640 : WXO(JIONAO(V)eGG(Kob)

265e¢ i WYl jIeRYO{J)*GG(Ke2)}
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266
267
268¢
. 209e
_270°
27 1e

2720

2723
27 qe
275
276
277
278
279
28Q¢
28
282¢
283
284
2850
2840
2870
288,
289e¢
290¢

2910
292e-

293¢
2940
295
2960
297
298¢
2990
30Q¢
uje
302
303
304
JQ5e
3060
d07e
308e
3g9e
3igQe
i)
Jl2e
Il
Jly4e
JiSe
6o
317
Jige
Jl9e
32Qe
2
J22°

dde

24
3ase
260
327
328
J29e
339¢
A3}
332
J3je
J34e

LYY
ET Y

kY Y 1]
dea?

YT TS

469

4729

4724
460

259
254

24690

WZ04JIOWZO(J)*GG (K1 I)
CONTINUE

< CONTNUE

ANge VELOCITY COMPONENTS AT EACH NINGE (IN RefFe 800Y FRANE)

DO 3666 Mo NM Lo o
MleNe|

MCaH(M)e|

NliaHi{nC)

WHXOswXO(NMC)

WHYOuWYO INC)

WHZOsWZO(MC)

IF{NsgEQeNn) GO TQ 647

DO 3668 Nepl,N|

AHXOsWHXOeGG (N, i)
lHVO"H'O'Gg‘Noz)
WHZ0aWHIQO"G0(N9I)

CONTINVE
WeJlMelImGGinsd ) ennY0eGGaiN2) 0nnio
WGJINe2)®GGins i) oWHZO=GG Mo I ) emNXO
WGJIIM3IDGGIN,2) ouHXgeGGiM,y L) oulYg
CONTINVE

TRANSFORM PK AND DLK TO RgFe B800Y BAS;S

00 468 Ke|,N§

KKaF{Ksd)®}

JINTOF(Ke3}

IF(KKeEQel) GO To %720

Mol (KK}

DO 469 [®]1,3

DO 469 Y™l ,JNT

DLKO(K,1,J)%0

PKOIKsied)eQe

00 449 L=1,3

DLKO(K 48 4J)®OLKO(Ky] ) oT (Mol ,TIoDLKIK, LU}
PKO(KsloJd)aPKO(K sl oJd)eT (ML e])OPK(K)Lod)
GO TQ 468

CONTINUVE

00 4721 I=j93

00 4721 J=lIUNT

DLKO(Ksl s )®DLKIKS 0 y)
PRO(Ky1sv)1mPK(Kolyd)

CONTINVE

COMPUTE TOTAL EATERNAL FORCE N EACH SUBSTRUCTURg (IN REFs CQORDed
#

FEXO(L)®FB())

FEyot(l)=FB(2)

FE20())=FB(I)

IFI(FICL)+€QeQ) GQ TO 254

ILsF (1)

JN=F (L 2)

00 253 Jmi,uN

FEXOLL)SFEXOCLI®FF (s })

FEYOULISFEYQ(LIOFF i svr2)? -

FEZO(1)oFEZO(1)eFF (1L ¥

CONTINVE

FS{1,1)%FEXQ(Y)

FSU1,2)%FEY0(})

FS(),3)%FE20¢( 1)

DO 246 Nw2,Np

K-“-'

DO 2460 L=l

FS(NJLI®FA(K,L)

IFIFLIN)sEQeQ) GO TO 244

fLesFL(N)

INaF (1L12) I AGEB'
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33%e
REYXS
337
Jlge
339e
JNge
J4le
J42e
ELE TS
J4ye
J4s5e
46
BT
4

J49e

3Sqge
35}

3s2e-

353
IS4
355
3540
357
EE-Y A
3d59e
Joge
Jo
362,
363
Joye
Jose
EL TR
Jo7e
Joye
Jo9e
37Qe
I}
372
3730
37 4e
375
376
377
374e
379
Jbge

Jupe

N dg2e
383
Joye
Jose
Jose
d87e
84y
Jage
39ge

39 e

392e
393e
394
39%e
3%
397
3%u°
39ye
400°
40}
4g2e
402

108

249
24e

239

[a N al a¥al

263

267

2671
267y

269

272
2714

DO 245 Jsl,JN

00 245 1=1,3
FSINGLII®FSINGII®FF{Lsdr )
CONTINVE

COMPUTE TRANSLe AND ROTATs DISPLACEMENTS OF ,BPENDAGE SUB«-BOpIES

DO 232 K= NF

JNeF (K ,2)

LKeF (Kyd)

Do 233 ysleun

00 233 1%},

U(K.J.l)'v.

10sig=1)ese]

00 233 L®l.bkx

UK d o [18U(R U, 1 )9E1G(KID,L)eETIK, L)

CONT|NUE .

COmMPUTE Copme PERTURBAT|ON (PRQOM NOMe UNDEFORLED LOCATION) ON gAGCH
SUBSTRUCTURE w}lTH AN APPENDAGE (LOC4L COUROS,)

00 262 K®| NF

[ksF (Kb}

JNeF (K,3)

DO 263 1%}1,3

LITRF SR RAL D

V0 245 Jmj,JN

00 265 Im},3 .
MCKIKIJIBMCKIR WL I=PKIKol o) ®ET IR0 y)
Dg 266 1%},3
CK(K,1)oMCKEK, 1) /MSB(IK)

CONTINUE

COMPUTE TOTAL gXTgRNAL TORQUE ON gACH SUBSTRUCTURE WeReTs |Ts
INSTANTANEOUS CoMe (N LOCAL COORp,,

00 268 | =},3

TS(leLI®TB(L)

DO 267 N®2,Ng

Kapn={

00 267 =),3

TSINJLI®TAIK,L)

DO 2670 N=|sNB

ILaFI(N)

IFLIL'EQ2 () GO To 2670

JNSFILe2)

00 2671 J=1euN

DO 2471 L=jyd

TSINQLISTSINGLI®TF L sdrl)

CONTINUE

DO 269 Ns| N4y

Keg ]l (N)

IF(K+EQeD) GO TO 2649
TSINGVIBSTS(N,JI*CKIK,2)®FS(N,II®CKIK2IIOFS(N, 2
TSINI2)STSINI2IOCKIK IIOFSING)oCRkIKol}O®FSIN,I)
TSINWIISTSINGIIOCKIK, I IOFSIN 2I=CkiKy2)OFSIN, )
CONTINVE

00 271 N=},Ng

Kepl(N)

IFIKeEQeO) G0 710 271

JNaF (K ,2)

VO 272 y=l . JN

RUX®RF{KoJsldoutKoyegd
“UY.R'(‘.ng,OU‘K.J'z’

RUZSRF (KeveIdoUiK sy )
TSINVII®TSINGL)ICRUYOEF(KsJs3)aRUTOFFIKIY2)
TS(N,2)8TS(N,2)oRUZeFF (K Jyl)=aRUXeFFiKyJ,yI)
TSINGII®TS(NGII®RUROFF{KsJe2)eRUYSFFIK 1Y)
CONTNVE : '
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wlye
405
4Q6°
4Q7¢
4Q8e¢
409
qiye
Qi
4120
843e
YiM%e
415
416
4i7e
418e

4190

420°
42}
422
423
4240
425
426°
427
428e
429
430°
431
422
433e
424
435
46
437
438
439e
44ge
440
4420
4430
4440
445
446
447
4480
449
450°
451
452
453
4540
455
456
457
458
459
46Q°
~b‘.
462
46
4649
465
466
4670
468
44690
47ge
471
472

faXalal

177

17

3s?

247

376

TRANSFORM VECTORS TO REF+ BODY FRAME

TxQlglmtsSile})

TYgltlersije)
TiglileTsiy i)

DO 17 [=s2.n0 _- - - R _ o .

Meul(l)

K®|=}

LeCciRy) oL

FEXO(I)I®TiMed o3 of St 00T (M 2,3)eFS1],2)0T¢u,ds1lefS(1y4d)

FEYOLII®T (Mo 192)oFSU ) )oT(Me212)0FSi[e200T(peded2)eFSi]d)

FEZOCTImT (Mo 1o d)oFSt o1 )oT(Me203)eFSi]e2)oT (03030 eFSied)

TAQUL) STUMyjogdoTSUI,(2oT{M20010eTS(|¢2)0TiMedoileTSi14I)

TYOU ) ®TimMote2) TSt ilioTiMe20200TS1]42)0T(nsde2)eTSied)

TZot1) ST iMool )eTS o)) o1 Me2903)0TSI 92007 (nedad)eTSi]0d)

Oxgliol)®T (Mg i 000X ol doTtn,200000YC8 lleT(Medo)leo0zelol)
DYO(1,1)8T (M, §,2)e0KR¢1,0)eTUN, 2,210V, ,0)eT(My3,2)e02(1,41)
DZOC 1o BT Mo a0 DX o ) eT ne203)00V ] oldoT(Meded)eopZi]ey)
OXQU e 8T (Mol ol DRt ot) T lne2ol) o0V L ol)eT (M0 02D 0!
DYQULoL)IBT (N, ,2)00K( 1 L)eTUN,2,2)00Y (], L)0T My 92)00L¢1,L)
DZOl I oL) =T (Mol o) ODX ol ) eT(M 293)00V (I oL)OTMeIed)epZt) o)
DO 17 u=t.nNO

IF(1+EQev) G0 T0 17

IF(CPS(KsJ)*EQel) QO TO 177

IFLCIK 1) eERety®3}) GO TO |7

0X0([ey)=Da0t L)

OY0(1,4)eDY0(,L)

020(19y)e020t b

60 Yo 1?7

OXQllod)®TIM, 3ol )ODX(J o) oT n,2)0)00Y 01 oddaT(Medplle0Z(],y}
DYO [ od)oT(M,1,2)00X([,J)oT(N,2,2)00V (], ,J0eT(My3,2)002¢1,yJ}
DZOC o g ®T (Mgl s 3)oDX o) oT Ne293100Y0 o J)eT(M9I0d2®02( 0}
CONTINYE ’

DO 367 Is|,Ng

DX0{1s1)m0Xb 1,1}

oYolieglmpyipaeg!

PZolyeg?e02i10y)

COMPUTE TOUTAL EXATERNAL FORCE ON VEMICLE ([N REFe COORD,)

F1x0=0,

FTYO-O.

FT110.0,

DO 247 N=j NP
FTXO=FTXO*FEXQ(N)
FTYORFTYOSFEYO(N)
FT2Z0sFTZQ0*FEZ2Q(N)

AODITIONAL AUGMENTED INERTJA DYADICS (IN REF _B0ODy FRAME)

D0 37 (s} .nNB

00 37 yw=},.n0

IF(1eGEed) @0 TO 37
DX2wpX0(1+J)*0X0¢Js i)

DY2%p Y0l eglepYO(Jrl)

DZ2°pZ0( 24090204 Jr])
PS(ledygsi2®=THO® (DY 240721 .
PSU1sJdsle2)®THODXO Uy ) DYO00,y)
PSUTaJdsds3)®%TNO0X0CY,[)°020¢] 4!
PS(ledy2,1)®THeDYO(V,]1)00X0¢1,J) . R -~
PS(1eds2:2)%=TN®({DX20p22)
PS(19002:3)%THe0Y0(U,1)0020(],4)
PS(1ydy3s1)®THe0ZO(J,1)00X0(},J)
PS5(14J0e3¢2)1%TNODZO(V,])20Y0(],Jd)
PS(11J0393)%=TH®(DX2e0Y2) -
00 3768 Mw} ,3

00 378 Nel,d
PStJUslsMaNI®"PS{[sJoNIN)
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4730 237 CONTINVE
4740 00 75; M®;,3

475 . 00 751 Nes3,d

4760 14! PS{Lsl oMaNI"PHEL oM N)

4776 ¢

478 3 TRANSFORM AUGMENTED a0DY INERTIA DYADICS To a&Fe BODY FRAME
479 ¢

48q° 00 363 [®2.Np

480 LANEE

4820 00 364 J®|.3

4830 DO Jo4 K=|],d

484e AB(J1K)I®=0e

4850 DO 64 Lu},3

4840 AB(J K)SAB(Y, KI®PHI] Job)oTin,LyK)

4870 364 CONTINVE

4ege DO 365 Js|,d

4age D0 365 X=143

49Q¢ PS(I,1,J)K)%0,

49e DO 365 L=1,3

492e PSUTaladoKI®PSO] ol odsKICTEHIL WI®ABIL K]

4Py 365 CONTINUVE
494e 363  CONTINVE

495

4930 2 COMPUTE ThHg PGSO VECTURS FOR gACH FLEXe APPL,DAGE
497 <

498e DO 208 K=}, NF

499e KKaF(Kyt)et

5Q0° MoKl (KK)

50, JNT®F (K3}

502e IF(KKeEQel) GO TO 2090

503 D0 209 1=1,3

LY PG5O0(K,1)sQe

505 00 209 Js},3

$06e 209 PGSO (K, 1)2PGSO(K 1 )eT(MyJ,lle(=MCK(Kyy))
5y7e GO To 208

S0y°* 207u  CONTINVE

Suve D0 2091 I=y93

5106 2091 PGSO(K , 1) MCK (K, |}
Sile 200 CONTINVE

S5l2e
Si3e E VECTgR CRySS PRQOUCTS VDESCRIBING sYSTEM RoTAvloNAL CourklNGo
glde 4 (QUADRATC TEKMS INVOLVING THE CONNECTING a00Y ANGULA
Siye C ‘ VELOCITIES AND THE MUTUAL BARYCENTER®NINGE VECTORS)
Slee (4
917 00 230 Nej,Np
Slye 1*Fl(N)
519 D0 476 J=1,3
S2Qe 470 CAnD (N Ji=20
S2)e CPx®=Qs
522 CPY®SQe
523 CPz®Qe
S524e CPFXaQe
5§25 CPFYaOo
95260 CPFl=Qe
927 OCpXaQo
528e OCPY=D.

: 529 0CPZs=0,
53¢Q¢° 00 2301 Le1NB
Slje ILafF (L)
$32e IF(ILeNEd) GO TO 7149
533 WOXSWYQ(L)®DZ0(L NI owZO L )eDYQl L oN?
Si4e +  wWOvewZotlp!)eDxgolL NnIewxofL)eDLotL N}
5356 WOZewXO(L)eOYO(L,N)owYO(L)eOXO(LN)
Sl4e WWFDXowYQiL ) ewpZ=wZO(L )WDY
837¢ WaFDY®SwZoi )owDX=nXxQ()%wD2
538 WHFDZoWXO(L})eWDYnYO(L)®nDX
S39e GO Tg 7148
S4ge 7149 CONTINUE
S4)e wwpOx=Qo
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S42e
85430
Suye
545e
S46°

S47e

- 548

$49e

§5¢ge
S5)¢
552e
553
S54¢
5559
$5¢4¢
$57e
558
559¢
S56Q0°
S4 )
S62¢
S63¢
S64e
565¢
S66°
867¢
568e
569e¢
57ge
S71e
§572e¢
$73e
S74e
*
275e
$77e
978¢
$7¢9e
58Q¢
58}
58 2e
S58)e
S84e
58g¢
58¢6¢
587
588e¢
589
59¢0¢
S9°
592e¢
$93e
Syye
§95e
5960
§97e
59a¢
$99e
60Q°
40 ¢
602e
. 603e
404
605
6060
607
608
809e
6lpe

7148

482

2301

7147

}1%6

243

244

WNFDY®Q,

WHFD2%Q,

CONTINVE

IF(1s€GeQ) @0 TO 482

CWND{(Nosl)oCOwp (N, L )owaFDX

CONDING2)BCWRO(N2) oynFDY

CWRO (N, )oCOND (N3 )ouwFOL oo L. .

CONTINVE

CPFXSCPFXOWNFDX

CPFYaCPFYOQWFDY

CPFZaCPF2ewWiD

IFINCEQeL) GO TO 230}

WWOXsTHOWWFOXeFEXQ(L)

WHOYaTHOWNFOYSFEYO (L)

WwplsTHONWFOZeFEZOLL)

DwwDX=0YOINIL)oWNDZwDZOINsL ) onwDY

OWWOYSDZO(NIL) oWWDXeDAOIN L) OWNDL -
OWWDZSOXO(NIL ) oWWOYwQ YO (N, LIowNDX

CPrsCPX*DwwDX

CPYSCPYeDWaOY

CP2ecPZeDwWu0]

CONTINUE

DFX®DYOU(N N)eFEZQ(N)«DZO(N N)eFEYO(N)
DFY®*QZO(NIN)SFEXOIN)eDXOINJN)eFEZO(N}
DFz'oxoleN"FEYo(N)ooYOCNoN)OFEXo(N)

IF{1,NEsD) GO 10 71

HllPS(NoN.l'l"'lO(NIOPS(No s102)oNYO(INIOPSIyiNsLed)®wZ0(N)
HYBPSENINI2Zo [ IOWXOINI*PSINONI202)0WYOINI*PSI aN1203)%W20(N)
HZoPSlnoNod ol oaXQgIN)*+pSINGNL312)enYo(NI®PSt on1Ie3tounZoin!
G0 To 7146

CONT INUE

Hi=Qo

HY=Qe

Hiade

CONTINUE

IF{IeEGe0) Go TO 243

FACTaMSBIN)/TH

FTIXMaFTXQeFACT

FTYNaFTYOOFACTY

FTZMeFTZOCFACT
PGFXa(PGSO(],2)0(FEZO(N)=FTZIM)=PGSO(1l,3)¢(FEyO(N)=FTYN)}/NSB(N)
PoFYS(PGSO(]l 431 (FEXQINIOFTXN) =PGSOl L) IFEZ0INI=FTZN) )}/ uSBIN)
PGRZo{PGSO(L )P (FEYQINI®FTYNI=PGSO(]112)®{pEXOINI=FTXN) )/ nSB(N)
PWWOXEPGSO(l,2)°CPFZaPGS50(143)CPFY
PWWOY®PGSO(I,3)®CPFRePGSOlLv))eCPFL
PWRDZopGSOtl s 1)0CPFYepaSQil22)°CPFR

60 T0 244

CONTINUVE

PGFXA®0e

PGFY=Q+e

PerZs0,

PuwdDX®=0e

PunbY=Qe

PawDz2eg.

CONTINVE

K & JO(N=])

E(K®1 11 )oY wZoiN)"HZoWYOIN) *TXOIN) *CPRSOF XoGF XPWRDX
E(Ke2,1)8HZOWXO(N)=HXeRZOIN)oTYOIN) *CPYCOFYopGFY=PWNUY

E(K*I 11 )IBHAONYOINI"HYSWXO(N)¢TLO0IN)OCPLIODF 2opGFloPWnDL

CONTINUE

ADO MATRIX ELEMENTY COMPVUTATION (3Xx3)

00 g0l 1=}0)
00 3001 Jeisd
AQQ(1vy)®Qe
00 3 1s})¢NB
00 3 JsjyyNB

AOD(1,1)®A00C 1) *PS(1adslsl) . ' ORIGINAL PAGE I8
OF PCXJR.CﬂlAIJﬂﬁf
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6l AQQ{ 10208400 1+12)2PSteJe e 2)

612 AQQl19318A00( 1 ¢31*PS(1sdrled)

6l3e . AQQ(2+12)9A00(242)0PS(11Y12,2)

6lye A0Q(2+3)%A00(2,3)¢PS (100243

615° ADQ(3¢3)3A00(342)9PS(10v0343)

6loe 3 CONTINVE

a17e AQQ(2:1)2A0011.:2)

)80 AQQ(3+1)8AQ0(]+3)

6l9e AQQl352)°A00(2,9)

e20¢ ¢ X v ON (3X3)
62 C FLgERe APPENDe CONTRgUTION To A00 MATRIX COMPUTATY
622

6230 D0 210 Ks|,Np

'PLL) KKaF1(K)

6250 00 210 L=1.NB

826° IF(KeGTol) @0O-T0 2,5

627 00 2103 ls=leld

628 : 00 2303 J*13

629 21v3 TPSFIKILlsJImQe

4300 LLsFL(L)

6} IFIKKEQeU) GO To 210}

422¢ PP1®PGSO(KK 1} eDX0IL,K)

623 OP2®PGSO(KK+2)00YO (L (K)

44 OP38PGSO(KK13)00Z0(L 4K}

6350 PSFiKsLolsi)u=QP2=0P3

66 PSFIKsL12:2) =P =DP)

837 PSFiIKsL13¢3)e=DP=DP2

6lae © PSFiRLe102)mPGSOIKK 20 00X0( L WK

439 PSFIKeLed13)8PGSQIRK3)®0X01L 4K)

8400 PSFIKsLs2,)8PGSO(KK,1)20Y0(L ,K)

tuje PSFIKsL92+131mPGSO(KK,3)°DY0 (LK)

642 PSFIKILe30i ! mPGSOIRK 12202001 4K)

43 PSFUKsL1312)8PGSOIKK,2)°0Z0(L K}

s44e 2jul  CONTINUE

sdne [F(LL*EQQ) GO To 210

YY) IF(KeEQebl) G0 TO 2302

647 PD}oapPGSO(LL L) e0XO0tK, L)

64 ' PD2°PGSO(LL12)°DY0(K, L)

49 PO3®pGeSOiLL?3)*0z0(K L

050 PSFIKsLols) 1uPSF(Koby) o) iaP024PD)

e5)e PSF(KoLe212)aPSF (KsbLe202)~PD)=PD3

652¢ PSFiRoL1313)epSFIKILI313)=PDI=PD2

653° TPSFURL 1112 9PSFUKIL)12)*0Y0(KILI®PGSOtLL )
6546 PSF(KoLod I3 taPSF(Kob,1,3)¢D20(Kob)ePGSO(LL,I,
655e . O PSEUKILI20 1 IBPSFIKILe201)¢0X0(KILI®PGSO(LL,2)
b56° PSEIRsL12:3)8PSFIKsL2293)°020(KsLI*PGESO(LL,2)
657 PSFUKsLodsd 18PSF(Kob 3001 20X0(Kyb)ePGSO(LL,])
4589 PSEIRILeI12VmPSFIKILII2)*DY0(KILIOPGIOILL YD)
e59¢ G0 To 216

66(° 21v2 CONTINUE

YL 00 214 1s],3

4620 00 214 y=i,d

6630 214 AB(1,4J)oPSFIKILI] )

s64e 00 215 18},3

Y1 V0 215 Jsi,3

YYY 215 PSFIRILeIsg)oABl[eg)eaBly ]!

667  21v ° CONTINUE

YY'L 00 2151 K*joNB

669 00 215) L®)INB

87g° IF{KJLEeL) GO TO 215}

e71 . D0 214} [s)19)

872¢ DO 214) y®y10)

6723 2141 PSFIKsL ol 1 J)ePSF(L oK Ul

8740 2151 CONTINYE .

67%¢ DO J004 K=]) oNB

87e6° KKsF] (K}

677e 00 3004 L=}iNB

YL LLaF (L)

‘6798 IFLIKKeEQeQ) o AND o ILLoEQOU) ) GO TO 3004
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68ge
68|
662,
683e
684
blge
6800
bu7e
b8y
b89e
69y
69
672
6930
€94
695
6%
€970
698
679e
700Q°
70}
Tuze
703
704
705¢
706
707
7040
709
71Qe
71
712
713
7140
715e
T1i6e

Ti7e

Tiae
7190
720°
72}
722¢

7230 .

T24e
725e
T26e
727
128°
7290
73Q¢
Ty
732e
733
7340
735e
. 736
737
738¢
739e
7400
74}
742
743
T44q,
745
7460
747
748
749¢

dgwd '

JguY

n

(o X aNa¥al

222

221

220
219

2245

D0 3003 (=(»3

00 3003 Y=

AOC(1,J1eA00(1 ,V)=PSF(K,L,],J)
CONT [NUE

CONTNVE

AOK VECTOR ELEMENT COMPUTATION (3x1)
AKM SCALAR ELEMENT COnPUTATION

DO 14 M= NH

I1QuH (M)}

AV(MyL)®2Qy

AV(N,2)8Q.

AVI(M,3)®=00

PO 7 J=iNB

00 7 Is]G,NB

00 1§ N®1,»J.

IF(EPSIMIlIEQIV) GO TO 7

PSGlUel N0,

00 10 L=i,yd

PSGlUr I aNISPSGLYs T aNISIPSE e yNsLI®PSEL Jalenel)oq0(N, L0
AV(M NI=AV(M NI*PSGlys]aN)

CONTINUE

00 14 K®|yNH

IF(KeGToen) GO TO 14

JadsH{K)e}

Als(}))=00

Als(2)e0e

AlS(3)m00

DO 15 JsJQANg

00 1S [®[QN8
IFCCEPSIKog) oEQeQl sQRe LEPSIN, ) eEQeol)) GO 19 15
00 18 N=i,)

AJSINIBALS(N)*PSGIJs]sN)

CONTINUE

AS(K,M)®GO (K, )oAlS(§)eG0(K2)0AlS(2)GO(K, I ealSII)
CONTNUE .

AQF MATR]IX (3 x NKT) (REFe BQOOY/FLEXe APPEND, oE CQUPL|NG!

00 219 K=} NF

JKaF (K, 3)

JAeF (K, 1)}

00 222 1m1,3

00 222 u=1+¢3

AB(1,J)%0»

00 221 L»i.Ng
AB(1,2)%AB(142)°DZ0( 149!
AB( 143 1wAB ()30 0Y0(,4Q
AB(2,))%AB(2,3)°0X0(,Jq)}
AB(2,1)%=aB{],2)
AB(Jd,))meaBi},3)
AB(3,2)m=AB812,3)

00 220 1°1,3

00 220 J®i,JK

ADF (Ko ) ¢J)oOLKO(K,1yy)

00 220 Le=l,d

AQFIK [ o IBAQF Ik Joy) = ABIT,L1*PKO(Koboy)
CONTINUE

AKF VECTOR (1 X NKT) (FLEXe COVPLING WITH R|-3p SURSTRUCTURES)

0o 229 Kwj NF

JKaf(K,3)
JASF(Kel )@}

00 2245 y®i1r1yx
ISR(K 4 )e0,

DO 224 NS Ny
00 231 18}
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75ge D0 231 J= )3
7S5ie- 231 AB(1,J)%0,

7520 ’ DO 226 L=l \Ng

793¢ IFIEPSIMILI®EQeQ) GO TO 224
7546 AB(l,2)3A8(1),21°020((,v8}
755 AB(L+3)=aB(1,3)%0Y0(Loy@)
756¢ AB(2,3)%AB(2,2)°0x0¢ 1y}
. 157e 226 CONTINVE

7590 AB(241)u=AB(}¢2)

759 AB(d,1)%=AB(143)

Tege ) AB(3,2)"~A8(2,3)

7619 00 228 Is=1,3

762 DO 228 Jy®i.uk-

763 DUR([sg)=DLKO(K |2 d)

764e IF(EPS(MyK)eEQeQ) DUR(IsJImg,
765e D0 228 Lel,d

766 228 DUR 1y ®DURCay)=AB 1oL ) *PKO(KILWY)
767¢ D0 22431 J®1vyK

768e 00 224 12393

769 2241 ISRIK,JISISR(K,J)*DUR(1,J)eBGUiM,])
770¢ D0 229 Js=1,JK

77, AKFiKIMIJ )0,

772e 00 229 1=},3

773 229 AKF(KyMoJ ) aAKF (K M, J)eGO{M,1)aDUR(],,u)
7740 224 CONTINVE

775¢ 4

7746 4 COMPUTE CORRECTION ELEMENTS FOR (g) VECTOR
777 € .
778¢ DO 4§ J®=2.NB

779¢ JKep](y)

780° 00 411 Ms1,d

7ale 411 Cw(Jd,M)=0,

742¢ 00 42 Kx=).yK

783 IF(EPS(KIJ)*EQeD) GO TOQO 42
7684e CH(JolIOCHIJ L) oWGUIK L)
785e CW(J,2)®CW(J,2)%wauiK,2)
7660 CH(JIIBCN(J ) oNGUIK D)
787e 42 CONTINUE

7688 41 CONTINVE

789 DO 4g ™1 NB

790 EA(1)®Qe

791° EA(2)mQe

792¢ EA(J)=0e

793¢ DO 4gl J®2Ng

794¢ D0 4507 N®}§93

79S¢ PO 4507 Le},3

796 4507 EA(MICPEAIMI®IPS[adoMslL)"PSF( JodeMeb) ) oCcwiyly)
797 401 ConNTINVE .
798¢ Kis3jellewy)

799 Eixlol.I’GE(KIO!.!)-(A(I)
800° Elxle2,11mgiK]1+2,1)=gAl2)
8y} E{kled sl )sgl(Kied 1 )=gAnld)
802 40 CONTINVE

803 DO 55 MI=s},d

8uye 55 EC(MII=E(M] )

8p5e DO 52 JUm2,NB

8Gse DO 52 M=l,y)

807 Kisde(Jy=))en 3
80ue 52 EC(M)REC(M)I®E(KL, 1)

809e I=g

8lge DO 60 Kol NM

8l JyKaK(K)*l

812 IF{P1IK)eNEPQ) GO TO 60
8l juje}

8i4e EC(]+3)=0.

815 00 égQl M=],d

8lee Y} CE(M)®Qe

8i7e DO 6] JmJK,Ng

8l8e . IF(EPS(KJ)I*EQeQ) GO TO &1}
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819 00 65 n*l14l

82¢0° JisJe(Jm] oM

821 45 GE(MyuCE(M)oe(Ji, 1)

822 61 CONTINUE

823e 09 66 L®1v3 )
" 824 Y3 EC({led)mEC(le3)+GO0(K, LI*CE(L)

N 8250 - EC(led)mEC(led)oTH(K} . . P

824 60 CONT I NUE

827 DO 610 (=143

828 D0 410 J®1 4NN

82ge IF(PI{J)+EQeQ) GO TO 410

839 ECLI)=ECCII~AVIV,1)eGuDDIY)
831* 61V CONTINUE

832e K=Q

833 tvel

824 DO 612 1%} Nh

835¢ IF(PI(1)eNEeg) GO TO 6;2

838 Keg*|

8§17 [vs]ye}

838 00 611 Jm NN

839e IF(PI(J)eEQe0) GO TO &1}

84Qe IFL1oGTod) ASUI1J)®AS(I})

841 EC(Ke3)IMEC(K*3)=ASI],J)o%6HMDD(y)

8420 611 CONTINVE
843e 612 CONTINVE

844 4

84se C COMPUTE RTo¢ HAND SJDg OF APPgNDAGE gWUATIQONS 4N APPENDs COOQRDSe)
8460 (4

847 DO 483 K= NF

gude 1o ikl )}

849e MEnitl)

850¢ CA(L)I=SFTXO/TM o Cuwb(1,))

85)e CQI2)®FTYQ/TH & CAND(]02)

8nle CQ(3)®FT20/TM o CWWD(1,3)

853 IF{1:EQel) GO TO 4849

854 Do 484 y®},d

896 VE(K,J)=0.

856 DO 484 L®1,3

857¢ 484  VE(K gl®VE(KegloTimsgatecqly)
8s8e GO Yo 483

859 4844 CONTNUE )
860 DO 4843 Uw}»d

861 48491 VE(K,J)®Cuty)

862 483 CONTINVE

863 DO 485 K™} ,NF

by NLaF (K2}

865¢ DO 486 N®|,NL

gbbe Nbasbe(Nm})

8e7e 00 488 ymw],3

86 JNaNgey

869 JRsJpNe)d

870¢ VBOIK,JNI®FFIK3NyJ)

87,° 486 VB(K JNIBTFiK N g?
872 48¢ CONTINUE
aze 485 CONTINUVE

874e NYely

875e D0 49) KS1Nf

875 INBF (K43}

877e . NLeF(K,2)

878e NL6®OONL

879 DO 492 J® N

88pe [LeNyey

8u}e VV(--#rGKoJIO(Zoozr((.J)ogro‘x.4|0ur(KoJ)ogT,K.J))
882¢ DO 993 N®,NL6 B ’
883 493 VY ®yVi*ElG{KeNIJIOYBIKIN)
gude 00 494 Nel,d

88y 494 VVI®YVI"PKIK s NsJIOVE{K N

88s° YVimsyvi=2srRIK 4!}

887e ECiIL)myy} .

ORIGINAL: PAGE IS
OF POOR QUALITY
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114

868
889e
89ge°
89}
892
893e
8940
895e¢
896

8V

8948
899e
90Q°
901 ¢
902°
903
904
90%e
b AT 34
07
90u°
09
?10e

91 -

912
130
P4
9is5e
P16
P17
9lye
919
920°¢
92
922
923
9240
925
9dé6e
927

\F1LE

929
93ge¢
93,
932e
932e
P34
935
V36
937
P340
390
940
944
942
943
P44¢
P45¢
9440
P47
P48
P49
950°
95
952¢
953
954

955¢

9%6e
957

4920
492
491

46
462

405
(3

46/}
467
460

475¢

475
474

00 4920 Ls)sNM

IF(PI(L)eEQ?D) GO TO 4920
EC(ILISECIILI=AKFILIK s oGNOD (L)
CONTINVE

CONTINUE

NVaNV* N

ENTER CONSTANTS INTO FLEX, 800Y PORTION OF CaGFF, MATRIX ,

NVs ]y

DO 462 K®) NF
NLaF (K,I)

DO 443 IslyNL
ILaNye]

00 463 Ju| N,
JLaNyey .
AlIL JLY)®0
IF(leEgued) AlLJLIYLI®] e
CONTINVE
NVsNVYONL

ENTER COtFFe WHiCH COQUPLE REF, 80Dy AND FiLgyx, APPENDAGES [NTQ A

NVely
00 464 K®|N§
NLaF (K ,3)
DU 465 Js],3
DO 465 1%1,Ng
lL'NV’l

CIL W) mAF K, 1)
AlgrlLrmsatib, )
NVeNyeNL

ENTER COEFFe WHICH COUPLE SUuSTR, RODIES ANY FLEXe APPEND, INTO A

NVs]y

DO 466 K= N

NLaF (K .3’

JI's0

DO 467 J®isNn
IFIPIL ) eNE®Q) GO TO 467
Jisdle)

00 %467} [I®ioNL
ILeNy*}

ALIL JI®JIBAKF (K Uy ])
AlJledyll)mA(lLouled)
CONTINVE

CONTINVE

NVaNyeoNL

CALCULATE FLEXe BODY COVUPLING COEFFe AND ENT,R INTO A MATRIX

NCom YV

00 473 LalNf

NLOF (L)

NRQ® ]V

DO 474 K®= ) Nf
NRaF (K ,3)

IFIKeEQL) GO TO 474
DO 475 Is|NR
IKaNROe ]

DO %475 Jm| N
JKEBNCO*Y .
“IK.J".OO

00 %950 Nej},)

AUIR G JKISALIK s YK )=PROIKINS [ JoPKO(LaNIYI/TH

CONT INVE

ALYK IKIsA(IK,JK)

CONTINUE

NROSNROONR
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958¢ 473 NCOwNCOONL

999 <

L 7Y C LOAD SYSTEM MATRIX (o) WITH AQO1AQKeAKM ELEMNTS
LY (4

9620 DO 23 I=i1,43 -
963 00 23 u=li,d

‘Y64 23 Alpegleagotl o0~ - - - S - - -
%65 00 24 I%14)

90be KsQ

9670 00 24 J®JINH

9680 jFipg i tenErg) 6o 10 29

969e Ksgeg

?70e Alge3sgdeaviy, )

97} Alpexed)saviy,g)

9720 29 CONTINUE

9730 KeQ

9740 DO 250 [®1.Ny

750 IF(PIl)enNE*D) GO TO 250

9276 Kuge}

9770 L*g

9748 00 25 Jywl kM

979 IFP1tJIeNEsg) GO TO 2%

v80e, Legey

980 IFIKeGTolL) &0 TO 20

982e AlK®d oL *d)mAg(]0y)

983 60 To 25

984e 26 A(K®IoL*I)mA(L*I K*))

P65 25 COnTINUE

966 250 CONTINUE

987 (4

%uae 4 ANGULAR MOMENTUM .OF THE SYSTen
989 C

99¢9° IF(PLINH® ) eNEW]) 60 TO 8752
9940 D0 5651 =3

992 HHlT)®Qe

993 0y 5651 y*1143

9940 5651 HH(I)sHH(I)*ALTJ)eNgiY)

7950 00 5652 1=}1»)

996 00 5652 J®l QN

997e 95652 HHM(LISHHITI®AVIY, 1 )®%6N0tY)

298¢ 00 5653 I=1s)

990 D0 5653 K®)'nrF

19Gg* NLuF (Ko3)

1001 D0 5654 JalNL

1002¢ 565% HH(J)ITHHLL)I®A0F K| 0JICETOIK, Y}
1003 S653 CONTINUYE

10Q4e © HMeSQRT(HH(1)ee2 o HN(2)0e2 o HH{D)eed)
1006 8752 CONTINVE ’
100e° [4

1007 (4 SOLVE SYSTEM NATRIX FOR REFERENCE BODY ANGe CCELERATION AND MINgGC
1008+ (4 (RELATIVE) ROTAT]ONAL ACCELERATONS
1009e C

101Qe NTasVeNTNO

1011 ITajyeNTNO

1042e K¥miy

101l3e CALL CHOLD(392,A ST T ECy00,1e0e7)
1014 00 910 JsNT14,-l

10415¢ IF(JoeLEsYV) S0 10 713

10160 JVade(VejV)

1017e EC(JISECIVVI

10419 60 To 910

1G9 913 CONTINVE

102Q0e Keyold :

102} IF(PJ(K)eNE*D) GO TO ?11)

1022 EC(JImECIKY)
1023 KVaKye|

1024e 60 Yo 910

1025 91} ECIJI®GHDDIK)
1026¢  9)U  CONTiNUE
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1027 00 9go3 I=)y
1028 P03 wWoOT(1)eEC()

1029e . {®y
‘ 103¢0° 00 9001 K=inNF
ts:;‘ NLafF (K ,3)
3de 00 9002 Ns ), NL
1032 J10a]eN
1034 9002 ETDO(KNI=EC(}0)
1035 9061 I®ienNL
1036 92 CONTINVE
1037 RE TURN
108 END
plAGNOSYICS

ATIUN Ting = 30+73 SuPS

CSSLeTRAN,CSSL
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Appendix E

Subroutine MBDYFL Listing and User
o . . Requirements

. Subroutine Entry Statements
Same as MBDYFN (see Appendix D)
Input / Output Variable Type and Storage Specifications
Same as MBDYFN (see Appendix D)
External Subroutines Called

AINVD—double precision matrix inversion subroutine. Inverts any real square,
nonsingular matrix, 4, and leaves the result in 4 (see statement 419).

Subroutine Setup

Same as MBDYFN (s.ee Appendix D)
Data Restrictions

Same as MBDYFN
Core Storage Required

Code: 3500 words

Data: ~ 500 words (minimum; varies with n, ny)

Listing
;: SUBROUTINE MBOYFLINC,CoMBymAsPBPA G PI NF,F EIG,RECRF,WF,2F)
c .
e C ADJUSTABLE DIMENS|ONS
4o (4
He INTEGER PII3)sCiINCY2)
be REAL MBUJ) ,MAINC,7),PBENC,3),PA(NC,NC,I)
7 PARAMETER QC=2) ¢Quo2)gF ol oNk® ) NKTa7
ae PARAMETER NOK®OONKoSHQC L ) VoQH*IoV4®40V 15383,5,Q5UHINNOQN
9e PARAMETER STaVeQFeNKTY,S4m4eST
1ge C .
lie C ADDITIONAL DIMENSJONED VAR[ABLES
12¢ C -
13e DOUBLE PRECISION A(ST, ST ) ,WRK(54) ,BMASS(S)
ige INTEGER EPSCWsSI sCPSIQCISIoH(QI oHMI(SIoFI(S)ss8NF 3}
15e REAL AQO(343)0ABLI13)+sA0F(GF s3I INKT) 1AKFIQF yumoNKTIgASEGoQ)sAYVEIGsI)
lae S.AlS(J).CL(J).CK(QF.J).Cu(J),ol(S,S).DY(S.s) ,DZ(S.S).DXO(s.S).DYO(
L7 $595)0DZ0(S+5) sOLKIQF yIoNKT I sDURCIINKT )9 EJGUINF INOKINRT ) o FEXVOISIOFEY
lae $00s) ,FEZO(S) yFS1Se3),600Qed) sGiRed)plARIS)  IyVES),1Z20S)yAYES) 1IN
19e SZ(S) IYZUSIaLRIS, S LY (5,51 ,L2(S,5) MSBIS) McRIWF,3)4PNIS,3,3)4P56
PR $(S,503)4P5(54S5¢3,3)4PKINF eI onKT) ¢PGSOIQAF 1) sREINFINKsI)IRECINFION
210 SKT)oTXOUS) o TYOU(S)yTZOUS) e TIRIs),TSUSs3) Ul FaNKyI)oVELQFI),VBILy
220 SF yNOK) gWF (NF (NKT ) 3 ZF (NFyNKT) 1t d)
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Ll EQUIVALENCE (A PSH ol Xe0R0I (Y9070} 4iLZD20)

24° . NaaNCe|

riy} '(- .

doe (4 DEFINE EPS(N,J) USING ¢ a
27 ¢

28 0V 86 Kk=inC

29e DO 8o JUm2n8

3ge IF(KoEWeluel)) CPSIK,uiv)

d1e IF(RolLTelyeld)) 0 TO 87

3ze 60 To 86

d3e 87 CONTINUE

34e JOeKel

dge Jieyge}

do® 00 89 Levy,Y)

37¢ IF(KeGTolled)) @0 TO 49

dde FFOUCPSIKILY0EQol ) eaANDo (C (Il ol 1ogQe L=l ))) (PSIKeJIm)
39e

4y a9 CONT INYE

40 8e CUNTINVE

420 L*0

43¢ DO 1 JymiaNC

4o KKaC(Jy2)

45 00 | Ksl KK

4¢° LeL*

%7 00 | Is1oNb

Yye 1 EPSILsII®CPS(J,])

490 C .

Sye ¢ COMPUTE MilleC, WHERE I=nINGL LABEL AND CosCONNECTION LABEL
50 < :

820 10 -

5J3e 00 8 Js2,yNp

Sye KxsC{y=192)

55¢ DU 8 Keg, KK

L YXJ jole]

57 '} Hijleyel

S@e < _

5ye 4 COMPUTE Mi(l)ad, WHERE JeBUOY LABELel AND JunEAREST MINGE LABEL
Q¢ 4

LT CYRRNLYY

'YL MI(NBISNNH

Y3 00 47 lshn,l

b4o IF(14EQe)) G0 TO 47

e5e Klsnig)

[ Y14 K2spilet)

o7e IF(K}eEQeK2) GO VO 47

bue Hl(K2e}l)sjal

69 47 CONTINVE

70 C .

710 < OEFINE Flijlex, AMERE y=bOOY=_ABE ®1 AND Kk g APPLNDAGE=LABEL
720 [4 (If KsO, BODY HAS NO FLEKX, APPENDAGE)
73e Cc

740 00 239 N®|,Ng

7g5e 23Y FluN)=g

760 00 282 Ks|,Nf

77 JNSF(Kel)®]

Tae 242 FliJdnlax

79 NF aNF

8y NBsNB

) C

82¢ ¢ OEFINE SUBSTRUCTURE nASSES

ade [4

s4e . MSp(l)smB(y)

dse 00 298 NS®2.Mg

8o 240 NSEINISMAIN®},7)

$le (4

8y 4 TOTAL NUMBER OF FLEXR, APPENDAGE MODES TO g€ RETAINED
sye C

9Q° NTnO=Q

L 2% 00 %41 Ko N
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v2e LT NTNOSNTNO*FiKed)

93¢ (4 ) )
93. C INSTIAL CALCULATION OF BARYCENTER YECTORS peneTe BOOY Co6,S
9ge P AND NINGE POINTS
L 7Y 4
B 97 IxxiglenBiy) . .

Yge lvyy(grempi2)y  ~° ~ o . S T T - -
99e 142(1)mmB ()
10u°* 1xy(i)enpgia)
lule 1x2¢1)emp(s)
102¢ Ivz(irenB e}
103e¢ BMASS(l)eNB(7)
1040 THaB8MASS(I)
105¢ Do 35 J=2i1nN8
luse Txxtgdemaigei g}
107 IYviJisHA(Y"],2)
108 122(4)aMA19%1,3)
109 Ixylglsmalyg=isnl
1i0° IxztyIsmnALJ™],5)
1lie IVZiJIsMA(J=] 6}
1120 BMASSiglempaly=ta )
113 38 TeTueBnASSiy)
114 00 149 laj,N8
115 {lalel
liee DO 149 Js|  Ng
1i7e Jlayel
1160 IF(1+EQev) 60 1O 163
1ige IF(1,6T.9) 60 TO 70
12ge® 1IFi1egQel) GO0 7O 80
12} IF(CPSITLog) eEQel) Gg TO 400
1220 70 LX(LyJioPACT Lol d)
1230 LYC ed)®PALLM e s2)
1240 L k2l opALT el 14D
125e €0 To 149
1260 400 CONTINUE

. 127 DQ 600 K=oV}
128 IFICPSIKIJI®EQel) GO TO $S00 .
129 QL CONTINVE ’
13ge @0 To 1e9
1319 -500  LX(JevI®PALT)eKe})
132 LYCBoJdI®PA(L oKe2)
1330 LZ(T,JIsPALLL 4K eI)
1340 G0 To 199 .
135 80 00 90 L=yl
13ee IF(CPSILIJI*EQel) GO TO 101
137 %0 CONT I NVE
t3ge @0 Yo 199
139e 104 LX¢Jsd)mPBEL, )
l14ge LY(] J)ePB(L,2)
14 LZ(1,d)mPBIL,I)
1420 60 70 |49
1430 169 LX(§,4J2900¢
144 LY(]yJ)®00
1450 Lit1eJ1=00
1% 1497 CONTINYE
187 DO 13 new ) NB
149 DO 13 J=iNB
149e DX(N J)sbLX(N,J)
15¢e DY (N JISLY N J)
15} DZ(NyIISLZINGY)
1520 DO 13 K=} NB N
153 DX(N JISOXR(N,J)o(BMASSIKI/TH oL X (N K)
154 DY(NsJ)SOYINIY )= (BNASSIK)/TH)oLY {NIK)
::SO 13 DZUINYJIBQLIINYY)I=(BHAGSIK)/TH)eL2INIK)

. C

1s7e 4 CALCULATION OF AUGMENTED INERTIA OYADICS FOR EACH B0DY
1S8e (<
159 00 33 w=jy.nb
lége PH(NylL l)®lXx(N)
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TIL PH(Nyl1s2)0=lxYIN)

162 PH(N, 1,3 )selxZ(N)
J63e . PHINe2:2)=3YY(N)
16qe PHIN,243)8elYZi(N)
165 Pr(N,3,3)0[2Z2¢N]
16ee 00 30 vel.nB
1670 PH(N Lo )OPH(Ny L L} ogMaSSE ) e (DY (N JI002402(py)ec2)
1680 PHINGLs2)9PH(N L 21 23MASSIJICDXIN,JIODY(N,J)
169 PH(N ) 3 )sPH(N, 1 ,J)egMASSIJIeDX(N,J)SDZ(N,J)
173 PHINIZ12)8PHINIZ.2)%gMaASSIY) e (DXINIJ)®O2002( s ylee2)
1710 PH(N,2:3)9PH(N,2,3)=aMASS(J)eDYIN,JIeD2IN,Y)
172¢ 30 PH(N,3,3)oPH(N,I ,3)eaMASS (U)o (DRIN)J)®02¢DY (N, y)oe2)
173e PHINsZs1ISPH(INy1,2)
174¢ PH(NGIsLIBPHINGL,I)
V75 3 PH(N I 12)8PH(NG2,3)
1760 [4 R
177 < ADDITIONAL AUGMENTED INERTJA oYADICS (IN REF,800Y FRAME)
178 <
179 DO 75) Js),Npg
18ge 00 751 Ma},3d
18,¢ 00 751 N®l,3
1820 7514 PSIJoJoMaN)I®PHIJ M N
j83e 00 37 I=|sNB
jaqe DO 37 JsiNB
1850 IF{leGEY) GO TO 37
1860 0x2°Dx (1) )J)%0x(Jel?
187 DYZupVY(1,4J)°0Y(d,yl)
- ldye 022%pZ( 11y ®0Ztdy 1}
{89e PStlsJdelsi)®=THo(DY20022)
19Q¢ PS(lydol s2)0THeDX(Je])eDY (1)
191 PStI9d0803)%THeDR(Jr )DL (] v y)
192¢ PS(Isds201)%TMOOY(Joj)o0R(]2y)
1930 - PS(lsd1292)%=THO(DX2eDZ2)
174 PSULoaJde2s3)®THODY(J})e0Z(]0y)
1950 PS(Lyusd sl )=THeDZ(Je])e0R{1 )
196@ PS(1)Js3¢2)°THO0Z(J2])00Y(Lr4)
197 PS(loed1393)%=TH®(DX20pY2)
173 DO 378 M=} ,3
199e 00 378 Nej,3d

200 376 PS(JoelsMIN)®PS(]edoNM)
20} 37 CONTNUE

202 4

203 [4 AQD MATRX EL_EMENT CQMPUTATION (3X3)
204 c

205¢ Do 3001 =193

206" 00 g0l v=)1e3

247 dgu)  ADQ(]sJ)ml,

208 00 3 =l.ng

209 00 3 Jag,NB

2ige ADQ 1, 1)8ADO (1 ,1)ePS(] Vsl 1)
21 ADQ (1 12)mA00(142)ePS(1sJdsle2)
212e AQO 1 +31%A00(1431+PS([avelad)
213e . AQQ(2,21%A00¢2,2)9PS({[ed2242)
2140 ABD(2,3)8A00(2,3)ePS(]v92,)
215¢ A00 (393 )wA00(3,3)9PS(],4,3,3)
2160 3 CONTINVE

217 AQgt24:1)%AQ0(1e2)

2lae ACD(3,119a00¢(1,3)

219 A0C.13+2)9A00(2,3)

220 ¢

221 ¢ AOK VECTOR ELEMENT COMPUTATJON (3x1)
222e¢ <

223e < AKM SCALAR ELEMENT COMPUTATIUN
2240 < :

2250 00 14 M=) oNH

224 IQeh{mM) ey

227 AV(M, 103G,

228 . AV(N,2)=00

229 AVinyII®Q
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23q°* 00 7 JsisNa

23 e " 00 7 JelG,N8
232e DO 11 N®§1d
233¢ IF(EPS{Me]}%EQeD) 6O TO 7
234 PSGlJsl sN)sO,
_ R ,ZJS' 00 10 L®1¢d
236¢ 190 T PSGlUrIwNISPSGIJI 1 N)ePSLJI el aNsL)OGIN, L) _
237 i AV(M N)SAV (M N)*PSGiY, M)
238e 7 CONT[NVE
239¢ 00 19 X®l4nNH
2409 IF(XeGTeM) GO 710 314
24) e JUsH(K) i
242e . AlSt1)=0s
2430 Alsi2)m0e
2440 Alsi3)=0.
2490 00 15 J=vuéNg
2496 00 15 Isly,N8
24970 JFLUEPSIRIVIeEQeQIsORIEPSIM, 11 4EQeQI) GO YO 325
248" DO 18 N®},)
249 18 AISINI®AJSINI*PSG(Yr]sN)
. .
gg?o 15 227}§=?Eecxo|).axs¢lnocdx.zlouls¢z)°e¢x.ap.‘,s(J)
252 ] . CONT INUE
253 <
254 < DEFINE PK(3 X NKT ARRAY)
255¢ < OEFINE DLK=TRANSPOSE MATRIX (3 X NKT ARRAY)
256 c
257¢ 00 201 Ksj,NF
258¢ JNTSF (K 3)
259 00 201 I=},3
269 0G 201 J®1,JnT
26} PRK(Ky],,J)mREC(Ky],4¥)
2620 201  OLKIKylov)SREC(K,[¢3,J)
263 ¢
264e < AGF MATRIX (3 X NKT) (REFe BQOY/FLEXs APPEND,.GE COUPLING)
265 <. :
2660 DO 219 K= ,NF
267 JKaF (K3}
268e JesF(Ksl e}
269 00 222 1%.3
27ge D0 222 Jsi,3
271 222 AB(],J)=0,
272 00 221 Le=i.N8
273 AB(142)%A8(1,2)*DZ(Lyn}
2740 AB(1,3)9AB(1,3)eDY (L &}
275 221} AB(243)%A81(2,3)pX (| g4
276 AB(2,1)%=AB(},2)
277 AB(3,1)m=pgll,d)
278 AB(3,2)%=AB12,3)
279 00 220 1=1,3
28Qe 00 220 Jmi,vK
2810 AQF (K o1 991 8DLK(K,}yd)
282¢ 00 220G L=l,3

2830 22v AOF (Ko ToJISAQF(RsL1J) = ABLT WL} OPRIKILIY]
2840 219  CONTINYE

28%e
284 g AKF VECTOR (1 X NKT) (FLEXe COUPLING WITH Rl ijp SUBSTRUCTURES)
2870 ¢
288 00 2249 Ka|  Nf
2890 JEeF{Ky3)}
29ge JeEF (K1) *} ~
a7 DO 229 M%) NN
292e 00 231 le},3
293¢ 00 231 J=i,d
2940 23} AB(}s9)®0r
29s¢ 00 226 L*liN8
2% IF(EPS(M,L)eEQ.Q) GO TO 226
297e AB(1+2)248(142)"DZ (L 9W) B
298¢ AB(1s31%aBida3)%0viL Q! . , &YBG \
OY“‘GSQ% o
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299 AB(2,3)°A8(2,31=0x{L Ju!
dyuge 226 CUNTINUVE

gy . AB(2e1)9mppl1,42)

g2 AB(I,1)®=aB1},3)

3ua* T AB(3,2)°=AB(2,))

304 00 228 181,

305 00 228 J®i vk

306 BURL 1oy SULKIK ] 4!

07 IF(EPSIMIKIOEQeV) DURI]IVISO,
0@ D0 228 Lsl,3

309  22¢ DUREJ1JISOUR([ 4 J1=AB oL IOPK(iKILYY)
dig* 00 229 Js},VK

Jlge AKFIKosMyJ)nG,

312 U0 229 s},

3l3e 229 AKF UK IMoJIGAKF (K Moy )oGin, ] depURI . )
Jlue 224 CONTINUE

Jise C . ’
Jloe C ENTER CONITANTS [NTO FLEX, BUDY PORTION OF CnkFFy MATKR)X ,
Al7e C

diae lve)

Ji9e D0 45329 i®jsnn

32Qe IF(PI(1)eNECQ) GO TO 6)29

32 lvasjvey

322 6129 -CONTINUE

323 NVelV

J24e DO %62 X®=|)yNf

32n° NLeF(K)

A2 DO 463 s N,

327 lesNyve]

EY L DO 463 ys|, Ny

J29e JLaNyeJ

33Q° AlLL L) 2g,

33} IF(1eEQed) A(lLrdbls]oe

332 42 CONTINVE
3330 4od NVeaNy*NL

340 (4 .
335 4 ENTER COLFFs WHICH COUPLE KEF, BO0pY AND FLEX, APPENDAGES [NTQ ,
dleoe 4

3370 NVsly

3dee DO 464 Kmj,Nf

33ve NLsF (K, 3)

J4ge DO 465 Jy=1,3

4 e D0 4gs Ism), N,

3420 ILaNVe]

343 S ISYILIVI AL IFINE

4y 465 ALy IL)I®AG L Y)
J4se 4ot NVeNVeni

%o C

J47e < ENTER COEFFe* WHICH CQUPLE SVUaSTRe BQUIES AND FLEXe APPENDs INTO A
Jeee 4 ’

3490 NValy

3sge DO %466 K®| Nf

39, NLoFIKsI)

352 Jisg

393 DO 4g7 J=j NNy

IS4 IF(PLUJ) eNECQ) GQ T0 467

3sse JisJle)

PR T 00 467) imyaNL

357e. ILaNye]

A58 ALTL JI®J)BARF (K Us])

3S59e Algled s lLisA(Laryied) -

Jége 4671 CONTINVE
Y TE P Y'Y CONTINVE
Jege LTy NYaNYONL

o) (4
:::: 2 CALCULATE FLEXe BUDY CUUPLING COEFF. AND ENTgR INTO A MATR}X
Jes?® NCo® vV

Je7e DO 473 Le| NF
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T06e NLeF (L,3)

369 NRQ®}V
ATy ‘D0 474 Ke |, Nr
37y NRaF (K ,3)
372 IFIKeEQOL) GO TO 474
o RYZLE . DO 475 I=j NR _ o R o
374e IKoNROe! ) o ' B B
3756 DO 475 Jsi N '
376 JKeNCOeJ
377 ALIK,JK)mg,
3780 | 00 4750 N=19d
319 ALIKGUKISACIR s UK )ITPK (KN I ePRIL ¢Noy)/TH
38ge 4750 CONTINUE
3dqe ALUK IKISA (LK o JK)
34 2e 475 CONTINUVE
383 474 NRQ®NROeNR
J84e 473 NCo=nCOoNL
Jése <
ddee ¢ LOAD SySTEM MATRIX (o) WITH AQO,AQK,AKM ELENpNTS
387 4
YT 1 00 23 %143
3Jige 00 23 Jy*isd
39ge 23 AlL1oJ)eAGOtT,0)
3V DO 2% 21,3
3v2e K®g
393 DO 24 JmjNH
394 IF(PLIJIeNECQ) GO TO 24
J95e K®k*)
3% Alg*3ytdeayiyeg)
IV7e Al sKed)sAviy,il)
d9ae 24 CONTINUE
399 Keg
4QQ* DO 250 1= NN
401 IF(PI(1)eNE*D) GO TO 250
4020 Kege}
493 - teg
404 00 2§ J=] NN
405e IF(PI(J)eNECO) GO TO 25
406 Lo L}
407° JIF(KeGTobL) G0 TO 26
40ge AlKe3 Led)sAS{],y)
409e 60 To 25
44ig° 26 AlK®3op®disA( ¢dk*d)
4l 25 CONT INUE
412 25v CONT I NVE
4120 [4
“l4e ¢ SOLYE SYSTEM MATRIA FOR REFERENCE B80DY ANGe ,CCELERATION 2NO WiNGe
4i5e 4 (RELATIVE) ROTATONAL ACCELERATONS
4160 ¢
4i7e NTeVeNTHO
4ige ITalyentno
4190 CALL AINVOLA ST IT,83495 WRK)
42Qe° 1095 c0urlnuc
421 RET
422¢ ENtRV nRATE‘NCoI"oTG.IAo'Bo'A.YF-FfoGHoGHO €, 000ET+ET0 w0, wD1+EYD
4230 $0 MM}
4240 REAL TFIQF oMK oFFLQFINKs3) g TIGFoNKT) JETDIgR sNRT) 9 T8 83} ,TAINC))
4250 SoFBI3IoFAINC,3)GMIL),GMOC]) ,GMNOD(L) oTHEL) gmgl3) 4E453,4)
4§oo OOUBLE PRECISION EC(ST)ETOO(QF yNKT),#DOT (V) EQIST)
427 4
428 ¢ 800Y+T0=B00Y COORDINATE TRANSFORMATJON MATRICES
4290 C
4300 00 335 -Jm} Ny
LEY R LLFFLY}
432 NExlg)el
433e AB(Lod)®)e
4340 AB(l,2)%6N(J)0G(y,I)
435 AB(l,d)o=GNiJ)eG(y,2)
436 AB(2,1)%~ABt},2)
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124

4370
434e
439
440
4410
4420
4430
LALLS
445¢
Y46
447
4480
449
45Qe
45}
452
453
454e
455
456°
457
Y5y
459
460
4o6 e
4620
400
4oy
465
LT Y'Y

4670

4680
Yo9e
4700
4714
472
473
4740
475
4760
477e
474g¢
479
48Qe
48]
482
483
4840
4850
4840

487

48g°
4890
490
49)
4929
493
494
495
4960
4970
4940
499
500
504
502¢
503

504

505¢

3zl

324
334

3%

ERLY
33

362

253
254

2460

245
246

ABL2y2)%) .
AB(2,))8GM(J)eGly,el)
AB(3s))®=api,3)
AB(3,2)°=4A81(2,3)

AB(3,3)% 1l

JIF(JeEQel) GO TO 3359

00 321 L®Mn') .
IF(EPSILJNIsEGeL) GO TO 322
CONTINVE

GO Y0 3350

KS

00 334 L=},

00 334 Msi,3

T{JsLoM)myu,

00 334 (=13

TOJoL sMIBT(Jd oL oMICAB(L ol )oTiK, ] 0t}
GO To 335

CONTINVE

DO 335} (=113

DO 3353 Ms} sy
TldsboM)mAB(L M)

CONTINVE

COORDs TRANSFORMATION OF G VECTORS (TQ REFs aQDY FRAME)

00 362 1ai,Nn

D0 362 y%),3

G0l Jd)"Q

00 362 K=} ,432
60(1,J)190G0(],J)eT(],K,d)eGt],K)
CONTINVE

COMPUTE TOTAL EXTERNAL FORCE ON EACH SUBSTRUCTVURE (IN REF. CQoROe}

FEXO(L)®FBI(L)
FEYO(1)=FpB(2)
FE20(1)=FB ()
IF(FL(L)eEQeQ}) GO TO 259
ILaFi(})

JNeF(iLs2)

00 253 Jsj,uN -
FEXOUII®FEXQ(1I®sF (] Lovrl)
FEYOULISFREYOQUL)SFF(IL,J22)
FEZO(LI®FEZO(LI*FFIiLived)
CONTINVE

FS(Ls0)®FEXQ(})
FS(1+2)=FEY0 ()
FSCEed)mFEZQ( )

DO 2496 Ns2,Np

KeNw )

00 2460 L=|v3
FS(NsL)aFA(K,4L)
IF(FLIN)4EQ®Q) GO TO 246
ILeF 1IN}

INsF (L2

DO 245 Jsl,JN

DO 245 1®],3

FS(NJLISFSIN LISFFiILsve )
CONTJNUE

COMPUTE TRANSLe aND ROTATe DISPLACEMENTS OF ,PPENDAGE SVUBe80QpES

00 232 ks NF
JNSF(K2)
LKeF{Ke)

00 233 Js |, UN
00 233 le;},3
UiKsJgoel)l=0e
I10s(yol)ebe]
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506

5Q7e-

Spae

509e

5ilQe°
- Slje
512¢
5123°
Slqe
545e
Slee
S5l7e
Slae
519
820¢
S521°
S22e
523°
5249
525e
526e
527
528¢
529¢
53Qge
53
932
533
Sd4e

535
936

537
53ue
539
S4ge*
Suje
S42¢
S43e
S544e
545
S44°
S47e
S4ge
S49e
55¢g°
S5)°
$52e
553e
S54e
555e
556
957
558e
S59e
S60°
Sole
S$62e¢

S63e -

Soye
565°
Sé6se
567
Séde
S69e
57¢g*
S7})e
972¢
$73°
S74e

233
232

nenn

263

267

2671
2679

269

274
27}

00 233 L=} ,kk
UIK ool 2OUEK U J)*ELGIKI 1D LICETIK L)

- CONTINUE
COMPUTE Cems PERTURBATION (FROM NOMe UNDEFORLED LOCATION) ON gACH

SUBSTRUCTURE WITH AN APPENDAGE (LOC,L CUURDS.)

00 262 K= | NF

IKaF(Ky1)®)

JNafF (K, 3)

00 263 %=},

NCKIKo1)®T0

00 265 Jml,JN

00 245 [=l,3

MCREKoEIBMCKIK ) =PRIKI] g I ®ETIKIY)

00 266 1=4,3

CK(Ky1)OMCKIK, 1) /MSB(IK)

CONTINVE :

COMPUTE TOTAL EXTERNAL TORQUg ON gACH SUBSTRUCTURE W%sReTs |Ts
INSTANTANEOUS CoM, (IN LOCAL COORp,,

DO 268 L=1,3

TS(lsLI®T8 (L)

PO 267 Nel2,Ng

KenNe|

00 267 ®],3

TSINsLI®TA(K,L)

00 2670 Ns{nNB

ILasF1(N)

IF(IL*EQ*G) GO To 2670

JNaF{ILe2)

DO 2671 JsjsyN

DO 2671 L=

TSINWLISTSINGLI®TF (Lol

CONTINUE

DO 269 Ns=|,Ng

Kesgl(N)

IF(KeEQeD) @0 TO 269
TS(N1)STS(N, 1 )*CK (K 2I®FS(N,I)=CKEKoIIOFS (N, 2)
TSINI2)®TSINQG2IPCKIK4II®FSINsIIeCK iR} IOFSIN, D)
TSINIIIOTSINGIIOCKIK LI I®FSIN2I=CK(K2IOFSIN, )
CONTINUVE

DO 271 Nej,Ng

K®fF}iN)

IF(KsEQey) Go TO 271

JNSF (K, 2)

D0 272 J=isJN

RUXKSRF (Kpdy l)+uiK,ydyy)

RUYSRF (K,J,2)eUtK,4s2)

RUZSRF (Krusd)ouiKsue3)
TSINGI)®TSIN L )PRUYCFFIKaJyI)=RUZOFFIKsJs2)
TS(N,2)STS (N, 2)*RUZOFF (K yJyl )nRUXSFF (K Jdyd)
TS(NeII®TSINVII®RUX®FpFIKJr2)=RUYSFFIKIg )
CONTINYE

TRANSFORM VECTORS TO REFe 800Y FRAME

Txoli)stSigey)

TYO(})8TS(102)

TZo(}3)eTSir )

00 17 1=2,NB

Menl(l)

K.l.‘ -~

LeCiKypdey

FEXO(II®TiMol ol afFSEL, 10T (M 2, 10eFSi[4200T1.,30j)eFS(1+d)
FEYO(i)@Timol o2V opSi sl oTiMe212)0FSt[02)0T(pnede2)eFSi]ed)
FEZOUII®TimMo o) opSi it eriMe293)erStio2)07(p1303)eFs5i]0d)
TXOUI) ST Mol b )oTS ,10eT(Me2,100TSi]y2)0T0n,301)0T15(]03)
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128

575
S57e
$77e
5780
979

- S8ye

S8}
Su2e
58)e
Sdy4e
565
Suee
Su/e
Sdge
Su9e
590
59}
992¢
S5Y)3e
594
595
5960
597¢
5%o0°®
S59ye
elye
60
602°
603
Uy
605

0069

607
6Que

6Q9e

slye
6l
6l2e
ble
bl4e
6)5¢
6lo®
6l
6lye
[ 3% A4
62Qe
62}
622°
6230
624
625
626°
627
6240
6490
[E L]
6de
632
633

o340

635
edoe
63/
6Jue
639
640
64
42
643

177

17

3o

FL N

20Y
209,

209

[aRaRalal sl

23vi

TYQU ) T (o1 020eTSt 00007 (Me20200TS 02007 0302)0T5(0d)

TZoli1) ®TimegsdlersSiop)oriNe2edlersti[e2) o7t uededlorsiig)

DROS 1ol ISTEM, 1 3)eDALL ol eT N g20300DT 1o daT(My30i)oD2tis])
DYO(141)8T (M 1,2)00K¢1,0)eT(N,2,2)00V(l, l)eT(Mydy2)002(1,1)
DZo 1 o10PTIMsls3)0DX ¢ 01 00T8n 203000V 1 ol)eT(NedsI)Ioudilay)
DXO Il oT M) o dIOORE oL IOT N 2o i) oDY Lol ) ot (medogd o020 )
OYOU ] oLIST (M ,2)00R (] ob)eTiN, 2,2)00Y(] L)eT My342)002(1,4L)
L0 oL T IM 1 4) DXt L) oTiNa203)0pY L ol)eT(NedpI)opll]?
0O 17 Jy=} N8B

IF(14EQed) @O0 710 17 }

IFICPSIKsJI*EQed) GO TO 177

IF(CIK1)0EQely~1)) GO TO )7

OX0( o }®0R0(],b)

DYO(»J)mWYO0 (] ,L)

020€1047%020¢ 10}

G0 T0 47 .

OXQ 1o )®T (M 1,0 )0DX(od) @Y (M, 240000 i dloT My leDzilod)
DYO  oud)mT (Mt o2)00X }sd)oT(nyg202)00Y(ov)eT My392)%04t]0y

DZot1¢J)BTIN143)0DX( (o) oTiN,253)00V1 oJlollnanJ"Dt(loJ

CONTINVE

00 367 I®),Np

DXxglisldmuxiy,e )

DYQ(1,43)mDYEL,1)

0Zotietdeuztyag!

COMPUTE TUTAL EXTERNAL FORCE ON VEMICLE (IN REFe (OOND,)

FT1x080¢

FTyO=Q,

FTZ0mQ,

00 247 Nm|,Np
FTXOSFTXO*FEXQOIN)
FTYOaFTYOCFEYO(N)
FT20=FTZO*FE20iN)

COMPUTE THE PGSO VECTURS FOR EACH FLLAe APPELVAGE

DO 208 K= ,NF
KKsF(Kol)*l

NN OKK)

JINTOF (K3}

IF(KKeEQel) GO To 209¢
00 209 1=},3
PGSO(Ks1I®=0°

PGSO(K, [ )2PGSO(K,J)eT(Mydslle(oNCKIKJ))
@0 To 20¢

CONTINUE

00 2991 l=}193
PGSO(K o1 )meMCKIK,])
CONTINUE

VECTOR CROSS PROOUCTS DESCRIBING SYSTEM ROTAvIONAL COUPLINGe
(QUADRATIC TERMS INVOLVING THE CONNECTING gODY ANGULAR
VELOCITIES AND THE MUTUAL BaARYCENTER®MINGE YECTORS)

00 230 Nsl,Ng

I1sfl(N)

CPX®0e

CPyege

CP2%3

00 2301 Ls=isNB
CPXBcPX*DYOINILIOFEZO(LIDLO0UNILIOFETYOIL)
CPY®CPY*DZOINILI®FEXQ(L)=0X0O N )OFEZOIL)
CPIoCPZeDXOINGLIOFEYO(LI=DYO(NoL)eFEXU(L)
CONT [NUE

IFL]eEQel) GO TO 243

FACTEnSBIN)/ TN

FIXMaFTXOOFACT
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LT
o450
bl
'L YAS

643

. 649
65¢g°
5]
€52°
653
6540
655
656
657
658¢
659
66Qe0
b6}
~ 662
bbb
bbo 4o
6650
6bse
67
668
6069
67Q°
7}
672
67230
674
675e
6760
6770
678
679¢
68ge
68°
682e
68 e
e840
6850
(Y I
687
6840
6890
69Qe

(3 AR

692¢
6930
694
699¢

6%

697e
6980
6990
7Q0°
701 e
702¢
703°
7Q4e
705»
700¢
707
708¢
709
71¢9°
Tiye
Ti2e
713e

T249

249

230

56

82

o)

65
L]

(1)
40

610

-

61!
612

FIYMSFTYOOFACT :
FIZNeFT20°FACT .

-PGFAa(PGSO(1,2)0(FEZO(NI«FTZM=PGSO(1,3)0(FEvO(N)eFTYN})/nSB(N)

PGFYS(PGSO(] 4+ ) (FEXQINIFTIN)I=PGSA(] o) )C(FE20(N)eFTIN))/uSBIN)
PGFZo PGSOt ) IO (FEYQINISFTYN)I=PGSOC] 2} (FEXOINI®FTXN) )/ NSBIN)
60 To 244 o

CONT INVE T - - - - . L
PGFXeQs

PGFY=Qo

PGFrle0.

CONTINUVE

K & 3°(N=})

E(R®LsLIOTXO(NICCPXOPGFX

E(Re2,1)8TYO(N)OCPYOpPGFY

E(K®3sL)8TZO0(NI*CPLOPGFE

CONTINYE

COMPUTE CORRECTION ELEMENTS FOR (g) VECTOR

00 55 njw],d
EC(NLIBE(N] )

00 52 y=2,NB

00 52 mM=l)

Kisdeiye])eN
EQIN)SECIM)®E(K]L )}

l=g

00 60 K=l oNM

JKasH(K} e}

IFIPI(K)eNE®Q) GO TO 40O
ioge} )

EC(]1e3)®Q,

D0 01 M®},d

CE(N)=Q»

DO 61 JeyKNg
IFLEPSIKIJI®EQeD) GO TO &)
DO 65 Mw},3

Jisde(yel )M
CE(M)@CEIMI®ELJIE)
CONTINVE

DO 66 L®=193
EC(103)8EC(l03)egO(K,LI®CE(L)
EC(led)mEC(led)oTN(K)
CONTINVE

90 610 1°}43

00 610 J=ioNy
IF(PL{J)eEQeg) G0 TO 610
ECLIICSECII)I™aV(Jyi)o%nD0(J)
CONTINVE

Keg

Ivsd

D0 412 lel,Nn
IF(PIUI)eNE®D) GO TO 612
KsKey

{vejye)

00 411 Jei NH
IF(PItI)eEQe0) GO TO 6i
IP(1eGTed) AS(Tsy)ImAgIUI)
EC(Ked)EC(KeI)@aS (], )06MH00(J}
CONT INUE

CONT INVE

COMPUTE RT, HAND SIOE OF APPENDAGE £QUATIONS §IN APPEND, COORDS,)

00 482 K®m],NF
IopiKodle}

Meyulil)

CR(l)sPTXO/TH
CQ(2)°rTY0/ TN
CQ(I)oFT20/TH
IF(eEQeL) GO TO %84p
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7Ti4e DO %84 y=i1,d

745° VE(K4J)®0°

7160 . DO 484 Lsl,3

Ti7e 4a4 VE(KJISYE(K J)oTiMegoblecaly) .
1 AY 1 GO To 463

719 4684¢ CONTINVE

720° 00 4841 J®11)

T2 4841 VE(K,J)uCuW(V)

722°¢ 4839 CONTINUE

723e 00 485 K=l ,Nf

7240 NLeF(K,2)

725 DO 486 Ns | N

724 Nésbe (N} )

727 00 488 J=),d

728 JNsN&+y

729 JHsJNeD

73g° VO (K JNISFFUIKeNI YL

1) 4aé VBIK o INIBTFIK yN2 )

"732¢  4B¢  CONTINVE

733e 485 CONT INVE

T34e NYS]Y

735e DO 491 K=),Nf

7360 JNafF (K,3)

2370 NLSF(Ky2)

738 NLO®6ONL

739e 00 492 J=| IN

740 ILaNVed

74} VYV PalWp (K19l (2002F i JICETD (K IVI®WF(KoJI®ET Kod))
7420 00 493 N=),NLS

743e 493 YV IoyY *ElG R {NsgIoVR(KIN)
T44e DO 494 Ns=},3d

745 494 VYV ®YVI="PKIKoNsJIO®VELKIN)
T4 ECciLisyvi

7247 0O 4920 L=l sNH

7480 : IF(PIIL)+EQeD) GO0 TO 4920
749 ECCILI®ECH LI =AKF Lok 1Y) ®GMDOIL

750 492y CONTINUE -
AT 492 CONTINVE
792¢ 494 NVBNY e IN

753e (4

794 4 ANGULAR MOMENTUM OF THE SYSTEM

755¢ [4

756¢ IF(PI(NH®))oNEs)) GO TO 8752

757¢ 00 565) I%}3

758¢ HH(§)=ge

759¢ DO 5465 Y=

Teue 651 HM(Ll)sHHIL)*AD0( ] ,J)enU(J)

76} D0 5652 (=3

1620 DO 5652 VYo eQH

763 5652 HH{I)suHil)®AVIJ, 1 )eGNDIJ}

7640 DO 5653 %103

Toese DO 5653 K®» ) INF

7660 NLsF (K ,3) .

7679 D0 S654 J™IWNL

Toue 5654 HMH(L)ISHHIL)I®AQFIK 1 2JICETDIK, Y}

Te9e 5693 CONT]INVE

77Q0e° HMeSQRTINMHII)e02 o Hui2)002 ¢+ Hui3)ee2)
774 8752 CONTINUE

772¢ C

773¢ ¢ SOLYEg SYSTEM MATRIX FOR REFe gODY ANGe ACCEL.s» SUBSTRUCTURE
774 < NINGE ANGLE ACCELey ANDO FLEXe 800y mODE ACCEL,
7750 [4

T76¢ 00 71 1si,ir

7770 EQ(L)=Qe

778¢ DO 671 vei,iT .

779 671 EQ(LICEQlI)®At o d)cEC (V)

Tege Kvely

78)¢ DO 710 JOENTI4=|

782 IF(JeLEsV) GO 10 9)13
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7823
7840
785
786e
787
Tuge
Ta9e
79¢Q¢e
79,
792¢

793¢

7940
795
7960
797
798¢
799e
800
801
802°
803¢
804
805
806°
807

9

1"l
919

6719
043

9602
gul
92

DIAGNOST|CS

ATION TinE @

CSSLeTRANLCSSL

JVedw({yely)
EctyI®galyy?

60 10 910

CONTINVE

KS o3 - - - - -
IF(PI{K)eNE*g) GO YO 71}
EC(J)mEQR(KY)

Kvegye| ’

G0 Yo %10
EC(JI®GMDO(K)

CONTINVE

DO €730 (%103

TECLIITEQLL)

00 9003 s}y
wooVTili=ECil)
oy

D0 9g0L Kw) enNF
NLafF (K,3)

00 7002 N=1 Ny
[0ajeN

ETDO(K N)=EC( (O}
lejonL

- CONVINVE

RETURN
END

24048 SUPS
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