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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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Errata for Technical Report 32-1565

Since the users of this report will certainly be referring to JPL TR 32-1565
(Ref. 9) for a much more detailed treatment of hinge-connected rigid body sys-
tem equations and their derivation, it seems appropriate here to add a few tech-
nical remarks that may contribute to that report’s utility and to correct several
significant errors in the text which have been brought to the author’s attention.

(1) In the last paragraph on page 30, the hinge torques 7, 7%, and 1° are referred
to. The symbol T/ means g/,

_(2) On page 35, when considering the significance of Eq. (34), note that C7C =
(C+CyP(C+C)=({U—-CHU + %) =U+ - - (2nd-degree terms), so orthog-
onality is preserved in the linear approximation. Still, for planar motion (all Zs the
same), it would be impossible to associate an angle of rotation with C, since the
cosine = 1 and the angle is large. Thus orthogomality is preserved, but physical
interpretation is jeopardized.

(3) Note the text corrections that follow.
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Abstract

This report describes several computer subroutines designed to provide the solu-
tion to minimum-dimension sets of discrete-coordinate equations of motion for
systems consisting of an arbitrary number of hinge-connected rigid bodies assem-
bled in a tree topology. In particular, these routines may be applied to (1) the case
of completely unrestricted hinge rotations, (2) the totally linearized case (i.e., all
system rotations are small), and (3) the mixed, or partially linearized, case. The use
of the programs in each case is demonstrated using a five-body spacecraft and atti-
tude control system configuration. The ability of the subroutines to accommodate
prescribed motions of system bodies is also demonstrated. Complete listings and
user instructions are included for these routines (written in Fortran V) which are
intended as multi- and general-purpose tools in the simulation of spacecraft and
other complex electromechanical systems.
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Attitude Dynamics Simulation Subroutines
for Systems of Hinge-Connected
Rigid Bodies

I. Introduction

Since Hooker and Margulies (Ref. 1) published their derivation of the vector-
dyadic equations of motion for an arbitrary pumber of point-connected rigid bodies
in a topolegical tree, a number of computer programs (Refs. 2-7) based on these
equations and similar generic formulations have come into wide use in the aero-
space industry. Meanwhile, Hooker (Ref. 8) has devised a procedure for reducing
the original Hooker-Margulies equations to a minimum-dimension set (i.e., equal
to the number of degrees of rotational freedom) by summing selected subsets of the
equations (paralleling Russell's approach—Ref. 2) and dot-multiplying by unit vec-
tors associated with the connecting joint geometry.

In Reference (9) a variation of Hooker’s procedure was used to derive a
minimum-dimension set of equations of motion for a hinge-connected system of
rigid bodies. (It is always possible to substitute a hinge-connected system for a
point-connected system by introducing auxiliary bodies and without changing the
dimension of the problem.) The objective was, having derived this set of discrete-
coordinate equations in a highly systematic and detailed way, to (1) isolate certain
subsets of the system’s rigid bodies that may be considered collectively as a flexible
substructure, (2} linearize in the variables describing relative motions of contigu-
ous bodies within the substructure, and (3} transform from substructure discrete
variables to distributed (modal) coordinates which may then be truncated for com-
putational efficiency. The result is, in general, a new kind of hybrid-coordinate
(discrete + distributed) formulation which can accommodate large gross deforma-
tions of an appendage even though its local deformations are small.
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However, while computer subroutines which solve the hybrid-coordinate equa-
tions of Ref. 9 will be discussed in a subsequent report, this report will confine itself
to descriptions of subroutines which solve only the discrete-coordinate equations
of motion for the hinge-connected system. Specifically, it will describe and apply
thesc programs as dynamic simulation tools for three possible situations: (1) the
case in which all the system bodies are permitted large or unrestricted rotations
{Section II), (2) the case in which all system rotations (and their derivatives) are
small, allowing total linearization of the equations (Section I1I), and (3} the mixed
case of large and small rotations for which partial linearization is appropriate
{Section TV).

The programs, since they are based on the discrete-coordinate equations of
Ref. 9, will differ from those developed in Ref. 4 in several significant respects.
First, they will be of minimum dimension. Also, interbody coordinate transforma-
tions are accomplished internal to the programs, the user being required only to
arbitrarily specify some nominal system configuration. Input has been simplified.
Pains have been taken to minimize internal coordinate transformations and other
computations to improve speed. And, finally, the user may, if he desires, prescribe
the motion of some system bodies rather than allow the subroutine to calculate it.

The subroutine approach to solving attitude dynamics equations is a logical con-
sequence of the approach taken historically at JPL to develop computer programs
{analog or digital) specialized to each particular control mode or portion of a con-
trol mede under study, e.g., the thrust vector control mode during propulsive tra-
jectory corrections. In contrast, however, to the narrow specialization of each
simulation program to specific control problems has been the extensive usc of
general-purpose simulation languages to facilitate the creation of such programs.
Over the past decade, such digital simulation languages as MIDAS, MIMIC,
DSL/90, and most recently, CSSL III {Continuous System Simulation Language)
have proved extremcly valuable since they relieve the programmer of the worry
over numerical integration routines, and since they can properly sort the many, at
times highly interrelated, computational statements which occur and thereby help
to ensure a correct solution.

Many of thesc “simulators™ also provide a powerful array of useful special func-
tions, in addition to the standard Fortran library of mathematical and intrinsic
functions, such as hysteresis loops, noise generators, time delays, pulse generators,
logic gates, etc. In fact, provision is also made for inclusion into the language of
any user-created functions or subroutines. An example of an extremely useful sub-
routine that has been made a part of the CSSL 1IT processor is HCK (Hamilton-
Cayley-Klein), a rigid-body attitude dynamics package, written by E. H. Kopf.
HCK calculates the angular acceleration components of a single rigid body, given
its angular velocities, applied torques, and incrtial properties. The HCK param-
eters (i.e, Euler parameters) are used in the necessary kinematic calculations and
provide bady-to-inertial (or vice versa) coordinate transformations as desired. Euler
angles may also be requested to indicate the angular position of the body with
respect to the inertial reference frame.

Just like HCK, the subroutines to be described here calculate angular accelera-
tions, except that they do so for every body in a system of hinge-connected rigid
bodies. All integration operations are confined to the main CSSL III simulation pro-
gram (which calls its centralized numerical integration routines as required). Thus,
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performing no numerical integration and required only to compute angular accel-
eration components (given the necessary system states, forcing functions, and
physical properties), the routines are intended simply as very specialized and yet
powerful simulation tools for application to a wide variety of current space vehicle
attitude control problems.

Il. Unrestricted Systems
A. System Mathematical Model

Figure 1 illustrates a set of eleven hinge-connected rigid bodies, labeled accord-
ing to a convention designed to facilitate the processing of the equations of motion.
This example will be useful in illustrating and intcrpreting the general mathemati-
cal model and the labeling conventions adopted here for its description. (In reading
the list of conventions and symbol definitions, frequent reference should be made
to Fig. 1.) Only after entertaining the complete cast of symbols used in what follows
will consideration be given to the much smaller list of symbols to which values must
be assigned by the user of the computer programs.

The mathematical model consists of a set of n + 1 rigid bodies interconnected
by n hinges!; the indicated numbers of bodies and hinges imply a tree topology.
Any interbody conncction forces in addition to those at the n hinges must be
treated as forces external to the entire system. (If there were a linear spring con-
necting the mid-point of body &; in Fig. 1 to some point on body 4, for example,
it would be necessary to replace the spring with a pair of equal and opposite forces
applied to the spring attachment points on &, and #,; the magnitude and direction
of these forces would have to be expressed in terms of the unknown kinematical
variables of the system.)

1. Definitions of fundamental symbols

Def. 1. Let n be the number of hinges interconnecting a set of n + 1 bodies.

Def. 2. Define the integer sets 43 2 {0,1, -+ - ,n} and & 2 {1, - ,n}h

Def.3. Let £, be a label assigned to one body chosen arbitrarily as a reference
body, and let 4, - - - , £, be labels assigned to the remaining bodics in
such a way that if &; is located between #; and 4, then 0 < j < k.

Def. 4. Define the dextral orthogonal sets of unit vectors b, b5, bt 50 as to be
imbedded in &, for k € {23, and such that in some arbitrarily selected nomi-
nal configuration of the system b® =bifora =1, 2, 3and k, e B.

Def. 5. Define {b*} as the column array of unit vectors®

1The word “hinge” as used here implies a connection which maintains a line common to both
bodies; such 2 connection is sometimes called a line hinge.
2Note that braces { } are used in this report both to identify column arrays of vectors and to

enclose sets of integers; the distinction is apparent as soon as the objects within the braces are
identified as vectors (boldface) or scalars.
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Def. 6. Let w° g {b°}7 " be the inertial angular velocity vector of #,, so that °
is the corresponding 3-by-1 matrix in vector basis {b®}.

Def. 7. Let ¢ be the mass center of & for k ¢ B (see Fig. 1).

Def. 8. Let /4 be a point on the hinge axis common to &; and #; for j <k and
ke &P (see Fig. 1).

Def. 9. Define the kth neighbor set (B, for k e &3 such that { € {5, if #; is attached
to Jk

Def. 10. For j €3z, let p¥ = {b*}7p* be the position vector with respect to ¢ of
the labeled point on the hinge axis (either A; or A} which is commeon to
#; and €;, so that p¥ is the corresponding 3-by-1 matrix in vector basis
{b*}. {See Fig. 1, and note the special cases p** = p?* = p*? = p3* = p*3 =(.)

Fig. 1. Eleven rigid bodies interconnected by ten hinges
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Def. 11.

Def. 12.

Def. 13.

Def. 14.

Def. 15,

Def. 16.

Def. 17.

Let g = {b¥}7g* be a unit vector parallel to the hinge axis through 4, so
that g* is the corresponding 3-by-1 matrix in vector basis {b*}.

For k € £, let v, be the angle of a g¥-rotation of &, with respect to the body
attached at Ay, that is, a rotation during which a right-handed screw fixed
in #; with its axis parallel to g* advances in the direction of g*. Assign the
value zero to yx for k € & when the system is in its arbitrarily chosen nomi-
nal configuration, for which b =b’, o = 1,2, 3; k.je £5.

Let m;, be the mass of #; for ke 3.

A
Let ¥ = {b*}7I* {b*} be the inertia dyadic of & for ¢, so that I* is the
corresponding inertia matrix in vector basis {b*}, ie,,

BRI
F=1 L I
B I

Let F* 2 {b¥}TF* be the resultant vector of all forces applied to #; except
for those due to interbody forces transmitted at hinge connections, so
that F* is the corresponding 3-by-1 matrix in vector basis {b*}. (Thus, any
interbody forces due to spring connections, etc., which are separate from
the n hinge connections would contribute to F¥, as would all forces from
sources external to the systemn.)

Let T# = {b*}"T% be the resultant moment vector with respect to ¢; of
all forces applied to £ except for those due to interbody forces transmitted
at hinge connections, so that T* is the corresponding 3-by-1 matrix in vec-
tor basis {b*}.

Let 7 be the scalar magnitude of the torque component applied to £ in
the direction of g* by the body connected at f;.

Note that Def. 3 allows a certain freedom in labeling the system bodies after the
reference body &, has been chosen, the requirement always being that label values
increase as one progresses outward from &, along any chain of bodies. Figure 2
shows, for example, two equally acceptable ways of labeling a seven-body system.

Def. 18.

Let the tilde symbol (~) signify in application to 2 3-by-1 matrix V with
elements V, (¢ = 1,2, 3) transformation to a skew-symmetric 3-by-3
matrix V. Thus, the matrix V has the expanded form

0 - Va Vz
Vs, 0 -V,
- Vz V] 0

~ A
V=
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Fig. 2. Alternate labeling schemes for a system of seven bodies
2. Definitions of derived symbols

Def. 19. Define the scalar &4 such that for k {3 and s € €2,

a { Lif A, lies between &, and 6,
Egx =
* 0 otherwise

The term path elements will be applied to the scalars ey, which are
n(n + 1) in number.

Def. 20. Let C be the direction cosine matrix defined by
(b} £ € (b7}

for r, fe43. In the nominal state, v = 0 for k€&, and all unit vectors of
corresponding subscript are aligned, so that C™ then is U, the 3-by-3 unit
tnatrix,

Def. 21. Define Q9 2 2 my; so that Ox is the total system mass.
kel
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Def. 22, Define Oy £ the total mass on the branch of the system attached to £
and commencing with #;.

Def. 23. For je {5 —k}, define L% £ the vector from c;, to the hinge point attached
to &, and on the path leading from £ toward 4,. (In Fig. 1, for example,

150 = Lo = L = p* and L* = 0 for je£B.) {Define L¥ 2 0.)

Def. 24. Define {b¥)7 D* £ D# £ — S Liim, /0y for ke 5.
jells

Def. 25. Let by be a point called the barycenter of £ and fixed relative to 43 such
that D** is the position vector of ¢; with respect to bi.

Def. 6. Define {b*)7D% = D% & D - L# for k, je(B. Thus, D¥ is the vector
from b; to the hinge point fixed in #; and on the path leading to £;.

Def. 27. Define the dyadic

iE é Ik -+ m;, (Dkk DY — Dkkak) + 2 Q/I/ij (D’” DY — Dka'[)ki)
jeib
where U is the unit dyadic.

Def. 28. For je {3 — k}, define the dyadic
o8 2 gy (D - DRY - DIFDH)

3. Augmented bodies and barycenters. The barycenter by, of body & is defined
in Def. 25 in mathematical terms which admit an interesting interpretation as a
physical property of an abstraction called the augmented body. If one imagines
the body €, to be augmented by the addition of a particle of mass 03; at the con-
nection point of &, with &; (for j € (3;), then the result is called the kth augmented
body, here referred to as #%. Since Oy is the total mass of the branch of bodies
attached to #5 commencing with &;, the mass of each augmented body is O%, the
total system mass.

Definition 24 provides

—GnD¥ = 3 mLH
34
which reveals the fact that —D#* is the position vector of the mass center of & with
respect to the mass center ¢y of by. Thus, the barycenter by is the mass center of the
kth augmented body #;. With this interpretation comes the relationship

T mD¥H =mD¥ + 3 mDH =0
jes jeB—k
Since D¥* is the position vector from the barycenter by to the mass center ¢y of
and (from Def. 26) D* is the position vector from by to a particle of mass O,
located at the connection point of & leading to body 4, for { € §3;, one can interpret
% from Def. 27 as the inertia dyadic of the augmented body &% with respect to the
barycenter by. Such physical interpretation is not possible for the dyadic ®*/ defined
in Def. 28, since this dyadic involves vector D'* fixed in #; and vector D*/ fixed in #;.
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I+m2+m3+m4

A
"«Dl =m
p05 05 L06= LU?

1% 010

Fig. 3. Augmented £, from Fig. 1

In illustration of the concepts just described, Fig. 3 shows the augmented body
£, associated with body 4, in the system of Fig. 1.

B. The Dynamical Equations

Using the symbols defined in the preceding section, the minimum-dimension set
of equations for the rotational motion of the hinge-connected system (i.e., with n
line hinges) can be written in vector-dyadic form as

ST+ SDVXF — @%b —@f X O%.F + 0 S DF X DiF] =0

k fefh jefB—k
15} f€ fefB (la)
T+ g 3 ea T8+ 3 DY X F— 0 GF — F X 05 - oF
kesp el ‘
+0n ¥ DM XD#*] =0 re& (1b)

jeli—~k
This result is, of course, the same as that derived by Hooker (Ref. 8) and proved in
Ref. 8. Equation (1b) provides n scalar equations, and the vector equation (1a) com-
pletes the minimum-dimension set of n + 3 scalar equations. By substituting the
following kinematic expansions,

D = &f X D# + wf X (@ X D) 2
and
t:)’ = d)n + E Egj (gs'.};a + w* X gs').’s) (3)
seEP

the vector-dyadic equations can be written in the form:

uoo.d,o + E anga;s — E AF (43.)
s€&P kel
and {for r e )
a0 4 T oY =g T oA o, (4b)
seiP kesp
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where

Def.29. a2 3 (0%~ gy 3T (D*-DYU—DADY)] =3 3 o¥
keB fed—k kefh jefB3

Def.30. 2% 2 3 [ca®* — O B e,y (DF+DHU — DIEDH) ] - go
keB jelB—k

=3 2 Esj¢kj'gs
kel jeB

Def.31. a® 2 g+ S en [0 —On T (D« DU — DFDH)]
. 7 jeB—k

= g“ E E ka°kf
kesp jeil

Def.32. a2 g7 S en[0% ~0n 3 (Dite DHU - DFDF)] e, i8°

kesp jelBi—k
=g E p Erk£sj°kj rgl
kelP jei

Def.33. A2 TF 4+ 3 DM X Fi ~ oo X 0% o
jes
+n 3 (DY X [w! X (0 X DM]}
fei—k

— 2 0% 3 e (00 X g7
B sesP

A matrix equivalent to Egs. (4a) and (4b) may be obtained by defining the
following symbols:

Def. 34. Define the 3-by-3 matrix in vector basis {b®} as aq 2 {b°} «a®+ {b"}7.

Def. 35. For s € £, define the 3-by-1 matrices in basis {b°} as ay, = {b°} + 2%, and

A
let a0 = al..

Def. 36. For k e B, define the 3-by-1 matrices in basis {b°} as Ey, 4 {b°} « A%,

In terms of these symbols, the system matrix equation can be written as

-auo oy [r 2% ot don [ & i 2 E
ke®
. 7
G /3% €y o e Y1 gr cv XenErt
kesp
v T
@20 /231 SR Tt O Y| g C® 3 eaEp+ 1y
= kes? (5)
: . 7
no (ny Ops -t [/ Yn g cm 2 e Er t
- L 4 = kes? -

The coefficient matrix on the left side of (5} is a real, nonsingular, symmetric
matrix which varies with time as the kinematical variables y;, - - * , y» change in
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value. In general, then, the solution to this set of differential equations requires
(e.g., when using numerical integration) repeated solutions of the matrix equation,
(i.e., at every integration step).

If one wishes to replace any variable y, (j € &) by a known function of time, then
onc can remove ¥; from the angular acceleration matrix on the left side of Eq. (5),
removing also the corresponding row and column of its coefficient matrix, and then
rewrite on the right side those terms just deleted by the removal of the column on
the left. This will be performed automatically by the subroutines if the user desires,

Equation (3} constitutes a complete sct of rofational dynamics equations, but
they are not fully descriptive of the system motion until they are augmented by
control equations specifying r,, - < + , 7, and certain external forces and torques,
and augmented also by kinematical equations as provided in the next section.

C. Kinematical Equations

The kinematical variables adopted in the preceding sections are as follows: v, for

ke (Def. 12); C for 1§ €8 (Def. 20); and o® = {h?} * @® (Def. 8). Although the
equations of motion have been expressed in terms of these quantities, the latter are
not all independent. Relationships ameng kinematical variables developed in this
section must thercfore either be considercd in conjunction with the dynamical
equations or be substituted into them to remove redundant variables whenever a
solution is sought.

The dircetion cosine matrix C/ (Def. 20) relates sets of orthogonal unit vectors
fixed in #, and &;, and hence depends upon those angles ve for which . lies
between £, and €;, and also upon the corresponding unit vectors g* defining the
intervening hinge axes. For the special case in which £, and 4; are contiguous and
f <+, it is always possible {see Ref. 9) to express C*/ (and C/*) in terms of the single
angle v, and the single matrix g*, as follows:

Crt=Ucosy, — g siny, + gg™ (1 — cosy,) (6

and
Cit = U cos ve t Fgu"’ sinvy, + érg’T(l — COSy,) = (Crf)T (7)

Definitions 34, 35, and 36 make clear that all n + 3 scalar equations in (5) are
described in the vector basis {b°} of the reference body. This is for the purpose of
minimizing the number of coordinate transformation computations that must be
performed by the subroutines. Thus, it becomes unnccessary to calculate G/ for
all re (B, j € 3. It is only required that C*/ be determined where 4, and 4; are con-
tiguous and, since G == C"C?", to then derive matrices C°" for r € £&. An algorithm
for accomplishing this task is described in Appendix A.

D. System Specification

Once the appropriate equations from the three preceding sections are embodied
in a computer program, the user need not deal directly with all of the symbals and
concepts introduced in the formulation of these equations. He can provide the
computer with the very limited body of input required to specify his system, and
then concentrate on interpreting the numerical integration output.
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It is assumed that the engineer in his wisdom and experience has devised for
his physical system a mathematical model consisting of a system of n + 1 bodies
interconnected by n hinges (such as that illustrated in Fig. 1). He has labeled the
bodies as indicated by Def. 3 (Section 11A), and fixed in his mind a nominal con-
figuration (for which v, = 0 for k€ P and b¥%, = b? for j, ke and « = 1,2,3). One
final aid, however, will be needed to communicate the system’s interconncction
pattern to the computer subroutine.

Def. 37. For ke &, let by denote the index of the body attached to 4 and on the
path leading to é,. The scalars A; will be termed “connection elements.”
(In Fig. L, by, =0, h, =1, hy =2, h, =3, h; =0, h; =5 h, =86, hs =T,
h, = 8, and hy, = 6.)

With the definition of k;, it is now possible to specify a complete set of input
information for the subroutine:
Subroutine input (required)

(1) The integer n (see Def. 1).

(2) The n connection elements k. (k € £P) (sce Def. 37).

(3} For k€5 and j € &Bx, the 3-by-1 matrices p* (see Def. 10).

(4) The n 3-by-1 matrices g* for ke & (see Def. 11).

(5) The n + 1 masses m; for k e &3 (see Def. 13).

(6) The n + 1 3-by-3 inertia matrices I* for k e &3 (sec Def. 14),

(7) For ke (B, the 2(n + 1) 3-by-1 matrices F* and T* (see Defs. 15 and 16).

(8) For k€ £, the n scalar values 7, (sec Def. 17).

(9) Values for the 2n scalars y, and ¥ for ke & (see Def. 12) and the three ele-
ments of the angular velocity matrix ° (see Def, 6).

Subroutine input (optional)

Any kinematically preseribed variables, such as y; (£) for some j € &. As noted in
Scction IIB, it is possible to modify Eq. (5) so as to accommodate the substitution
of an explicit function of time for a variable, such as y; (), which in Eq. (5) is treated
as an unknown. If this option is elected, the computer program input must include
the specification of variables to be prescribed and appropriate values for y;, ¥,
and ¥;.

No additional input is required. The subroutine is programmed to construct
numerically all intermediate concepts (such as the path clements e, for k€43, s € &,
the barycentric position matrices D* and D% for k,je(3, the augmented body
inertia matrices &%, ete. It can then evaluate numerically the functions displayed
in Eq. (5) and provide the solution for &° and ¥,, ' * * , ¥.. The subroutine and
explicit details of its use are described in the following section.

E. Subroutine MBDY Usage

The computer subroutine, called MBDY, which provides the solution to Eq. (5),
i.e., the solution to the unrestricted rotations of an arbitrary, hinge-connected,
rigid-body tree system, may be cxercised by means of either of two call statements,
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The first of these initializes the program, supplying it with data which will remain
constant throughout the dynamic simulation run.

Initializing Call Statement
CALL MBDY(NH H MB MA PB PAGPI)
where

NH = the integer n = number of system hinges.

H(k) = array containing the connection elements hy, k € &

(H(1) = h,, H(2)=h,, - -+, H{n) = h,)

MB(f) = array of reference body (#4,) inertial constants; =1, - - - .7
(Specifically: MB(1) = I, MB(2} = I,, MB(3) = I2,,
MB(4) = ~-I°, MB(5) = —I°, MB(6) = —I°_, and MB(7) = m,.)

MA(ij) = array of appendage body (4, - - - , £,} inertial constants; i€ &7,
=1, 7(Thus, MA(i1) = I \MA(i2) =1, -- ,MA{(1,7} = m,.)

PB(if) = array containing elements of p*; i€, i = 1,2,3

PA(ij,k} = array containing clements of pi/; ie &, je B, k=1,2.3
(Exception!! If § < i, set PA(iik) = p'!. Example: PA(3,3,1) = p%,
All PA(ij,k), where j < i, will be ignored.)

G{i,f) = array containing elements of g*; i€ &P, i = 1,2,3
PI{i} = array of prescribed variable indicators; i€& (If v; is a prescribed
variable, PI{i} = 1. Otherwise, P1{i) = (.)

The statement CALL MBDY(NH,H,...) nced only be executed once prior
to a simulation run, but subsequently the subroutine must be entered (at every
integration step) to compute the angular accelerations % ¥., * * * , ¥», i.€., the sys-
tem’s dynamic response to its forcing functions, This is accomplished by executing
the “dynamic” call statement.

Dynamic Call Statement
CALL MRATE(NH,TH,TB,TA,FB,FA,GM,GMD,GMDD,W0O,WDOT)

whore
NH = the integer n = number of system hinges
TH(i) = array containing the hinge torques, 7; i€ &
TB(j} = array containing the elements of T°,7=1,2,3
TA(1f) = array containing the elements of T%; {e&?,§ = 1,2, 3
FB(j) = array containing the elements of F*; j = 1,23
FA(:,; = array containing the elements of F5; ie&P,j =1,2,3

GMD{i

) =

M(i) = array of the angles, y;; ie &P
) = array of the angular velocities, 3;; i€ &
)

GMDD(i) = array of the prescribed angular accelerations, ¥;; i€ &
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WO(j) = array containing the components of % j = 1,2,3

WDOT(j} = solution vector containing the elements of &* and %, - - - , ¥4
i=1, - - ,n+3(WDOT(1) = &% WDOT(2) = &% WDOT(3) =
22, WDOT(4) = 5, WDOT(5) = 5z, * - + , WDOT(n + 3) = 7,)

The solution vector array, WDOT, is returned to the main calling program by
the subroutine and contains the current computed value for the reference body’s
angular acceleration relative to the inertial frame &° and the relative angular accel-
erations ¥; of the remaining appendage bodjies.

To summarize, the call to MRATE supplies the subroutine with current instan-
taneous values for hinge torques and externally applied torques and forces on the
system. Explicit expressions for computing the T, F¥, and -;, often as functions of
the y; and %; and other system or control variables, are located in the main simula-
tion program (see sample problem which follows). Current values of @°, 4, and §;
are continuously produced by the main program’s numerical integration opcrators
{operating on the solution vector components, WDOTY(j)) and are therefore always
available for input to the subroutine. The ¥; inputs to the subroutine are used only
when the motion of certain system bodies is prescribed.

When the MBDY 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 and assign values to these variables and arrays.
Some cxamples of this will be shown in the next section. However, the mandatory
specification statements are listed here.

Required Specification Statements
INTEGER NH, H(n), PI{n)
REAL MB(7}, MA(n,7), PB(n,3), PA(n,n,3), G(n,3), TH(n),
TB(3), TA(n,3), FB(3}, FA(n,3), GM(n), GMD(n),
GMDD(n), WO(3)

DOUBLE PRECISION WDOT(n + 3)

Also, in order that storage allocation for arrays internal to the subroutine MBDY
be minimized {i.e., made consistent with n hinges and no more), the following
Fortran V (or IV) statement must appear in the subroutine:

PARAMETER Q@ =n

The proper placement of this statement in MBDY is shown in the subroutine listing
(Appendix A).

F. A Five-Body System Simulation

To illustrate the application of the MBDY subroutine for the unrestricted motion
case, the space vehicle configuration shown in Fig. 4 will be simulated. The vehicle
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is idealized to consist of a rigid central body, which will be designated as the refer-
ence body 4, including the bus, solar panels, gas jets, sensors, communications
equipment, etc,

Hinged to the reference body is a rotating hub, labeled 4, which in turn is
hinged to platform #., carrying a television camera. The platform hinge axes
located by g' and g® are orthogonal, g' = b? (+Z-direction), and the rotation
angles y; and y, are arbitrarily defined to be zero when the TV boresight unit vector
u is in the Y-direction. Also, u is defined perpendicular to g2 Thus, we may write

u = —siny, cosy,b® + cosy, cos y,bS — siny,b®
g' = b;
g°= —bi

A large instrumented boomn, #,, is also hinged to the reference body by the
mutually orthogonal and coplanar axes defined by g and g*. (In this case, the inter-
mediate rigid body, £;, will be assigned zero mass.) Therefore,

g =bj
g =b;
The following list of system paramcters will be used to define the system and
initialize the MBDY subroutine:
(1) n=4
2) i =0k, =1, hy;=0h, =3
(3) p* =[00 —L5]7, p* =[0 —1.20 0]7 meters
p* = ][00 —075]7, p* = [0 —0.10 —0.75]7 meters
p*t = [0 —0.22 0.20]" meters
p™ = [0 0 0]7, p> = [0 0 0]” meters
pe = [0 3.3 0]" meters
(4) g =10 0 1]7 meters
g=[-1 0 0]7 meters
g*=1[1 0 0]7 meters
g*= [0 0 1]7 meters
(5) m, = 410 kg

m, = 6.8kg
m, = 57.5kg
m; =0

m, = 107 kg
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115 ~14 4 ] F035 0 0]

(6) I" = 316 —346 1, I = WO kg-m*
| sym. 440 | _sym. 0]

7485 041 —-0.077 [0 0 07

= 220 054 |, I'= 0 0{kgm®
L sym. 350 | sym. 0 |
272 0 0

This completes the list of constants that are needed to characterize the system.
It remains then to develop expressions for the dynamic forcing functions 7%, F¥,
and ;.

Control of the vehicle shown in Fig. 4 is to be maintained by firing pairs of gas
jets located on the reference body to produce, ideally, a pure torque couple on that
body. It will be assumed in the simulations to follow that this is the case and that
no net force is applied to any of the system bodies; ie., F¥ = 0 for ke 3. The con-
trol torque T° can be expressed by

T =[L.fy L.f. Lif]"

where the control functions f., f., and f, each may takc on the values =1 or 0,
depending on the single-axis control law defined in Fig. 5. (All other T* for ke &P
are assumed to be zero.) The control law is bascd on position feedback signals
derived from celestial sensors (i.e., sun sensors, star trackers) as well as rate feed-
back derived from gyro measurements. If the sum of these feedback errors is

#y TV PLATFORM

K —— 9 mp
= P f

0 F4
BOCM Z

GAS JETS

INSTRUMENT

Fig. 4. A space vehicle idealized as a system of five hinge-connected rigid bodies
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greater than some arbitrary value (0,5 in Fig. 5), a switching amplifier fires the
gas jets to apply corrective torques. A list of values assigned to the reference body
attitude control paraineters follows:

Bos = 0.005 rad L, =023 nm
7 =20s L, =021 nm
L, = 031 nm

TM = 0.020 5

Finally, it is necessary to characterize the hinge torques 7 (k€ &P). Since the
boom will not be articulated, the boom hinge torques can be described by
T3 = ~K373 - Bsi’a
T4 = _Kq}’4 - B‘:‘;’{
where
K, = 2000 n-m/rad, B; = 10n-m-s/rad
K, = 2000 n-m/rad, B, = 10 n-m-s/rad
However, since the TV platform will be articulated relative to its nominal point-

ing direction, it is convenient to introduce the variables y; and y. to represent the
commanded position of the platform. The hinge torques can then be written as

7= —K(y1 =~ y10) — Biin
= —Ki(y: — y20) — Botz
where
K, = 3500 n-m/rad, B, = 20 n-m-s/rad
K, = 3500 n-m/rad, B; = 20 n-m-s/rad

1. Case 1-large platform maneuver. The first simulation of the five-body sys-
tem of Fig. 4 and its controller will show its dynamic response to a large platform

SWITCHING AMPLIFIER
(MINIMUM=ON-TIME = TM)

i GAS JETS 0
- ~Bye f; L
L VERICLE | ¢
] B i DYMAMICS | w;
- -l
GYRO GAIN
TR
.
i | CELESTIAL
SENSOR

Fig. 5. Single-axis attitude control loop
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maneuver. Initially, the platform is positioned at y, = 218 deg and v, = —30 deg.
All other system variables, i.e., angular positions and rates, are assumed initially at
zero. At t = 0, the command is issued to rotate the platform (about both axes simul-
taneously) at the constant rate of 1 deg/s to the position y; = 168 deg, y. = 20 deg.
The program used to simulate this maneuver is shown in Fig. 6.

Note that the required MBDY specification statement REAL MB(7), ... has
been replaced by its equivalent in the CSSL IIT language, i.e, ARRAY MB(7), ...

Also, note that the HCK routine mentioned in Section 1 is used to establish the
position of the reference body in the inertially fixed frame, and it thereby provides
a means for calculating é,, 6., and #&,, the attitude angles measured by celestial sen-
sors fixed to the reference body.

Three other CSSL III built-in functions are also used in the simulation, The func-
tion “SWAMP” simulates the switching amplifier shown in Fig. 5. “STEP” provides
the unit step function when the independent variable, TIME, is greater than the
specified constant. And finally, “INTEG(a,,4.)” signifies the integration operation,
where a, is the integrand and . is the initial condition,

All arithmetic statements are in Fortran, although CSSL 111 allows several state-
ments on a single line if separated by a “$.” Variables to be plotted at every com-
munication interval CI are listed in the PREPAR statement. Printed variables are
listed in the QOUTPUT statement.

The statement “CALL MBDY(NH, .. .)" is located in the INITIAL section and
is therefore executed only once, i.e., prior to the dynamic calculations. However,
“CALL MRATE(NH,...)” is in the DERIVATIVE section and is thus executed
at every integration step, as required.

Results of the simulation described in Fig. 6 are shown in the computer plots of
Fig. 7. All variables plotted are in terms of radians, radians per second, and seconds.

Notice that all three components (W1, W2, W3) of the reference body angular
velocity @°, show evidence of platform hinge vibrations immediately following
platform acceleration or deceleration (i.e., at ¢ = (tand £ = 50's). Only W1 and W3
show any significant evidence of the lower-frequency boom vibrations, since the
boom is nominally aligned with the reference body’s “2” axis. Attitude angles 8., 8.,
and 4, (THET1, THET2, THET3} have obviously been effectively confined to the
+0.005-rad deadband by the control system. Piatform and boom angular rate and
position responses clearly show the transients at ¢ = 0 and £ = 50 5. Some platform
vibration is discernible in the boom responses.

Figure 8 repeats the transient solutions for W1, W2, and W3 over just the first
10 5 in order to display the response in better detail. The W2 response indicates
that control jets began pulsing at about ¢ = 4.6 s in that axis, while pulsing in the
other axes was not required until much later.

2. Case 1 with prescribed motion. In order to demonstrate the utility of the
MBDY subroutine’s option for prescribed motion, Case 1 was rerun with the plat-
form rotations y, and y, prescribed. As indicated in Section IIE, the motion of any
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FROGRAM SepgDY SYSTEM SIMULAFION USING MuDY === CASE |
INTEGER NH Pl L4304
ARRAY MBU7) MALY, 7Y PB4 3) aPATY o84, 3) G s3]y TRBIZ yTalur 3]
ARRAY FBIIYsFATH 3) yTHiY) GMI4) ,GHMLI4) ,6MLDIY) , 4012
DOUBLE PREC]SION wpOTiy}
DATA H/UOsl40,3/P1/040,9,0/
DATA MB/1ESa, 36, 0440y 4 mjde,3%e0,41047
DATA MAUL o E)Z7a35/MALL,2)/025/MA(LT712648/,
DATA MALZ241)/794B5/MAL 24217242/ MAL203)/8,57 uAL 2 )4 =0/ MATD v/ oY
DATA MA(Z244 /=By /MALZ 7)1/57,5/
DATA MALG, 1} 27 02/ MA04,2)7,2/MA(H:3)/727 42/ 1R (N, 7)/1Ga77
DATA PBL 30 /=196/PHE3,2) /.27
OATA PALL 13 /=a?5/FA00132,20/=010/PALY 203)7~a?5/
DATA PACZs212)/=422/FA02,2,2)7/4207
DATA Pald,4,23/73:.3/
DATA Gl 30/ barGUl20b/mbadGlasl)/ilesata, a1y
CONSTANT TH=¢GL01DB2 B2 THIZ N
CONSTANT TFINALROQ e yCLkTIN=140D.
CONSTANT Li=e23,L2=021,L38431
CONSTANT SLEAT= 01745329
CONSTANT PHIZ=C. )y THETZ=Qs,F3120,
CONSTANT H112C=,h2180., #3150
CONSTFANT R12350004K273500,sK322000 184220000
CONSTANT 918209 ,0202¢s,83=10+3B49=10»
CONSTANT fci=218.,1C22-30,
iNIT1AL
NH=4
RD=57+2957795 % OR=i,/rl> § GMICISICI/RD $ gMZci=ic2/mrp
GRIISICI/RD § “M2laiC2,/RD )
CALL MBOY(NH MHsMB MA PR FPA,G,P1)
PZIPAL PB4 PClalCKLINTTL PHEZyTHETL ,PST2)
EMD
DYNAMIC
’ IFITIME.GELTFINAL) G0 TQ %51
QERIVATIVE goDYg
VARITABLE TIME=T,
CINTERvAL Claegs
XERROR Wi ab=b W2zl ,Eub i dd=leEmb,GMI=] ,E=4
STPCLK CLRTIM
QUTPUT  SO,010 W20 ,0w30 , W1 W24 W3 3 THET ) s THETZ2THET3 ,vr.,
L INFTN2aIN3GHY 2 GMZIGMI W EMYIPLL,PL2
FREPAR w13W2s%3,THET| , THETZsTHET3,GM10,GM2Dsa 00
GMLIGM2,GM3D MU GHI MY
NCSORT
WOLLlI=wy 5 w0l2)3wZ 5 w0l315wa
PLI=2RDsGMI § PLZeRDeGgH2
QM{llmgM) 5 GMIiZ2i=gH2 § GM(3)lsgM3 S GMi4%)sGHS
GMOT1b=GMID & GHO(2)=6M20 S OGHD(3)I=GMID % GMD;4)ebM4D
COMMENT
COMMENT CELESTIAL-SENSOR=MEASURED ANGLES
COMMENT
D1 ,02%HCKIMATRIX,FZ0,Pa0,PBO,PCO)
NXQyNYG,NLQRHCK(ITOB,0,38uyle,D1,021)
LXO,LYO,LZO=HCK({1TOB 5, 0eq0eeD1,02)
THETI=SATANZINYO ,N2O) § THET2=sATANZ (=NXQINZD)
THET3®aATANZ{=LYO,L X0}

Fig. 6. Five-body system simulation using MBDY {Case 1)
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COMMENT .
COMMENT KATEL FEEDBACK SIGNAL AND SWITCHING aMP, pYhabico
COMMENT
INJ==THETLI=TR*#| 8 [N25«THETZ=YReW? S IN3==THETa*Ta*#3
AMP ) =SwaMP {TIME , T, iip, JNL} '
AMP2=SHAMP (TIME , TH, U, 1N2}
AMPI=SwaMP {TIML 4 TM,DE N3
COMMENTY
CUMMENT PLATFURM PUSITIGN cOMMANDS
COMMENT
GMLCDSSLRATYi=1,.+STEPIGQ«0,TIHE) ) 3 GMICSINTEGIGHICH,6mbCT)
GMZCD=ESLRAT® {1 »=STEF[Spe s TIMED] % GM2CaINTEG(GM2Cn GMECT)
COMMENT
COMMENT REFERENCE B0DY EXTERNaL TORGUE
COMMENT HINGE TVTOURQUES
COMMENT
TR{IImL{*AMP $ TH{231%L2%AMP2 & TB({3ITLI*ANPS
TH{l1 D« *{GMLI~GMIC)=B%GM]D
THI2}R=K2* {GH2~gH2C)uB2eGM2D
THI{3)maK3¥gMI=BasgMap
THIY)BaKYdGM4=Byranap
COMMENT
COMMENT SYSTEM ANGULAR ACCELERATIONS
COMMENT
CALL MRATEINH, THsTBsTA FB,FA,GH GME, GHDD,#QWDUT]
wWID=WOOoTLl) § %2DaNbQT(2) % WID=WOUT ()
COMMENT .
COHMENT SYSTEM ANGULAR RATES aNB FQSITIUNS
COMMENT
WISINTEG RpOT 1 ywii)
B2 ENTEGIWPOGT (2, W21
wI=INTEGUWDOTI3) w3l

GHIDRINTEG{RDOT (W} ,Q,} % GHZOF INTEGIWDOTIS ) O,
GHIDSINTEG(NDOT (6} ,04) $ GH4DFINTEGIWDOT(7),04)
GMI=INTEG(GMIDsGMIT) 5 GMR=INTEGLGMZD,eM21)
GMASINTEGIGMID 1O} 5 GHUSINTEGIGMYD.O¢)

COMMENT

COMMENT HCK PARAMETER RATES AND POSITIONS

COMMENT

PZOD,PAODPEODPCODRHCKKCKIPZOIPAGIPBOWPLO Wl s W2, W3)
PZO=INTEGIPZODsPL])
PACRINTEGLPACDFAL)
PBOINTEGIPBODIFPB])
PCOSINTEGIPCQDIRCL)

END

END

END

TERMINAL

Siet CONTINUE

END :

END

Fig. 6 (contd)

JPL TECHNICAL REPORT 32-1592

19



0.0030
-+ 4 ~1 .
0.0025
0.0020
1
4
0.0015
LN |
o L {-
= i
0.0010
11 "
|4 . ],(
A1 | ]
0.0005 kﬂ U
. | |
4 ] U R - -
0.0000 " . N N
A 4.4 4
"
3 - —t 4o A
VWA 44 H IR
J ’\I‘ f P R 44 4 4
~0. 005 ¥
0 1o 20 30 40 50 40
TIME

Fig. 7. Results of Case 1 simulation using MBDY
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body 4;, (ie &) may be prescribed relative to an adjoining body é;, where j = hy
(Def. 37), by setting PI{i) = 1 and supplying the appropriate values or function
for ,(GMDD(#)). This was done for the platform bodies #, and &, resulting in
the simulation program of Fig. 9. Notice that the platform command angles have
been replaced by time functions for GMDD(1) and GMDD(2) (using the CSSL I1I
“RAMP” function). The GMDD(1) function is plotted in Fig. 10.

The expressions for the hinge torques r; and 7. (TH(1), TH(2)) have also been
removed from the original program (although it was not necessary) to emphasize
the fact that they are not used when y, and y. are prescribed.

Figure 11 shows the simulation results. It is clear that the overall system response
is virtually the same as that obtained from the first sirulation (Fig. 7), except for
the absence of the characteristic platform hinge vibrations. Since the simulation
with prescribed platform motion took only 4% min of computation time, compared
with 7% min for the first run, the usefulness of the prescribed motion option is well
demonstrated. In this case, not only was the order of the system equation reduced,
but the absence of the high-frequency platform vibrations helped to speed up the
numerical integration process.

Of course, some caution must also be exercised when employing prescribed vari-
ables to make sure that the dynamics being eliminated are not important. In the
sample problem considered here, the platform hinge vibrations could well have
triggered gas jet firings before damping out if 7z had been larger and/or the initial
conditions had been different. The abscence of these vibrations might then have
resulted in an entirely different time history of the reference body attitude angles.

One additional simulation of the Case 1 platform mancuver was performed
without the application of control torques. In the absence of external torques, the
system angular velocities should return to their initial values (i.e., zero) after the
platform maneuver is completed (Conservation of Angular Momentum), Of par-
ticular interest are the reference body angular rates, which are given in Fig. 12.
Although vibrations are still in evidence at £ = 60's, it is clear that the final average
rates are zero, as they should be. (The small high-frequency disturbances which
seem to occur randomly, particularly in the W2 and W3 responses, are due to
numerical integration errors.)

3. Case 2—small platform maneuver. The subroutine MBDY, since it solves the
complete and exact set of equations of motion, must certainly be used when rela-
tively large angles and angular rates are expected at each hinge. However, if the
hinge rotations or both the rotations and rotational rates are “small” at any hinge,
some linearization of the equations of motion may be effected, often to good advan-
tage in simplifying and speeding the computational task.

In subsequent sections of this report, modified versions of MBDY, employing
some form of linearization, will be described. One version, MBDYTL, employs
total lincarization; i.e., 21l angular position and velocity responses in the system
are assumed “small” in some sense. A sample simulation, using the five-body con-
figuration of Fig. 4, will be performed later using MBDYTL, and it is therefore of
interest to have for comparison purposes an “exact” solution to the same problem
using MBDY.
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PROGRAM 5-BODY SYSIEM STHMULATION USING MBDY =--- CASE 1
INTEGER NHyPI{HIaHIY)
ARRAY MB‘?].V&‘HI?I!PEIHIS)!PA[HUQ|3JDG‘kl3’ITBl3}ITA!P!I]
ARRAY FAI3V oFALY 3V s THIY) ¢GME U] 2 GHDIU) s GHODI4Y D1 3)
DOUBLE PRECISICN WDOTL?!
DATAE H/TOe1w Ui 37P1/14140407
DATA MB/I1Sue3lBesBliC,elter~10,5s34,64430,7
DATA MAt101)/7a35/MAU1 923 /a35/M81147)/6.87
DATA MACZy 13 2%sBRIVAL2420 /7227081243025, S/MALZeR)F= 42 /MAL2e5)2 .07
DATA MAL2451/-454/MA(297)752.5/¢
DATA KMALUe 1Y /2702/PA G2 )2 0/ AU 3)221, ZfNqu Y10 .17
DATA PBIY1e31/-1.5/PB13s200~1.2¢
CATA PALIs 203}/ = lE/FRRI 92420 ¢~410/PRILe24300-,757
DATA PAL242423/-22/PB( 2924337207
DATA PALasbleZ3/3.37
DATA GUle31/1a/GU200)/-1a/G03a1 0081448t 0030734¢
CONSTANT TM=,020+0B8=.005+TR=22,0
CONSTANT TFINAL ZaDesCLKTIMZ42],
CORSTANT L12.23¢L2z,210L 32431
CONSTANT SLRAT-.01745329
CONSTANT PHIZZG. THETZ2=0,4PS1220.
CONSTANT W1IzQueW2Iz0.sk31z40.
CONSTANT HI-35L00 . KZ223500.vK322000,.¢K8-2000,
CONSTANT 8122082220483 210. 054z 1c.
CONSTANY ICIz2iB8.sIC22-30,
INITIAL
NH=4
RD=57.2952723% ¢ DR=14/R0 & GMICIZICI/R0 & GMZCI-IC2/RD
GMII=ZICI1/AD § EM2IZICZ2/RD
CALL MBDYt{NHyHs MBiMASPE4PASEHIPI) )
PZEePALoPBIePCICHCKIINITLIPHIZ Y THETZIPSIZ}
END
DYNAMIC
IF{TIMELGEL TFINAL) GO 10 51
DERIVATINE @o00Ys
VARIAGLE TIMEZD,
CINIERVAL CIz,08
XERROR MWIZ1.E-F sW2T1.E-GeW3Z1.E6-518M321.6-4
STPCLK CLK1IM
OUTPUT  SOeWIOy W20 sW30aWT eW2 o W3rTHET Lo THET 25 THET Swne
INIYINZ v IN3+GMIr GHZ o GM I GMUPLTI S PLZ
PREPAR WleWZe WICTHET Lo THET 2o THET 34 GMLI0+1 620100
GMI +GM2eGMIDeGMUELIIGM3IGMY
NOSQRY
WOCIzHl % WC{2)2W2 5 WOE3)zHs
PLIZRDsGM1 $ PL2ZRDsGM2
GMI11-GM1 5  GMI2I=GMZ & GM(3)=GM3 $ GMIGIZGHY
GMDI1I=GMID $ OGMDIZI=GM20 & GMOI3)=GM3ID $ GMD(Y)=BN4D
COMMENT
COMMENT CELESTIAL-SENSCR-MEASURED ANBLES
COMMENY
DisD2=HCKIMRIRIZRWPZUYPACIPROWFCO}
NROSNYDsNZOZHCKITIT0Bs0400.a0l1,D01:02)
LXOsLYO 'L ZOZHCHFIITOB 1 1aeBar Wi 1e021
THETIZATANZINYD1NZO) $ THETZZATANZI-NXGCINZD)
THET3ZATANZU-LiCeLXO)

Fig. 9. Case 1 simulation program using MBDY, with prescribed platform motion
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COMMENT :
COMMENT PSEUDC~RATE FEEDBACK SIGNAL AND SWITCHING AMP. DYNAMICS
COMMENT .o
INIZ~THET:-TRs NI 5 INZ==THET2-IR®W2 $ IN3IS-THET3-TRaW3
AMPLZSWAMP{TIME + TMeD+IND)
AMPZSHAMP{TIMES TMeDB s INZY
AMP IZSWAMPLIIME o TMeDR»INT}
COMMENT
COMMENT FPRESCRIBED PLATFQORM ACCEL ERATIONS
COMMENT
GMDD1 1326, 981 116 {-RAMPIO .+ IME)+2.*RAMPELDS 4 TIMEI-,ua
RAMP Lol Y IME I+ REMP IS0, ¢ TIME 1 =2 (*RAMP {50 .05 YIME} sRANMPISO . 10« TIME 1}
GMDDI2Y=-GMOD (L}
COMMENT
COMMENT REFERENCE BODY EXTERNAL TORGUE
COMMENT HINGE TORGUES
COMME T
TBII)=L1+AMPT % TEI2}-L2¢4MP2Z &  IBI3ZI=L3I*ANP3
THI3) - K3+ GMI-8 3+GM 30
THEIG =z ~KY+G5Ky-ByeGMO0
COMMENT
COMMENT SYSTEM ANGLLAR ACCELERATIGNS
COMMENT
CALL MRATEINHy THaTBeT A FEsF AsGMs GMDOMDD WO o KOO TS
WIDZWDOTI1) & #2D=wDO0T12) ¢ W3D:ZWDIIIH)
COMMENT
COMMENT SYSTEM ANGULAR RATES AND POSITIONS
COMMENT
RIZINTEGIWODYC )o1K}
W2 EINTEGIHDOTLIZ2 Y K21
M3-INTEGILDOTU3N W31

GMIDZINTEGI WDOF{4).0.) k] GHM2DZINTES{WDOTISY #8041
GHIDZEINTEGS(WDG 1468041 3 - GMHOTINTEGINDOT L2 el W)
GMIZINTEG(GMIDsGMII) & GM2-INTEGIGMZDeGM2I)
GM3ZINTEGIGH3D o042 § GMUZINTEGIGM4BO.1

COMMENT

COMMENT HCK PARAFMEIER RATES AND POSITIONS

COMMENT

P20DyPACDWFBOD4PCODZHCK IHCK 2 PZOsPADIPEDsPLOs N1 s W2 N3}
PZOTINTEGIPZODPZT)
PAOZINTEGEPACD oP AT}
PSOCINTEG(PRQD«PBI}
PCOZINTEG(PLODPCIN

END

END

END

TERMINAL

S1saa CONTINUE

END

END

Fig. 9 {contd)

JPL TECHNICAL REPORT 32-1592

35



36

0.34907 |-

AREA = 0.01745329 rad/s
= 1 deg/s

1} 0.10 50.0 50.1

¥re /s -
<
-

-0.34507 [—
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In Case 1, we have already seen that the reference body and boom responses
are relatively small even though the platform angular excursions are substantial.
If the platform maneuvers were also restricted to small values, this would seem
the ideal case for which to apply MBDYTL and to obtain a check solution using
MBDY. Results of the latter will be presented here.

In this case, it will be assumed that the platform again starts from the position
y1 = 218 deg and y, = —30 deg and that at £ = 0 the command is issued to rotate
to y; = 220 deg at a commanded rate of 1 deg/s. Then, at t = 3 5, the command is
issued to rotate about the other axis to the position v, = —25 deg, at the same rate.
A CSSL III program to simulate this maneuver sequence is listed in Fig. 13.

The simulation results are shown in Fig. 14. Obviously no gas jets were fired.
These solutions will be compared in following sections to those obtained from
linearized versions of MBDY.

Ill. Totally Linearized Systems
A. The Equations

When any justification can be found for the linearization of any of the kine-
matical variables appearing in Eq. (5), this step should be taken, since the mathe-
matical and computational benefits of linearization are quite substantial. The
primary immediate benefit is the elimination of variable terms from the coeffi-
cient matrix on the left side of Eq. (5). If »° and afl angles v, - - - , y» and their time
derivatives can be assumed to remain arbitrarily small, then the indicated coeffi-
cient matrix is formally constant, and much computer simulation time can be gained
by computing its inverse only once, in advance of numerical integration, When the
angles are expected to be small in an engineering sense, less rigorous arguments
can be marshalled to gain the same computational advantage. However, more than
sufficient reason for employing linearization can very often be found by experi-
mental demonstration.
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PROGRAM S-600Y SYSTEM SIMULATION USIKNG MBOY =--- CASE 2
INTEGER NHoPItH)oHIN]
ARRAY MBUZhsEA Y oTEePEEA w3l oPA LA H+T o CEarI e TB I3+ TAI4TY
BARRAY FAL I vFAL a3 o THIN) sGMIUY}aSHDIYYeGHODIAI o0
DOUBLE PRECISI(N WDECT{7)
DATA H/Delo0e3/PTI70¢T400027
DATA MBZ115+o330erfUC a8 av~18eJl,6e0]10,./
DATA MAGY1)/7.35/MARL 202235 /MA1147376.84
DATA MACZ2e I i B2 PAI2428 02 220A 203 /8,5 /MAT2481 /=, 41/ MAL2e5Y2,01,
DATA MAIZ+03/~.58/MA12413757,5/
DATA MAEGe 1372042/ FAI42H/ J2/F A4 32T .2/ M0 02057210477
DATA PBI1w3)1/=-1.5/PB13e2)/=1.2¢
DATA PALSeY 30 =0 @57FAt1 02202 -210/PALYs203) 4,704
DATA PAIZ2924¢2)/4~a22/PA1 24223110204
DATA PALH«»2123.3¢
DATA GU1e3321.7G12030/-1a?G 3sl )4 aiCla3tay
CONSTANT TMz.020+DB=,005»TR:=2.0
CONSTANT TE€INAL=20.9CLKTIMZ-11G0.
CONSTANT L1:2.22L22,.230032.31)
CONSTANT SLRATC- .01745329
CONSTANT PMHI2:C.»THETZ=O..ePSIZ20,
CONSTANTY WIIT0u+W2ITCesW3IIZO.
CONSTANT KIZ35L0,eRZ223500.eK3-2000.K822000.
CONSYANY B1320,+8272043835104384%10,
CONSTANT IC2=2ié,.,sIC2=-30.
INITIAL
NHZ4
AD=57,29577195 & DR-1./R0 & GMICI=IC1/RD § BKZ2CIZIC2/RD
BMII=IC14RD $ EFZICIC2/RAD
ChLt MBOD¥INHoHaeMBaMASPBeP AsS+PI
PZI+PAT«PBE+PCICHCKEINITLePHIZ o THETZ2PSTZ
END
DYNAMIC
IFLIIME GELIFINALY GO YO 51
CERIVATIVE - BODYS
VARIABLE TIME=O.
CINTERVAL CI=.D2
XERROR WIC1.E-GvH2-1.E~6sRIT] 4E~GeGHNICT14E~8
STPCLK CLKTIP
OUTPUT SOsW1De 420 I0e8] sW2 e bIaTHET S »THET 24 THEY 300w s
INIoINZsINZ+CM LI CHZ»OM 3P GMUsPLL P PL2
PREPAR W1leWZ2oWIwTHETLeIHET2+THEYIoGHIDIEM200 000
GMLIGHZIGMID e GHUD rBMI1GM N
NGSORT
WOEX)I-H1 $ WO(ZI=K2 § WCEZ)CoNI
PLIZROsGM1 & PL2=RDeSM2 :
GHUEXYZEGMY &  gMEZE-GMZ & GMI3IZGM3 % GHiGFTOMN
GMDU1J-GM10 $ GHDI21=6M20 ¢ SGMOI3I-GM3D $ GMORL4I-GMAD
COMMENT
COMMENT CELESTIAL-SENSOR-NEASURED ANGLES
COMMENT
DI rD2-HKCKAMATRINWPZCrPACWPBOWPED S
NEQ2sNYQoNZO-HCKI 1108 40aslavlaeD1s021
LXOebY0slL 20-HCRIITOBeYueDev 0,0 DY eD2)
THET1ZATANZINYOSJNZOY ¢ THETZEATANZI-NXO.NZO)
THET3ZATANZE =L YOl XNC)

Fig. 13. Case 2 simulation program using MBDY
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COMMENT
COMMENT RATE FEECBACK SIGNAL AND SWRITCHING AMP. DYNAMICS
COMMENT
INI=-TKET2=TRo§1 8§ INZ2:-~THE!Z2-1R2U2 § INI=Z-THET3-TR2k3
AMP I SKWAMPLTIME « TMsDBsINTI
CAMF2CSWAMPLYIME+TH DB IN2Z)
AMP IZSHAMPUTIME v IMe OB INT )
COMMERT
COMMENT PLATFORM POSITION COMMANDS
COMMENT
GMICOZSLRAT#{ Ja-STERPI2,4TIMEY} 5 GMICZINTEGIGMICD«GMICI}
GHZEDCSLRAT# 65 TEF G5 an TINEN-STEP 110 TIMEN IS GMZCINTEGIBNZLD»GMICT Y
COMMENT
COMMENT REFERENCE ECODY EXTERNAL TORGUE
COMMENT HINGE TGRQUES
COMMENT
TBI13=L1sAMPY % YR{2)2L 2«4MP2 § TBUIIZL3IwAMP]
Tl y=~-KinlGFL-GFICI-BleGM1D
THIZ2 I 2-K204GM2- GM2CY-B2+GM20
THE3FZ-K3eGHI-EISENID
THER IS« Ky GMY-0 42 5MUD
COMMENT 1
COMHEN? SYSTEM ANGULAR ACCELERATIONS
COMMENT
CALL MRATEANHsTHTBaTAGFBsFA«GMsGHD2aGHDD RO WDOT)
WiD-WwDOTE1) 3 L2DoROOTE21 $ W3DnMWDOTE3Y
COMMENY . :
COMMEN? SYSTENM AKGLLAR RATES AND POSITIONS
COMMENT
WISINTEGL(WDOTE1) 831
H2ZINTEGIWDOTL23 4421
WITINTES(HDOTE3I 31
EMLIDSINTECIWDOTEHIwTa) 3 GM2DZINTEGINDOTS) 2 0ud
GHIDZINTIEGIRNOOTEE o0 ) $ GMUD-INTEGIMDBOR 710,
GHICINTIEGIGNIDLGMITY § GM2- INTEGIGH2D.6M2I)
GMISINTEGC(EHID +0.) £ OMUCINTEGCIGHAD 0.}
COMMENTY .
COMMENT HCK PARAMETER RATES AND POSITIGNS
COMMENT
PZCOsPACDSPBCD 1 FCCDHEK tRCK s PZ0uPAO P BOrPCOsNI»WZa K 3}
PIORINTEGEPIOD.PZI}
PAOZINTEGiPAOQD FAI}
PEOCINTES(PBAD. PRI
PCOZINTIEGIPCORIFCE Y
END
END
ENO
TERMINAL
S51.. CONTIRKUE
END
END

Fig. 13 {contd)
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In any case, Egs. (5} can be rewritten in the form

Apea® + 2 aoki;k = X L (8&)
kesp ke
and
@ige® + 2 Eik¥r = giTC“J > el + o1 (iég’) (Sb)
ke kedp

The next step is the linearization of Eq. {8} in the variables %, y and their time
derivatives. To this end, we expand each symbol in Eq. (§) which may involve such
variables into three parts, the first being free of these variables (indicated by over-
bar), the second being linear in the variables {(indicated by overcaret), and the third
containing terms above the first degree in the variables (indicated by three dots).
In particular, we write (for any 4, k)

Cio = Gio -+ Gio 4 - - (9a)
ta=Tat Pt v (9b)
Q=T+ au+ - - - (9c)
Ep=Fy+ B+ - - (9d)

and then determine explicit expressions for the new barred and careted symbols
from the definitions of a;; (Defs. 32, 34, 35), E; (Def. 36), and the expansion for C*°
(Appendix A}. In terms of the symbols introduced in Eq. (9), the linearized form of
Eq. (8) becomcs

B + 3 s = 3 (B + By (10a)
kes? ketD

(ieP) e+ Sauyr=g L eu[C0Fx+ E)+ CoE] +7 + 5
kesP kesp
(10b)

In deriving explicit expressions for Ci and Civ, we may begin by recognizing
that for any C*/, where r and j are labels of adjecent bodies,

Cri=Cr=U=3X3 identity matrix

and

It is clear that C% must then be given by

A~ ~ ~ o ~
Cio == _Egs,ig*n, o = (0" = 3 e’y
SE

sE€LP

Also, C* = U. In general,

(r,ieB) €= 5 {s0; — ) B'ys (11a)
SEAP
and
Cr=U (11b)
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From Def. 36, E; and Ek are given by

B, = Cok [T 4 3 DHCHE] =Tk + 3 D*FI (12a)
feiB feB

~ = o S = ~ = P — ~ e

E,= Co [Tk + 3 DMCHFI + 3 DriICHET] + CH[{TF + 5 DFICE Fi]
felid fefn jedl

~ ~ — oA ~ - -
=T% 4+ 2 DHCOHFT + S DME + O [T+ 3 DYFT] (12b)
fein jeBB jeeB

Of course, the most important result of the complete linearization is the absence
of any time-varying elements in g, Gox, Zio, and Gy These constant coefficients now
allow the square matrix on the left side of (5) to be inverted once and for all, in
advance of numerical integration.

It would remain then to determine T¥, ’T\"‘, I—?", /I}", T:, and 7, for the specific system
under study and, together with the relations in (11) and (12}, to carry out the com-
putations implicd by (10). However, in constructing a subroutine to perform these
computations, it was found to be much easier to directly manipulate the com-

bined form:
Gono® + 2 e = 3 Ey (13a)
kefP kel3
Gut® + T G = g0 S B+ 5 (1€) (13b)
kel ketp
where
a & oA “ on
E. — o [Tk + 3 ijCk;‘F:’]
je68
o — -~
Cio = o + 0
Gor = Gok 4 Co
To = Tt 4 T
Fi=TFi+Fi ’
? T+ T

By dealing gnly with the variables Ek, C‘O’“ etc., rather than separating them into
the parts E, E,, ete., and explicitly forming aII the separate terms in (10) and (12),
the computation becomes much more straightforward and efficient even though
some second-order terms in the linearized variables are retained.

One further form of the system equations, which goes beyond strict linearization
in order to simplify and speed the computations, is the following:

Gooe® + 3 Gue = 3 Eb (14a)
ke keB
Gigo® + D Auie =7 S el + T (14b)
kel kes?

where
B, =Cm [T" + 2 D"fC"fF?] = T" + 3 D"’Ff
jelh

Equations (14} obyiate the computatlon of any body-to-body coordinate trans-
formation matrices, C*/, at all.
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Subroutines which provide solutions to both Egs. (13) and {14) will be described
in the next section.

B. Subroutines MBDYTL and MBDYL

The subroutines MBDYTL and MBDYL provide the solutions to Egs. (13)
and (14) of the preceding section, respectively. As in the case of MBDY, they each
may be exercised by either of two call statements, the first of which initializes the
program with the system constants,

Initializing Call Statements

CALL MBDYTL(NH,HMB,MA PB.FA,G.PI)
or

CALL MBDYL(NH,H MB MA PB,PA,G,PI)

Except for the call statement name, the statements are exactly the same as that for
MBDY. All the arguments are defined exactly as given in Section 11E.

To compute the angular accelerations a% ¥, * * - , ¥» the subroutine MBDYTL
(or MBDYL) must be entered at every integration interval. This is accomplished
by executing the dynamic call statement.

Dynamic Call Statement
CALL MRATE(NH,TH,TB,TA,FB,FA,GM,GMD,GMDD,WO,WDQOT)}

Again, the dynamic call statement arguments are the same as those defined for
MBDY in Section IIE, with the following exceptions:

TH(i) = array of hinge torques, 7;; i € &
TB(j} = array of elements of %"; i=123
TA(i,f) = array of elements of %i; e, i=1223
FB(j} = array of elements of ’F\C'; i=1,23
FA(i,j) = array of elcments of %i; te&l, i =123
Even though the arguments GMD and WO are not used by either MBDYTL or
MBDYL, and GM is not used by MBDYL, these “dummy” arguments are retained

in the call statements for the sake of uniformity and to allow easy interchange of
subroutines if desired.

The Fortran “type” and storage allocation statements which must appear in the
main program that calls MBDYTL (or MBDYL) are identical to those required
for MBDY.

Required Specification Statements
INTEGER NH, H(n), PI{n)

REAL MB(7), MA(n,7), PB(n,3), PA(n,n,3), G(n,3), TH(n),
TB(3), TA(n,3), FB(3), FA(n,3), GM(n), GMD(n),
GMDD(n), WO(3)

DOUBLE PRECISION WDOT(n + 3)
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Also, the statement
PARAMETER Q =n

must appear within the subroutine MBDYTL (or MBDYL) to allocate the proper
amount of internal storage. Complete listings of the MBDYTL and MBDYL pro-
grams are given in Appendix B.

C. Applicaticn of MBDYTL and MBDYL to the Five-Body System

1. Small platform maneuver simulation. We may now proceed to apply the lin-
earized subroutines to the same vehicle dynamics/control configuration examined
in Section IIF. The vehicle is shown in Fig. 4 and the control system in Fig, 5.
Expressions previously given for T°, 7., 7, 75, and r, may now be re-interpreted
as describing T, %1 T2, 7., and 3,, respectively, since they contain no second-
order or higher terms in the variables «°, v, and their derivatives. In fact, in order
to again simulate Case 2, i.e., the small platform maneuver from vy, = 218 deg to
ys = 220 deg (at ¢ = 0) and vy, = —30 deg to y. = —25 deg (at ¢ = 53 5), it is neces-
sary to replace the statement “CALL MBDY(NH, .. .)” with the statement “CALL
MBDYTL(NH, . ..}” and to modify the arrays MA(2,7), PA(1,2f), PA(2,2), and
G (2,7).

The reason for the required modifications to these arrays stems from Defs. 4
and 12, which require all local, body-fixed coordinate frames to coincide (i.c.,
b% = b for « = 1,2, 3 and k, § € /R) when the system is in its nominal state, i.¢., when
vr = 0 for all ke &P. When the routines MBDYTL and MBDYL are used, the vari-
ables y; are, by definition, required to remain very close to the nominal state v = 0.
Otherwise, the linearization process is meaningless. Tt is clear, then, that to simu-
late Case 2 with the linearized programs, the new linearized variables %5 (k = 1, 4)
must be redefined in terms of the old v; such that, for example,

T = v, — 219 deg
Py = v, + 275 deg
= ys

Y+ T Y

And now it is also clear that bodies #, and £, have different orientations in their
own body-fixed frames, implying different inertia matrices I*, I* and different com-
ponents for the vectors p%%, p??, p¥, g!, g° in their respective frames, {b*} and {b%}.

In this particular vehicle configuration, the platform hub, €., has symmetrical
mass properties about its axis of rotation, which in turn is aligned to one of the
body-fixed coordinate axes. Thus, I', and therefore MA(1,7), f= 1 — 7, remains
unchanged, as does p*® (PA(L,Lf),7 =13} and g* (G(Lf),f = 1 — 3). However,
it is apparent that p*?, p*, as well as g, and I* must change, since they were previ-
ously defined for y; =0, y. = 0 and now must reflect the confignration defined by
%1 =0,%: =0(y, =219deg, y. = —27.5 deg).
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The components of a vector described in the old frame fixed in #; can be related
to its components in the new frame by the sequence of rotations y, and ., as

follows:
oy Cyr —S8yily:  SysSya | (U] CH
Dg = I 8y, Cy1Cys Cy18vy u‘; = ¥° Dg
oY 0 —8y2 Cy2 LN o

(sy, = sinyy, €y, = COS ¥4, etc.)

Therefore, the components of g* in a simulation linearized about y, = 219, v, =
—27.5 deg become:

gt -1 —fy 0.77715
{ gir=Cvd 05=< —sy » = 062932
8 0 0 0

Similarly, the components of p* become

po 0 0.22 5y:Cys — 0.20 Sy15ye —0.18092
pr s =GN} —022) — J090eysy, — 022¢y 0y, p = ¢ 022342

por | 0.20 0.22 5, + 020 6y, 007582

The vector p** only changes due to the y, rotation, ie.,

Py ey sy © 0 0.1y, ~0.06293
pry=|sn  on 0]d—0103=)—010c,% =0 o00m772
py? 0 0 1;t-075 —0.75 —075

Finally, the modified value of I® is given by

485 041 —007 352 125 —075
[F=C%| 041 220 054 [(C¥)yr=| 125 379 073

—007 054 3.50 —075 073 3.24

Having determined these changes in the system configuration description, the
appropriate values of MA(2,i), i = 1 — 6, PA(L,2,{), PA(2,2,f), G(2,j) may be entered
to produce the simulation program of Fig. 15. Notice in Fig. 15 that it was also
necessary to change IC1 and 1C2 to reflect proper initial values of the new vari-
ables $; and %, (ie, 5, (0} = — 1 deg, 3. (0) = —2.5 deg; these variables correspond
to y, (0) = 218 deg, y. (0) = —30 deg). Using this program and the MBDYTL sub-
routine, Case 2 was simulated again, and the results are shown in Fig. 16. They
may be directly compared to the dynamic responses of Fig. 14. While there are
some very slight differences visible in the angular rate responses, the overall result
is virtually identical with that obtained using MBDY, and is obtained in one third
the time used by MBDY (MBDY used 140 s, MBDYTL 48 s on the Univac 1108).
Further, the substitution of MBDYL for MBDYTL gives exactly the same results
as those shown in Fig. 16, since no external forces or torques were applied to the
system, and calculates them in only 42 5,
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Obviously, the gain in computational speed when the linearized routines are used
is quite significant, even for this relatively simple example. In Ref. 7, a 17-degree-
of-freedom system is simulated using MBDYTL exclusively, since it gave a speed
advantage over MBDY of about 25:1 with more than adequate solution accuracy.

PROGRAM S=990Y SYSTEM SIMULATION USING HAJYTL =--~ CASE 2
INTEGCR NHeFI(91HIO]
ARYAY MAETY oMl e 71 oPE 4 3P A0k e 3131y T o TAII 0T AN T
AREAY FEEZYsFAIY «3Y s THLE)#GH U Y e SHDIU Lo GHUOD LY o WG X}
BOUBLE PRECISZTION wnQTET)
DATAE HALelaLs32PT/Gel2 00/
DATA MS/1 1503180840 enlBor=19e 3406040004
DOYE MALLel) Aw2EsMA0 T 35/ MAI10T 20080
DATAE MOTZ20] )7 3aS22M00 29 20F 3adA/M0t203 17524/ M0 0248)/-14E5/ HAIZ20T17eT8?
ODATA MAC(2eb}i-o 77/ MALcTYETY, 52
DATA MAL{S v b2 27.27MA0 9 20 o2dMa (43372 2/ MA{Ge0410L1TY
DATA PBEI23) /-2 E/PB13ez) it/
DATA FPACL vl a3 b =a 718000102 b/~ uCG2 334200102020 2,00772/P0ET 02430 /-0750
DATA PALZe26d ) -0 AC 2P AICe2 02 WC2343P A2y 3L #0502 7
DATA PAlvegeZ21/4%, 24
DATA GUI w3 AYa?GUZel a1 29207 WRE3T3/CGIE 12 u2GT4A024Y
CONSTANT TMzZ, 020,082,005y 1R2E T
CONSTANT TFTINALIZC . oCLKTIMZIIOC,.
CONSTANT Y 1zZ,2%y_22,21e_32,21
CONSYTANT SLRAT:-L.C0LTwS2Z3
CONATANT PHIZ2ZC o THETZ2. oPST 220,
CONSTANT IC12-1.2I1025=245
CTONSTANT WITaverdZ2IzCerwIICC
COMETANT KIZZI5C0C o Kez280 0, ) KIZZ0CEa K6 2000
CONSTHNT 31220932220, 933210 .0808210,
INITIAL
NATY
FOZE?.2RE 3737 & DRZ1./RU 3 GMICINICI/ARD % GM2CICIC2/RD
GMIIZICI/RN % GM2I-TIC2¢RQ
Cavt MBOYTLINH»abEwHEWPESFAL Gl L
2T +FALsPHINPCTCACAIINTIIL oPHI 24 THETZPSTZ)
END : )
DYNAMIC
IFETIMELOFELTFINSLY GO TG0 51
JZRIVATIVE 900YE
VARIAGLE TIME:cH,
CINTERYAL Ciz,
XERRCR WIZTaE-EewZZ bE-BeW3T]y0-5ebm3IzlsE-U
STPLLN TLKTIM
DUTPUT TSl wiDwWZDrwldDowt Rz W2 THETI e THETZ2oTHET3 0 5«
INT A INZeINT ML IGM2r GMIeGM U PLYWPL2
PREPSR WIrHZsWIsTHETI o FHETZ o THEY 3r BMI0rGMZ0 ¢4 4 s
CMIsGHUZ2GMI0»CMUD o GM T GMY

v

NOSORT 7 S
WOLT)ZW1 8§ WOlZI—W2 & Wid3)=us
PLIZRG*GM] § PLZZRDGMZ L N
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Fig. 15. Case 2 simulation using MBDYTL
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Fig. 15 (contd)
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IV. Partially Linearized Systems
A. The Equations

One further distinction that can certainly be made in characterizing systems of
hinge-connected rigid bodies (somewhere between those systems where all hinges
are permitted unrestricted rotation and those systems whose hinge and reference
body rotations are all “small”) is the partially linearized system. In this report, the
term “partially linearized” will refer to the case in which the reference body rota-
tions are unrestricted and some, but not all, of the v; (ke &P) and their derivatives
are considered to be “small.”

The indices of those angles for which linearization is in some sense justified may
be collected in the set (7, and, using the expansions of Eq. (9), the linearized form
of Eq. (8} becomes

~ + - — o) 1) - [a]
(Goo + 8oo)® + 2 Gy + 2 (Gu T dw) Y= 2 (Ex T E) (15a}
N kel kesp—0A ke
(@ia + @ig)0® + 3 By + = (@ T+ dix) Yi
ke(# keP— A

= giT 2 Eik [ém (E—k +- Ek) 4+ 6;,011] + ;3: +?" (151’))
kesP

It should be noted that, for a wide class of systems, it can be recognized in advance
that ¢y, = 0 for ie 7 and ke & — (A. This is the case whenever none of the hinge
points whose indices comprise (4 lics on a path from #, to any hinge point whose
index is not in (4. In physical terms, this means that the small-angle rotations are
confined to terminal appendages, each of which is attached to only one body whose
index lies outside of 4. In fact, primary attention is focused on those scalar ele-
ments a;; in (15b} where 1, k € (4 and i, k are members of the same terminal append-
age set. It can be shown that such elements a;, are all constants.

Def. 38. For » e, let (i, denote a “terminal appendage set.” Thus (4, is a subsct
of {4, containing the body indices of one or more terminal appendages
which share a common base body, v.

By appropriate exchanges of rows and colummns of the symmetric system matrix,
the constant ;s may be isolated in an r X 7 symmetric matrix, A., forming the
lower right-hand corner of the original matrix. One can then employ a matrix parti-
tioning scheinc, where the constant matrix A, is inverted just once, and a time-
varying matrix equation, now of order (n + 3 -- r), is solved at every integration
step. Clearly, the size of A, should be maximized for the greatest computational
advantage, and, since only one terminal appendage set (there may be several) may
be used to form A,, the largest terminal appendage set should be used.

With this approach, i.e., a single partitioning of the system matrix into constant
and time-varying parts, another version of the MBDY subroutine, called MBDYPL,
was written to solve the partially linearized case. However, in a move to further
simplify and speed up the computational task, Eq. (15) was modified as follows:

aoo(.riu + 2 a[}k:);k = E Ek (163)
kel kesB
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S0

o . T S | a
W+ D Badk+ D Auys =g C" T euEr + 7 (16h)
keP— (R ke(#] ke

where

The intent of Eq. {16) is to avoid having to form the separate _quantities o, Tons
dox, Oux, etc., and instead, to compute only the combined forms @, aok, ete., using
the combined form of the coordinate transformation, €. This approach saves
overall computation time, although it allows the retention of some second-order
terms in the lincarized variables that would have disappeared otherwise, Thus,
Eq. {16} is the matrix equation actually solved by MBDYPL, a somewhat more
accurate representation than that of Eq. (13).

- B. Subroutine MBDYPL Usage

Just as in the other subroutines, MBDYPL is entered by means of either of two
call statements, one of which initializes the program with the system constants.

Initinlizing Call Statement
CALL MBDYPL(NH,HMB MA PB,PA,G.PILLTI)

The call statement arguments are exactly as defined previously, with exception of
the two additions

LI(i) = array of linearized variable indicators; i€£P (If y; and its derivatives
are assumed small and therefore are to be linearized, LI({} = 1. Other-
wise, LI(f) = 0.)

TI{#} = array of terminal appendage body indicators; ie @ {1f Ti(i) =1, #4; is
a member of the largest terminal appendage in the system. If TI(i} = 0,
it is not, although v; could still be a linearized variable.)

1t should be made clear that LI{#} is an array to be supplied by the user; i.e., it is
an input array. On the other hand, TI{i} is calculated by the subroutine for the
user’s information, and is an oufput quantity. As mentioned previously, it is desir-
able to identify the largest terminal appendage of the system and its member
bodies. An algorithm to do just that is located in the initializing portion of the sub-
routine, and the results of its calculations are later used for optimurn rearrangement
and partitioning of the system matrix, as well as made available to the user in TL

As befare, MBDYPL is executed at every numerical integration step using the
dynamic call statement.

Dynamic Call Statement
CALL MRATE(NH,TH,TB,TA,FB,FA GM,GMD,GMDD,WO,WDOT)
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All arguments of the dynamic call statement are exactly as defined for MBDY, with
the understanding that TH{i), TA(ij), and FA(ij) refer to 7;, T%, and F, respec-
tively, when ie{A. In general, any torque or force expressions should be free of
second-order terms in the linearized variables (for which LI({) = 1) or their
derivatives,

The necessary specification statements for MBDYPL are the same as for MBDY,
with the addition of the integers LI and TIL.

Required Specification Statements
INTEGER NH, H(n), PI{n), LI{n), TI{(n)

REAL MB(7), MA(n,7), PB(n,3), PA(n,n,3), G(n,3), TH(n),
TB(3), TA(n,3), FB(3), FA(n,3), GM(n), GMD(n),
GMDD({n), WO(3)

DOUBLE PRECISION WDOT(n + 3)
Again, the statcment,
PARAMETER Q =n

must appear within the subroutine MBDYPL to properly allocate internal storage.
A complete listing of MBDYPL is provided in Appendix C.

C. Application of MBDYPL to the Five-Body System

1. Large platform maneuver. Since MBIDYPL is designed to accommodate both
large and small rotations in a hinge-connected system, Case 1 would be the obvious
dynamic maneuver with which to test MBDYPL.

Recall that the maneuver consists of rotating the platform from its initial position
(v (0) = 218 deg, y. = —30 deg) to the position y, = 168 deg, y. = 20 deg by simul-
taneous slewing about both axes at the commanded rate of 1 deg/s (starting at
t=10).

The main simulation program listed in Fig, 6 can be used virtually “as is” by
MBDYPL, with only the addition of L1(4) and TI(4) to the INTEGER statement
and LI input elements to the DATA statement. In this case, linearization will be
requested for y. and y, so that LI(1) = 0, LI(2) = 0, L¥3) = 1, and LI{4) = 1.
Examination of TI, after executing “CALL MBDYPL (NH, . ..),” would show it
to be identical to LI; ie., bodies £, and £, would be identified as members of
the largest system terminal appendage. The modified simulation program using
MBDYPL is listed in Fig. 17.

Results of the platform maneuver, Case 1, using the partially linearized approach
are shown in Fig. 18. Comparison of these to the results produced by MBDY in
Fig. 7 shows the differences to be indistinguishable. Figure 19 expands the plots
of «® components for just the first 10 s for closer comparison (with Fig. 8).

While the accuracy of the MBDYPL run in this case was apparently excelient,
the speed advantage over MBDY was only very slight, i.e., 430 versus 440 s of com-
putation time for this four-hinge system. Since MBDYPL does perform a number
of manipulations associated with partitioning and rearranging the system matrix as
well as matrix multiplication to solve the partitioned system, some tradeoff between
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the time used to accomplish these tasks and the time seved by recognizing certain
constants and advanced mafrix inversion should be expected. Just exactly where
the “break-even” point between MBDY and MBDYPL speed is depends on both
the number of hinges and the number of linearized hinges. However, in the case
simulated here, we seem to be quite near the break-even point. In contrast, the sys-
tem simulation in Ref. 7 with 14 hinges (10 linearized) was speeded up by a factor
of two using MBDYPL.

It should also be noted that the subroutine MBDYPL does accommodate pre-
scribed motions at any of its hinges, as do the other subroutines, whether the hinge
is linearized or not.

V. Summary and Conclusions

This report confines itself to the consideration of mathematical models useful for
the description of hinge-connected rigid body system dynamics and, further, the
computer simulation of those idealizations using general-purpose subroutines. As
the sequel to Ref. 9, it documents in explicit detail the application of each of these
subroutines under the circumstances for which they were especially designed, i.e.,
MBDY for unrestricted systers, MBDYTL and MBDYL for totally linearized sys-
tems, and MBDYPL for partially linearized systems. In each case, the subroutines,
which are written in Fortran V, serve as the powerful tool that is called upon by
the main simulation program (written here in CSSL II1) to calculate vehicle atti-
tude dynamics.

In the process of drawing conclusions about the relative utility of these programs,
one must certainly begin with the obvious conclusion that MBDY, since it solves
the exact and unrestricted equations of motion for the system, serves as the ulti-
mate standard of accuracy for the rest. However, MBDY need not he restricted in
its use to just the role of a “check routine.” For small systems, it will run faster
than MBDYPL, and one can certainly envision system rotations large enough to
make the lincarized routines completely unsuitable for the simulation accuracies
required. Further, the judicious use of the option available in all the routines for
prescribed hinge rotations can speed the running time of a simulation using MBDY
remarkably. Thus, MBDY should be used often and to good advantage.

Of course, the utility of the completely linearized dynamic simulation sub-
routincs, MBDYTL and MBDYL, was well exposed in Section ITI. For large or
small systems of bodies in which all the hinge and reference body rotations are
deemed “small,” eithcr due to fortunate circumstance or deliberately controlled
constraint, the use of MBDYTL or MBDYL can offer tremendous speed advantages
over MBDY and still maintain acceptable accuracies of the dynamic response. This
totally linearized approach has proved to be of the greatest value in analyzing con-
trol problems at JPL, since most systems fall, or can be forced into, this category.
In fact, the accuracy of MBDYL has been more than adequate for a large variety
of space vehicle control problems studied at JPL. Of course, if the vehicle control
dynamics can also be linearized, the inveried attitude dynamics matrix used by
MBDYTL or MBDYL can be used directly in control stability analyses, i.e., to com-
pute overall system root loci and/or eigenvalues.

Finally, the utility of MBDYPL is perhaps the least of the four routines, although
it still offers some advantages, particularly for large systems. Where there are a
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few, very large hinge rotations to be simulated but the large majority of system
hinges exhibit only small excursions, MBDYPL may offer the only chance to achieve
the desired accuracies in a reasonable simulation time. In similar circumstances, it
may serve as a more economical reference or check solution source than MBDY.
All in all, the partitioning scheme employed in MBDYPL, while not offering the
tremendous speed advantages of MBDYL, at least provides some gain in cfficiency
in certain specialized instances.

As for the general-purpose character of all four subroutines, it is felt that their
presentation in Fortran will make them widely useful, both to those who are com-
fortable with special-purpose simulation languages and to those who prefer to
write their own simulation programs and integration subroutines. In order to make
the routines more easily accessible, the entire package has been submitted to
COSMIC (Computer Software Management and Information Center), University
of Georgia, Athens, GA 30601, for evaluation and dissemination to interested gov-
ernmental agencies as well as industrial, educational, and research institutions.
While many may wish to further specialize onc or more of these programs to their
own particular needs, the four programs, as they are described here, can serve as
a reliable and valuable addition to any simulation subroutine library.
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PROGRAN E-RO0Y SYSTEM SIMULATION USING MBDYPL --- CASE 1
INTEGER NMePTClG)eH{G I LTIL)TICH)
ARRAY MBU{T) +MALU 7)1 oPBIO+3)ePA U o3 )Gl wT)oTRIT)TA(U3)
ARRAY FBUZ)oFAT Yy THIUY »GH LYY o GMDIBE+GMDT ISP WOED)
DOURLE PRECISION WCROT(T}
DATA EAQ1s0e3/FT/ 04000 0/LTI/0eUsLlo}/
DATA MB/7115a 93164 #8480l Bae~1lUar»308c6eB10./
DaATA MACL1vl)/o35/MALL 22/, 35/ A(2sT7)/E.8/
DATA MAT2e1) /78, 85/8A02e2)/ 2.2/ MA02¢3)Y/5.5/MAT298)/—J817MAL2450V/7.07/
DATA MALZ2#L Y/ -S4/ WAL2270/5T.5/
DATA MACS el Y /2T 2/MAC2)/7.2/MA 183172722/ MA14TY/10.T7/
DaTAa FBE1+3Y/-1.5/FEt3.20/~1.2/
DATA PA{LrY o3 /- TS/PALIY 92423/ -10/PALL»2v3Y /=757
DATA FACGZe292)/~u22/PR129293)7,.20/
DATA PAluste2) /3,37
DATA CEl1o 33/ 1a/Gl2910/-1,7G03e2/ ) /CUG3Y/ 1./
CONSTANT THZ,020+D8=.005TRZZ2 .0 :
CONSTANT TFINALZEO.+CLKTIMT1100.
CONSTANT L1-.23:L22221rL 3247
CONSTANT SLRAT=.02745229
CONSTANT PHIZZ0.THETZZ0W+PSIZIU.
CONSTANT W1T=0.sN2I=CasW3IIZC.
CONSTANT K1T25004¢KZ2=3500u+K3-2000.+ K4<2800.
CONSTANT B81=20,.+82=20.+33-10.sRB0=10,
CONSTANT IC1-21B8.:7C22-3D.
INITIAL
MH=Y
Ap=57295779% ¢ DRATI L/RD % CMICITICI/RD ¢ EMZCIZTICZ2/RO
GMIIZIC1/RD $& GM2I=ICZ/RD
CALL MBGYPLIMHsHeMBsMAsPE+PASGePTILITI?
PZTyPAT+PBL» PCIHCKCINTITL »PHIZ» THETZ»PSTZY
EME
DYNAWIC
IFCTIME «CETFINALY GC T0t S1
DERIVATINE BORYS
VARIABLE TIMEZ(.
CINTERVAL CT=.08
XERRCOR W1-1leE-GeW2=1.FE-GoW3TY,E-BoEMIZTE~-U
STPCLK CLUTIM
CUTPUT SO eWIDsMZOeM I0eH L oM 2o WIeTHET Lo THET 2o THET 3v 00w
INLeIN2oINT+GMLe GM2e GM3I e GMI4PLL #PL2
PREPAR WieWZoWI+THETLIsTHETZ2sTHETI»EMICYGHZD v 40w
CM1sGM2e GMID«GMAT « GM I +CMA
NOTOPY
WOT13=W1 3 HO{2¥=WZ % WO(3)=W3
PL1=RDsGM1 % PLZ=RO*GHM2
GM{13¥z=6M1 ¢ OGNIZ2)=GMZ S OGM(3II-GMTI s GM{4)=GM4
CHOt1)=GP3iD % GMDIZIZGMZD % GHDUITI=ZGEIN & GMDUH F=GM4D
COMMENT
COMMENT CELESTIAL-SENSCR-MEASURED ANGLES
COMMNENT
D1+D2-HCKIMAYRIXSFZOFACsPBOLPCOY
NXGeNYDeNZOZHCK{ ITOEsUevDarnliavD1l 02}
LXO oL YO el ZDZHCKA{ITOR v arfDarDarDIs2)
THEYLTATANZINYO«NZIOY % THETZZATANZU-NXOeNZO)
THETIZTATANZ(~-LYG.LX0)

Fig. 17. Case 1 simulation program using MBDYPL
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COMMENT

COWMENT RATE FEENBACK STIGNAL AND SWITCHING AMP. DYNAMTCS

COMMENT
IN1=-THET1~TR*W1 $ IN2:-THET2-TRe#WZ S TIN3I--THETI-TR#*k3
AMP1=SUAMP(TIME TM OB+ IN1)
AMP2-SHAMPITIME «+ TMsDB T2}
AMPI-SWAMPITIME s THSDBIN3}

COMMENT

COMMENT PLATFORM POSITION COMMAKDE

COMMENT

' CMICOSSLRATS(-1.3STEPISONUsTIFE)) * EMIC-INTEC(GMICDIGMICT]

GMZCOZSLRAT+(1.~STEPISDLTINEN) $ GMZC-INTEGI(GMZLDGM2CIY

COMMEMRT

COMMENT REFERENCE 80DY EXTERNAL TORGUZ

CORMERT HINGE TORQUES

COMMENTY
TE{1I=LI*AMP1 % TRU{2¥IcL2+AMFZ % TB(IFZLI*AMPS
THIL }=-K1+{GM1-GMI1CI-BL*5HM1D
THI2¥=-KZ*{GMZ-CMZC)I-B2+GM2D
TH{3I)I=-KZ+GM3I-33+GM3ID
TH{ ) =~Ky=GHL-BU*CH4D

COMMENT

COMMENT SYSTEM ARNGULAR ACCELERATIONS

COMRENT
CALL MRATE (NHsTHsTBsTA»FBsFAsCH +CMD rCMDD + WO+ WD OT)
WIDZWDPOT{1) % W2D=WDDT{2) $ W3IDZUDOTIS)

COMBENT

COMMENT SYSTEM ANGULAR RATES AND POSITIONS

COMMENT
WIZINTEG(WDOTIL) +WLTY
W2z INTEGIWCOTI2YW2T)
WIZINTEGIWOOT(I) + W3}

CMID=INTEGCENDOTULR 0. ) % EMZID-INTEC(RDOT (5)+0.1)
GHID-INTEGI(WDOTI(G )0} $ GMUD=INTEGIHDOTS 7).}
EMI=INTCE{GMID»GM1I) S GM2-INTEGUCM2Ds»EMZI)
GHIZINTEGIGM3ID D) 3 OGMETINTEGIOM4DeD.}

CONMENRT

COMMENTY HCK PARAMETER RATES AND POSITIONS

COMMENT

P00 +PADD ¢ PBODIPCODHCKI{HCKePZO+PAD«PROsPCOeNL e W22 W3}
PZO-INTEG(PZOD»PZI}
PAOCINTEGIPACDPATLY
PEO-INTEGIPBOD rPBI)
PCO-INTEGI(PLCD.PCT)

ENC

END

Enk

TERMINAL

Sles CONTINUE

END

END

Fig. 17 {contd)
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Fig. 18. Resulis of Case 1 simulation using MBDYPL
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Fig. 19. Results of Case 1 simulation using MBDYPL (components of «™ first 10 s)
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Appendix A
Subroutine MBDY Description

1. Algorithm for Calculating Direction Cosine Matrices, C°" (r€&P)

As was pointed out in Section I1C, all the coordinate transformation, or direction
cosine, matrices, C'/ (r, j € £3) need not be calculated if all the system equations are
expressed in the reference body (4,) coordinate frame. Thus, the objective is siply
to obtain C for all r € &. An algorithm for accomplishing this is incorporated in
MBDY and in MBDYTL and MBDYPL as well (MBDYL uses no direction cosine
transformations). The computation procedure is as follows:

Stepl. Letr=1

Step 2. Calculate elements of the direction cosine matrix C/7, where j = h, (see
Eq. 6)

Step 3. If { = 0, jump to Step 5

Step 4. Calculate elements of C' from relation € = CMNCir
Step 5. Letr=1r +1

Step 6. If r < n =+ 1, go back to Step 1. Otherwige, stop.

The calculations involved in Step 2, of course, may include the use of siny, and
C0S y,, or they may use approximations thereof (i.e., y, = sin y,, cos y, = 1}, depend-
ing upon whether linearization is being employed or not. This sort of bootstrapping
calculation of C°7, by way of Step 4, is made possible by the fact that j is always
less than r, and therefore C* and C’* must necessarily have been computed before
coming to C°".

H. Summary of MBDY User Requirements
Subroutine Entry Statements
CALL MBDY(NH,HMB,MA,PB,PA,G,PI)
CALL MRATE(NH,TH,TB,TA,FB,FA GM,GMD,GMDD,WO,WDOT)
Input /Output Variable Type and Storage Specifications—Fortran V
INTEGER NH, H(n), Pi(n)

REAL MB(7), MA(n,7), PB(n,3), PA{n,n,3), G(n,3), TH{n),
TB(3), TA(n,3), FB(3), FA(n,3), GM(n), GMD(n),
GMDD(n), WO(3)

DOUBLE PRECISION WDOT(n + 3){(where n = number of sys-
tem hinges)

External Subroutines Called

SOD—double precision matrix equation solving subroutine; user-snpplied (see
line 437 in MBDY listing)
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This subroutine solves the matrix equation Ax = EC, where A is of order

IV X IV and IV = 3, The solution is returned in EC.

Subroutine Setup

Insert the Fortran V statement {see listing)

PARAMETER ¢ =n

where n = number of system hinges.
Data Restrictions

n=]
Core Storage Required

Code: 2000 words

Data: 500 words (minimum; increases with n)

Listing

JPL TECHNICAL REPORT 32-1592



1=
2w
3
§a»
S
B
T
g
O
s
i1»
12
13
T4e
15«
Ib»
17+
18»
13»
z0n
212
220
21
FL T
25
260
21r
28a
2%
30
31
32»
11
34
35
36
37s
38
39
§04a
41
42
43
Wy s
45
4Gy
g1
HAs
49
509
51
52»
53
54w
£E5a
SEe
57«
58s
£E93
60
Ela
G2
63
B4
g5

SUBROUTINE HED?CNHcHuMEJHAaPE-PQoGIPII

A0JUSTABLE O THENSIONS

oMo

INTEGER HIl1PIf 1}

REAL WMEIIT s MAINHe 71 ePBENHIZ T oPAINHoRH I GINKL 3
PARAMEIER Guyg

PARAMETER SzQ+1sV=Q43e Wiz ey, 532305

ACGITIONAL DIMENSIONED VARIAELES

[» XNl

DCUGELE PRECISTON AlVUIvWABKIVU I oBMASSES Y

DIMENSION PHES»Ie3 00X SeSIaDYISeS s OZUS 5V s0X0ISeSI e D¥01SeSELZOH
25 S el RIS e S haL Y tS e S ol ZISySIvFEXOISIFEVGUIS IWFEZOLS)I1B04Gs 319 TXCLS
S e TYDUIS)aTZ04S) oPSISeSeIn Tl e ASIOsq) eAVIAr3T T 110S5e3s3)eA00T13430048
${ 20332 hISE3eERALS Yo Cut3)oCELF]

INTEGER KKIQ1+EPSIEsSY

REAL LXsL Y oL Z v IXX IS o IY YIS v Z a4 »IXY (SEeIXZIS1eITZLS}
EBUTYALENCE 1AsP ST oL X eDXDaAS o LY sOYOIaILZ+sD204

NEZhH+1

INITIALIZE EPStH#e JF WITH ZERGS AND CEFINE KKK}

(s Bs Nyl

D{ 85 K=1s4H

KEIK Kl

0f 85 JT1sK8B
5 EFS{K+JI=0

DEFINE EPSIX »Jd) LSING ML)

Lo T - -]

00 86 K=1eNH
00 Bb JZZ2ehB
IFtKeEQuid-111F EPSIKJdI ]
IFtK. LY tJd-13F GO 10 87
GO 10 86
87 CINTIKUE
JOK+1
JizZa=}
D0 89 L=JD0WJ1
IFIRWETLEL-13F GO 10 89
IFCLEPSTIK oL ) wEQ 1) sAND(HIJ-114EQelL-1311 EPSiIKeJIZ]
89 . CONTINUE
BE CCARTINUE

IPIFIAL CALCULATION OF GARYCENMIER VECIOQRS W.Rela BCOY CuBet
AND HINGE POINTS

OO

IxXt131=MBI1}Y
IE¥ i zMBE2E
12Z11)=MBI13)
IsYt111-MELn]
INZ2113zMB15)
IvZ2t1icMBLR)
BHASSI1I=MEL ]
TrBMASSIYE)
00 35 J=2NB
I¥ntIcMAtJ=1v il
IVYHJIZHAMIU-1+2)
TZZEJIHALL -2 3D
IXY4JIZMANS= 1Y)
IXZ¢JIzMAgL~1s5])
IVZCd)=MAlS=1+8)
BrASSEJICHALI-19T)
35 TM=TM+ BMASST J)
DO 149 TI=1.K8
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Bbe I1=21I-1

g1 DE 143 J=1aNB
Ghe Jizd-1
X1 IFeI.EC.J} GO 10 iB3
10» IFtI.Gla.d) GO 10 7
71 IFLI.EGL1Y 60 10 BO
12+ ICt{EPSITE eI EQLL) 50 TO 4Q0
73 10 L¥tEovdI=PALIIeIlsl)
AR LYA4TIeJIZPALILeI142)
75» LZETsdIcPAETI1»I2r 30
16+ GO 10 149
17 B0 G CEMTINLUE
Tas» 00 600 KoIedl
719 TFHEPSIKsJILEQ 21 GCQ TQ 540
B8G» 600 CONTINUE
Bl=* GC 10 149
B2 501 LXLIeJdICPELILeK a1}
g3s LYiTeJICFALIY eKe2Z ]
ELRS L2CIvdIZPALTII K )
g5 G{ 10 148
85 aa D7 80 L=1«J1
gls IFtEPSILeJ ) EG1} 60 10 101
Has 50 CONTINUE
892 GC TC 149
90 i1c1 L¥¢IadI=PBIL o1}
91« LYUI2JIZPEELe21
32s L24TedI=PBIL e
93 G{ 1C 148
aqf = 163 LX1XIeJizDu
95« LYtlsJiz0.
36 LZtIsJIz0.
97 tug CONTINUE
43 » 00 13 NZ1eNB
99+ 0C 13 J=1hB
100= OXthedizLXtbed])
101» DY{NeJIELYING D)
1024 DZihedzlZ N U]
133 DD 13 K=1a#n8
p YL R Griho IoOX (Ao JI-IBMASSHKIZTHInLXINSK]
1052 DYUIN#JISDYIN JI-JBMASSTKIZTHMY0LY TN K]
106+ 13 Cathed D2 the JY-EBHASSIKIATMISLZINIKL
10rs c
108 c CALCUL AT 10N OF AUGMENTED INERTIA DYADILS FOR EAMCH EQDY
109 [
110G D€ 31 Nz=1ehB
111 PHIN=1+213IXXIN]
1122 PHERe142)z~IXY NI
113 PHIM2223)=-IXZ2IN)
liks PhHENe 2 e2 2 JYY IR
115+ PHIN23)2-IY21IN
1iG» PHEM»3»31212ZUN)
117 DO 30 J=1 N8B
118 Prirelal I CFHEN oI 11 +BMASS (U (DY IR Y2402 (N0 Jlnn2]
119+ PHINI I 2)sPHINIL 12)1-BRASSLJ DX INv Y sDY LN J)
120+ PEEMe1 a3 ICFHIN P I 3 ~BMASS tUIsDX Ny JEoD 2 INJ)
121 PHINZo21zPHING 221t BMASSI I3 DX AN JI o0 2407 e w2t
122+ PHEMp 293 ISPHIN e 20 3 -BMASS LUY*BYUINe JIsDZINv J}
123s 30 PHINIT»3ICPHIN» T3 I+BRASS U)o IDXEINs JIna24DYINa G} » 92}
124» PHUMNa2 31 }ZPHENI0 2]
125% PHIN»J+11ZPHINY143])
126 31 PHEMp 302 I2PHENS223)
121 RE TURN
128» EMIRY MRATEINH o THoI B2 TAsFBeFARGMeGMDsGNMDDeREEC )
129= OIMENSION TOU32 0 TAINHIZ) oF G110 FATNH oI o GMI1 ) oGMOIT 12 GMODIL ),
130+ STHECMHY s WO EIsKXCIS oY QIS o WZOIS)I s E(S3 el }
131+ BOURLE PRECISION ECI V)
132» L
111 C BoOY-T0-BODY COORDINATE TRANSFORMATION MATRICES
134+ C
135» D0 335 Jz1wNH
136 K-HUJ)
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137+
138»
139+
1409
1H1e
142
13
Ta4»
1458
146
141
I48»
149»
1509
151
152
193
154+
155
156+
152
158
159»
160
16k
152+»
163
i16us
165«
166
167
1689
169
1709
171
112
1273»
174=»
1715
1169+
1717
1783+
119
1480
18T
192~
183»
194+
ipGe
186+»
187
198»
1g9»
130+
191+
132
193
194
LY
1962
1as
198+=
‘ 199
200
20tie
202
20 3»
2040
205+
206+
207+
208

334

31570

3351
338

362

36
361}

368

SGM=SINIGMIJ )
CakzCOSIGMLEJL)D
CGM1=1,~CGM
GlzCGMleGlusl!
G2=CGM1l*Glde2])
G3-CGEN12GECe3)
SG1RS6M+Gldel)
SG2ZSEMaG w2}
SG3=SGMsGiJe 3
GiS5TBI+5{Jx1)
G25=G2+B1J21
G3IS-G3IeG 3]
G12=61+¢G(Js2]
GLlIZGl*GIJe3}
GZ23262+C0de 31
AEHL1el}=CBMeGLS
A5 1142125634612
REEY eI Y==5G2+6G113
AS12.11=-56G3¢G12
AEVZ w2 F2CGMALZS
REL2e325G14G23
A3 0 3el)=SG2+G13
ABt3e2)--5G140623
A1 3+31CGMeG3S
IFtK.EG.3) BC 0 33EQ
DD 334 L=1.13

DC 334 McS1e3

Tl led+3sl #M1z0.
DC 338 IZ1e3
TELlada el sMIZTUL 0 d* oLy MI4ABILaI)»T LI oK1 4T MI
GC 1¢ 335
CONTINUE

GC 3351 Lz1.3

DO 3351 M=1.+3
TOlod+LlaloMEZADIL aM)
CONT INUE

COOR0Os TRANSFORMATION OF G WECIORS [0 REF. BO0ODY FRAME)

D3 362 IS1eMH

0¢ 362 J=13

GONT«J1=0.

L 362 K=1+3

GOl LsJIZGQITad) ¢ Vi1alelsKodleGUIeK)
COMNTINUE

AMG. VELOCITY COMPONENTS OF EACH 80CY {IN REF. EODRY FRAKE}

00 361 J=1hB

WAQ1J WOl

HICLJIoWOL 2}

WZ0iJI=Wd13)

DE 36 KT1leNH

IFIEPStK »JIaE@.Q) B0 TO 3B
WXCHUIHXC (LI 4 GMD UK FeGOIK1 ]
WYCHJISHYOID I ¢GMETRI B0 1K 2)
WICELF=HZOt W) +CHDIKI* GO 3]
CONT INUE

CL{RTINUE

IFAMSFGRM AUGMENTED BOCY INERYIA OYARICS 10 REF. BEEY FRAME

0C 363 I=2«KNB

DO 364 J=1.3

BC 364 K=13

ABLJeK)=0.

DC 364 L=1+3

AL e ITABLY oK) ¢PHIIwJol)*TilslelaX)
CENTINUE

00 385 J=1.13

Dt 365 KZi+3

PS{TeIedekizd.
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209« 0C 365 L=1s3

210w PS4 I leJoKICPSITIoTadaKI#TideIobwdl e8Il eK}

231 3EBE CIMNTINUE

212« 363 CONT INUE

213s FEXCIIRzFGBEL}

2149 FEYCEYI=FRL2)

215s FEZOt11-FBLT)

216 TXCi1rzI8L 1)

211+ Trot1i=184¢21

218 TICILI=TBL3)

219» DO 17 I=2NB

2200 KzI-1

221 FEROUIICT Mo Tula 13 oFALKe1 4T E1 19201 04FATKI2)¢T {1 eIs30110FAIKe3]
222 FEYLHIIST 0w lw2 Y2 FALKwlT 4T 030 0202 aFAlKeZ ¢TI oln3el 1aFAEKed)
223» FEZOUITI =T o Tala 3 aF AR ) ¢T L alo20 3 9FALKe2 el laledadbefadKe
224n TYCII) =Ttlelelel ) Tated) #Thlelo2rd IoTAlKe2Z 3¢ Tl o3el JaTAtKe3}
228 TYOU IS TU o Teln 20T A Ko #T {1 ls20202T A Ke2)0T el 32204TALIKYTY
226 TICLINT TtTaIeleStoTaiked aTlale2ed ) aTlimeZ ot ideloded 1aTdiked
227 00 17 J=1aNE

228» DXC A Tod b USwInladdeDX 0To 4Tl ele2 el TubYAIe o i ls3rl kal28T0 41}
229s CYOU Ied 1Tl olel o2 e DXt ad bt llaTn29210DY1Tsd)4T 12293420021 1441
230# DiCHEo b T I Toln 3o ETo Ul a1 o Ir 2o IV iTodiaT 0 aledndisDZ4iIrd)
231 1% CONT INUE

232» 0C 367 IZ1lsNE

233 DX0{1e21)2CXL 141

239 RIS OERRE-HEREE R

235 367 0ZO0 1102020161

236 C

237 C AODITIONAL AUGMENTED INERTIA DYADICS {IN REF.B800Y FRAME)

238» c

239 B0 37 I=]1:NB

240 . OC 37 Jd=1eNB

241 IFIT.EQ.J) GO 10 37

ZhZs PElTeJdrYal)c-THMeEDYSITaJdaDYQLUrIIADZOII0u 0208410

243l PSIIedela2)=TMeD¥0ULIeI)eDYOLTwd}

2494 PEtIrdoal o3 cTMaDXO(Je I 0208 vI)

2450 PSElads2a1)THMDYO LT} aDUD T ed)

24E PElIvdwZe2)2-TH+ (DT v F*DX0lJeI)#DZ0ITInulalZ0tUeT )

24Te PSUIede2,31-TMeOYOTILeI»D20110d)

248+ PECTrde3 sl FCTMeD2CE 52 T30D%01TsJ)

249 PSiTedeJ3e2)-TMe0200 9I)00Y0C1I1ed)

2580w PEetTede3¢3c-THOIOXNO(T o JIoDX0t s I a0 tTeuredYOlde]))

251 37 CONT ENUE

252s 0C 751 M=1.+3

252 D0 751 N=1.3

2540 51 PEtIel rMaNIZPHETsMaNY

2553 c

256 M VECICUR CROSS PRODULTIS DESCRIBING SYSIER ROVATIGNAL CODUPLINE.
251+ [ {BUADRATIC TERMS INVOLVING THE CONNECTING BODY ANGULAR

268 C VELOCIVIES AND THE MUTUAL BARYCENTER-HINEE VECTORS)

259+ c

2609 D¢ 230 Nc1shB

261 CPXzQ0.

ZbZe cEYzO,

263 CPZz=0.

26k DC 23061 L=1sNB

2b65 IF{N.EG.L) 60 10 21301

ZbEs WER-WFORLISDZOCL e N -WZGLLT*DYO ML o)

25Fs WOYZWZOIL Y»DXOIL +NI-WADILI*DZ20IL e M)

268 WEZZWACELEADYO Lo NY=BYOUIL 1#DX0 Lo NT

269 HWDXZTMe LAY IL ) » kDZ-WZ201LI 0 WD Y)Y ¢FEXQLL)

210« WHROYSTMa LUZ20LL Il DX ~WXOIL Yo WDZIsFEYDIL Y

é71» WbDZ=TH* fUXOIL JeN DY ~WYOIL Vo WDX EeFEZOQEL )

212» DHWDX=DYD N oL o RKOZ-0Z0INsLis WMDY

273 DAWOYSOZOtN oL JAWWDX -DOX Q4N L Y2l WD7

2149 DWWDZZOXOQINSLIsHHDY-DYOUINSL)* WWDX

275w CFX=CPX+DNNDX

216+ CRY¥ZCPY+DWHDY

2711 CFZ=CPZ4DWkKDZ

218 2301 CONTINUE

219 OFXZOYCANIAISFEZO INI-DZOINe NISFEYODIN)
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280
281
282»
283
204«
285
286s
281
2088
2692
290
251
292
293=
234
285
296
297«
298+
299«
300
0
Ja2s
303»
30us
inss
306%
3d01»
l08»
3094
310»
311+
31Zs
313
314
3154
Ilbs
310
Jige
319»
320
321
322
323
3240
3254
i2as
32%x
32a»
329s
310
331»
332+
333+
J34»
3315+
3ios
331
338
339
FLTIE
341=
Iuzs
343
Jag»
Jube
3456
3470
Jyge
Jagr
313Gy

236

5 Y Y

300}

[+ Ne Ny

£33 0 £ = s

18

QoM E

OF YZOZ0{N ' NYSFEXQINI-DXOINsN)eFEZCINI
DFZ-DXCENe NI FEYOENY-DYOUINeNIAFEXOIN)

HXZPSINaN ol s 1Yo a0 IN) P SEINeNs T o202 WYOUIN) #PSINaNely3 I #HZ0IN)
HYSFSIMeNeZ el )} oWXOINT4PSANeNs2 o2 WYOUM)APSININeZ0 3 aRZ OLN)
HZZPSINsNsJo 1 oW D INIP SENs Mo Jo 21+ YOUIN)I+PSINaNs JeIboNZOIN)
K = 3eiN-1]

E1K 1+l IzHY S WZDOANI=HZ*AYQIN) ¢ TXO4IN) +CPX+DFX

EIK42p ) HZAMXOUINI-HRX®WZOINI4TYO IR SCPYODF Y

ELKe 30l ICHAOUYOIRNI“HI®WKOINI*T20UN) +CPZ+DF2

C(MTINUE

ACO MATRIX ELEMENT COMPUTATION €3X31

D{ 3001 I-1.3

00 3001 J=1+13

ALDtIed)20,

00 3 I=1,NB

D{ 3 JZliNB

AOOL 1 o2 0=200 1103 0ePSiXeueleld
ACOUL»2 zAlCIY w2 +PSETIedrle2)
AL 1o3dzA0RI1s3)PSITr S0l ed)
ACCLZ o2 22001202 +PSEXsds2021)
ADO( 243 )SA0CT2931+PSHTede2e3)
ACQU3 o3 zAC0L3 o3 aPSILsds3e3)
CONTY INUE

ACOE2923-ABCLL2)

AQDE 3910200110310
ACOL3e21=AECI203)

ALK VECYTOR ELEMENT COMFUTATION 131}

00 7 KZ1eNE

AYIK«1)=0,

AbiKa»Z1z0.

AviKs3)0.

0 7 IZ1+NE

Do 7 Jz1lenB
IFIEFSIKed} ,EQ .0 GO YO 7
DO 10 M=1.3

D¢ 10 L=1.3

AYIK aMITAVIR oMI¢PSTIsJsMal )sGOIKIL)
COMNTINGVE

AFFM SCALAR ELEWENT CCMFUTATION

DE 14 K-leNEH

D0 14 M=1NH

IF(K.GT. K} BO TO 14

AISt13=0.

aIstziza,

sIS( 3120

DL 15 JzleWhB

DD 1% I=1+NB
TFOLEPSiKe Y JEQ OV ORL(EPSENsII.ER.OLT GO TG 15
00 18 N=103 ,

DC 18 L=13

RISINIZAISINI®PSIJdeIoeNaLY#*GOIMAL)

COMTINUE

ASUK «MISBOIK a2 ) ¢+ AIS I AGOIK2ZIr AISE2Y4G0 K3 nATISIYI
CONTINUE

C{MFUTE CORRECTION ELEMENTS FOR (E} VECTOR

DC 80 I=1+hE
ER113=0.
EAL2)C0.
EACTIZ0.
DC 41 Jz1aNB
DO 411 M=143
ChiMIZO,.
00 42 K=1eNH
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351 IFLEPS{KeJ).EQ.0) GC TD 42

352 KBZKK{K !}

353 CullizCR TV +GMOLIK IS IKYOLKEI GO tKe3I-HZCIKBIeGOIKSZ )
3154 CHI2IZCRAZI+GNDT K« T WZDIKB IGO0 K1)~ KWROIKAI2G0{K 2V
IG5+ Cof31CWISYAGMDEK Yo tWXNOIKEY*GOLKe2) ~WYLCIKBeBDiKe1 })
356 q2 CONY INUE

3572 DL 85 #=-1ed

Jsa+ N0 45 L=1+3

359 kS ELIFIZEAIMI4PS I InJe Mol ) *ChILY)
35C» q1 CONT INUE

161 K1z3a01=-1)

352» E{KI+1213ETKIed t-EaI1
363 EIKLI42+) ) 2E{KY1 42022 -EA12)
364y EtK1+3+19-E1K1¢341)-EAT T}
365 40 CIMNTINUE

Jbo 00 55 MIz1.e3

3672 £5 ECIFIYTZE§{MIrI)

368+ DO 52 J=2 N8

369 GC 52 M-led

3i0s Kiz=3slu-11+M

373 52 ECAVICECIMILE{KI1Y

312+ I=g

313+ Dl EDO K=1e¢NH

374w IFLPTIIK ) .NELOY GG TC 60

375 Iz1+}

336 EC1I+31c=D.

3TT. DC 6GO1 M=1ed

378 601 CEtMI=0.

11%« B¢ B1 wZ1leKE

380 IFLEPSIKed) JER.DO) GO T0 &1
381 D¢ 6 M2l 3

382s JITIetd-1)1M

3B83» BS CE4PICCEIMY4E(JLa )Y

Igys B1 CONT INUE

3a5s - D3 66 L=1+3

IBG* 66 EC{I+3iECII+3)1+GC KL IeCEILY
387 ECLTI+3I1zECITI+31s THIK)

388 60 CCATINLE

388 DG 510 Iz143

3a90+# D¢ E10 J=3sKH

191 IF{PIIJILEG.O) 66 1D 10

352» ECIIXCECITIY~A¥1Je IV 2GMDD T L)
333 E10 CONTINUE

394 K:O

345 DO 612 IzleMh

396+ IF{PItIYI.NEAOY GO TO 612

387 KzK+ )

396 IN-K+3

334e DO 611 J=ZleNH

400+ TFIPIt.1.E6.00 50 10 611

401 IF {672l ASEIr J)cASUe])
902 ECIK+II-ECE(KI3I-AStIvJIeGMDDIJS
W3 G611 CONTINUE :
i0gs 812 C{ATINUE

U0%» c

406« c LCAD SYSTEM MAYRIX 1A) KITH AODADKeAKE ELEMENTS
407+ c

408 B6C 23 Iz1s3

409 DO 23 J=1.3

410 23 AtInJIZADDELe)

411s DO 2% I=1+3

§iZs Kb

Y13» 00 29 J=1NH

Wide TFEPI tu} WNELOY BO 10 24

415+ KK+l

416 AlH+TsIAVESe I

417 AL T K4 3FZR20 1 U0

418 2% CEMTINUE

%19 K=Q
. 420 DC 250 IzlehH

421 IFtPIII3.NE«DQ} GO 10 250
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H224 KoKal

423 17

42ue BC 25 <Tlehh

25 IF1PI{JINELGY GG TO 25

426 L-L+2

427 IFIX.GT.L} GO 10 28

4zZ2g8s AiW+3aL+3)ZASIT0 Y]

§29s GO 10 25

430 2E AfH+3 sl #30CAIL 3003

431 25 CONT INUE

$3Za 250 COMIINUE

W33 C

43U» c SCLYE SY¥STE¥ METRIX FOS REFERENCE EODY #NG. ACCELERATICHA ARD HINGE
K35 C {RELATINED) ROTATIONAL ACCELERATICNS
436 C

H17» CALL SOD1AasYaIVeECsV11e33204WRK]
438 D{ 210 Jz-UeH

3% KzJ=3

Hg0a IF4PItHY.NE.O) B0 T0 911

Yyyla EC{JIZECTIV)

g2 T#zT¥-1

K43 6C TG 910

444 311 ECtJ P=GMDOIK Y

g5 310 CCATIMUE

Y463 32 CONTINLUE

4y 7 RETLRN

Gygs END
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Appendix B
Summary of MBDYTL, MBDYL User Requirements

Subroutine Eniry Statements

CALL MBDYTL(NH,H,MB,MA,PB,PA G, PI)
or CALL MBDYL(NH,H,MB,MA FB,PA G PI)

CALL MRATE(NH,TH,TB,TA,FB,FA,GM,GMD,GMDD,WO,WDOT)
Input/Output Variable Type and Storage Specifications—Fortran V
INTEGER NH, H(n), PI{n)

REAL MB(T), MA(n,7), PB(n,3), PA(n,n,3), G(n,3), TH(n),
TB(3), TA(n,3), FB(3), FA(n,3}, GM(n), GMD(n),
GMDD(n), WO(3)

DOUBLE PRECISICN WDOT(n + 3)(where n = number of sys-
tem hinges)

External Subroutines Called

AINVD — double precision matrix inversion subroutine; user-supplied {see line
224 in MBDYTL listing, line 223 in MBDYL listing)

This subroutine inverts the matrix A, where A is of order IV X IV,
IV =3, The result is returned in A.

Subroutine Setup
Insert the Fortran V statement (see listings)
PARAMETER Q =n

where n = number of system hinges
Data Restrictions

n=1
Core Storage Requived

Code: 1500 words

Data: 300 words {minimum; increases with n)

Listings
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i+
2t
3
e
S
(1)
7
B
I
10
11»
12+
12»
14%
15+
1€
11+
18»
19«
2Q0«
21
22«
23w
FL R
25Cs
262
21
28
23
30
Il
iz
33
EL RS
15»
3ics
37a
39=
13
N0
LRR
g2
432
44
LkGe
HEs
41
Hge
43w
£0=
51
52
53
Sy
5%
56
Sl
58=
59e
EC»
Els
62»
E3»
L
EE=®

(=N w] (e N

Gy 0O

[%,]

[Ny R al-"]

B?

at o

Ay 1@ D

35

SUSACUTINE MBDYTLINHIHiMB M PIsPAYG.PLI

ADJUSTAILE JIMENSIONS

INTZGER HUl)sPI{1]

REAL MB(1) o MAENHs 71 s PBINHIIIoPAUNHIRKHY I FeGINHe 3}
PARAMETER G-y

PARAMETER SzQ43eV=Qed,yuntoPeSiz3ss

ADDITICNAL OIMENSIONED VARIABLES

JOUELE PRECISION AtV sV IsWRKEVULiBMESSES)

DTMENSIGN 2HES» 3 o2 ) e XSS a0 IS et 20213 o5 o DX0OISISeDYOISaS)e
E0Z0(S ST aG0IR I ZIp T e S o 2w 3oL X ESoS e LY ESaS A LIESYySIaFEXQIS]Te
BECYDUS I FEZIIS) o ING IS e 1Y OIS o 20I8) 4231300y
FCEf3)venISN Ity PStSeS oo 30 4AS 100G YrAVIGr3 Yy AGCEZe 3

INTZGER KKIQ1+EPStG+5)

REAL LXsb ¥ sl Zo XXX S eIV Sy a2 Z ST eIRY (S) e INZISIeIVILS)

EAUTWALENCE 1P S el )etiX DX e ALY DY ot L2ZeNZONWIPHIT

NOSNH+]

INITIALIZE EPSIKeJ) WITH ZERQS AND DEFINE KKIK}

DO 8% K=leNH
KEK{4 )z +]

DG 8% J-1+NB
EPSIKeJI=O

DEFINE EPSEL 0 dY URING H1J)

DO 88 K=Z1eNH

00 BE J-ZeNB
IF{4.EQalJ-10}1 EPSIKAJIZ]
IFtKLT =211} GO TG B7
G2 10 #e

CONTINUE

JOCoHe ]

J1=4J-1

00 33 LzJd0aJdl
IFtK.GT.tb-13) GG 10 83
IS(UEPS I v VaEGu 1l wdNDalHI -1 sEGaIL-1010) EPSIKaJIZ]
COMTINUE

CONT INUE

INITIAL CA.CULATION OF BARYCENTER VECTORS WaR.T. 80Dy T.5.5
AND HINGE FOINTS

IAX Tz MBID}
Iy¥i11=M8121
IZ2Z211=MBIL3Y
I#¥111=Ma149)
Ix2tl11zMBLED
Te2ilizMaia)l
BMASSIIIZMBLY)
TH=BMASSTL)

DO 35 J=Z2eNE
IXX{JI=MAlI-141)
IYY L2 YzMALd=-192)
I2Z21J01=MALJ =143
TAY LUISMALJ-1 el )
IXZ{JI-MACS-Le5)
IYZEOISMALU-LeB}
BHASSTJITMALU=-1+7)
THZTHM+ BNASS (U

DO 149 I=1+NB -
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G » I1=1-1

ET* 0O 149 JZ1sNE

GAx JizJ-1

BC* IF{T.EQ.J B0 TO 1E3

7O IF{I.58T.J) GO 1O 7D

71 IFIT.EG.1)Y GO TC 8t

T22 TRLEPSITLed1.EGalY GO TO #00

13 70 LXCTIwJIZFA{TLeT1ri)

Tas LYITeJIzPACLIleIls2)

159 LZtTedisPAIYIvIle3)

76+ GO TO 149

i 400 CONTINULD

T8 DO 600 K=IeJl

T8= IFLEPS Ko J) EQ L1} G0 TC SCH

S0+ &l CONTINUE

81s 60 10 1u9g

B2+« S00 LX{TeJIZPATTILeV 1)

B3s LY (I =PALTIvKrZY

g4 LZ{T2 JIZPAL T 0%+ 3

g5+ 60 TO Lug

219 30 00 90 L=1sJ1

BT+ IFIEPSELsJ.EQ, 1) 60 Y 10U

88« 30 CONTINUL

84 60 10 149

1R in1 LXTTedIZPBILe1}

Sl LYtInJY¥zFEIL»2)

92 LZUTIs J1=PB{La3}

5l G0 TO 1449

Y ¢ 163 LXt{TedIZ0s

9L LYfIedizla’

6. LZItT20120.

€72 149 CORTIRUE

98= DO 13 NZ1eMS

1R po 13 JolekBE

100 CXIN2JITLUNIN Y

1C01= DY{HadIZLY{Ny )

12 DZINeJIZLZINGS )

1039 DO 13 KzleNB .

104 # DXt NeJIZOXINSJI-{BMASSIK ) ZTHI=LXINSK)
1CE= DY N » S TOY INs = (BMASSIKI/TMISLY [Nk

UG L3 DZINeJIZOZ e JI-(EMASSIK ) /TMISLZ{N K}

107= [

108« c CALCULATION OF AUGMENTED INZRTIA BYADICS FOR FACH BODY
1Le= C

110« DD 31 NZleNB

11i1» PHENw 1w L) ZTXX (N}

112+« PUH{Ns1le2)2~IXY N}

113# PHIN#2e2)2-IXZINY

1l4» PHIRN#2+2)ZTIYYIN)

116» PHEN 22w 31z-TYZ(N)

116« PHINe3+3)2IZZIN)

11%» DO 30 JTleNB
11 8= PHINe 1ol )ZPHINeL1+1) +3MASSTII#IDYIN e JI2224DZ2ENs S #22)
119» PHEN ple 2)ZPHINs 102 )-BMASS EJTIIDX ENs JP3DY (N2 J )
120+ PHIN+1v31SFHIN el ¢ 3)~BMASSLII«DXINe JI =D Z{Ns I}
1zl PHIM ¢ 2o 2)SPHENy Zo2 b +BMASS CUT# COX (Me J 242402 Ne S22}
122 PHURe2e3)TPHING 29 3)-BHMASST IS DY (Ne JI*TZ (N J}
123 30 PHIN e3¢ 2X-PREN #3931 4BMASS (Y S FDON INs J 102240 (Nr J h2e2 ]
124« PHINe2»13=PHINs 1,2}
125= PHINsZa IIZPHIN+31v3}
126» 31 PHINSI»23=PHINI2¢ 3}
127« C
128 c ADDTITIONAL AUGMENTED INERTIA DYADICS {IN BODY I FRaANME?
129+ C
130+ D0 731 J-leNB
1321 DO 751 Hxl.3
132» 00 7TS1 H=1s3
133s 751 PS{JdsdsMaNIZPHE{JeMoN}
134 DO 37 T=leNB
136» PO 37 JzleMB
136« IFITI.EQ.J) BA TO 37
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137
138»
130y
140«
141
142«
1i4Z=
144«
145
146G
147»
168+
1458+
151)
151=
152+
153
154«
1EEs
156
157
158«
159
160=*
161
162+
162+
BEL A
165+
1% *
167+
169+
lgas
170
171+
172+
123
iTus
175+
176+
177
178+
17¢%s
180
181+
182+
183»
184 =
18k«
186 =
187
188«
189+
190«
191=
192+
193
194«
185%
196+
187=
198+
199
200+
2{1w
202
203=
204 =
2LEw
206«
20T
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[sRaXt]

O o~

18

OOy

PSETodalal¥z-THEs(DYITo 1*DY tle IV 4DZ(Ted)+DZ2 00T )
PSUTedrle2)sTH2DX (I +T1eDY{T )
FSiTodr1s3)ITTH*DX (e TISC2(T0 )
PSUTeds2+ 11 =THMDY{JeT)#DX1T e}

PSSl 2vZ )~ THA (DX {To JI*DX (Uv 1302 0T J)DZ 0 YeT )Y
PSU{TeJeZe31-THsDY LI I DZ8Ie )
PSOZoJr2elcTMaDZtUsI20X (T )
PSUTede3+21-THGZIJeI1#0Y 1T J)
PSETode3pdto~TEHROX (T 120X (JeIV4CY{Te J)sYEUeTIN)
CONTINUE

ADN MATRIX ELEMENTY COMPUTATION (3X3)

D0 3 I-LleNB3

DO I JZLeNE
ADDCL1el3ZANNLLe2114P ST Jel e 1Y
AOOS1» 2 -ALLCLeZ+PSITade1e2)
AQDLL1e3)CA00T1 e3)4PSMInJels3)
ADGEZ2e2YC-ACLEZ2ZeZ)+PS T Je2021]
ADD(Z+33ZA00L2e307ST{Tede2eI
AOCTZe3)AONC T3 4PS (T ede3s 2}
CONTINUE

AODUZ2+1)A0C {102}
AQOL31)TAQULL »3)

AOCE 3+ 23AG0(2e3F

ADK VECTCR TLEMENT COMFUTATION {3X1Y

oG 7 KZ1eNH

AVIKy11Z0.

AV IKL2YCh.

AVIKe3IYZU.

DO 7 I=1+NB

00 7 JTiaNZ

IFCEPS (K+JIEG.LY B0 TC 7
DO 10 MZ1+3

0O 10 L=1s2
AVIKeMITAVIK S MIAPS{ Y s Je Mo LI oGl
CONTINUE

AKM SCALAR ELEMEXT COMFUTATION

DO I4% K-leNH

DO 1% MZTleNH

TIF{K.BT.M) 60 TO 14

AIS(1Y=0.

AISL21=(.

AIS{3¥z0.

CO 1% JZ-ieKB

DO 15 Ix1+4M8
TFAtEPS(KedY wEQ L) WORLIEPSIMeI) JEQ.UYY GO TO 1E
00 18 N=1.3

00 18 Lz1e3

ATSINYZAISINI4PS{dr TeNeL1#GI ML

CONTINUE

AS{KeMITOUIKs LY +ATS1 1146 1Ks212ATS{2)+51Ke3V2ATSL3)
CONTINUE

LCAT SYSTEK MATRIX (4) WITH AODC»ACK»AKM ELEMENTS

DO 23 T=1ed

DO 23 JZ1le3
AUTIvJYI=ZA00CT s )
DO 24 I=1e3

K=C

Iv=3

B0 24 JTIeNH
IF(PITJI. N0 GO TO 24
K-oK+1
ATK*3+T1ZAVIJoT Y
AUTvK+3IZAVI T
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208+« 24 CONTINUZ

z(ge= Kzil

210+ B0 250 IcZ1lsNH

211 TFEPT(TIINELY GC TC 280

212+ KK+l

213» IVZIV+Y

214« L=0

Z15* 00 25 J-1eNH

216+ IF{PITIILWNELL) GO TO 25

217» L=-tL+1 .
218+ IFILK.8T.L) GO TO 25

210 ALK+ATsL 433205 (I wJd

220 = GO TG 25

2Z21» 2E ACHAZ L +33A(L+3eK 3]

222» 2% CONTINUE

223+ 2E0 COMTINUTD

22 CALL ATHVDIAsV+IV+T1039WRK?

2E5 1099 CONTINUE

226 RETURN

2ET* ENTRY MEATEUINHoTHoTEsTAFB s FAr EMeGHOsGMDD P WELEQ)
228¢e DIMENSTION TBA3)eTAINHe3) oFDBI{3) eFAINH3Y2GMITYoGMDIL)eGMDDLL)
2z29» STHINHI s HCL 3 e £E(32,12

230+ DOUILE PRZCISIGN ZCIVIeEQLiV)

211» C

232» C 800Y-TO-8C3Y COORDINATE TRANSFORMATTIONS

232 C

234 = DO 335 JzleNH

23Ex K=H{Jd)

236 A3{1+1)Z1,

237T» ABCLa2zGMIJFAC T Je2)

238 ABL1e3)=-GMIJV*5{J2)

239 ABIZa1)z-ARILel}

24 = ABl2+2)1C).

241l» AB(Zo302CMEtdIsGCUel?

242« ABI3s11--A811¢32

243 ABCZ921Z-AB[{Z2+3]

244« ABIE3.30=1.

Z24Ew IFCKLEDLD)Y €0 TO 335C

FLE 00 334 Lz1.3

247» DO T34 MIle3

24 2 TilsJ+lelsMi=0a

249 DO 234 Txle3

250 334 TElodelel s MISTI e dele Lo MI+ATGIL pT)eT(loK+1vI M)
Z2E1= GO TO 335

252+ 3150 CONTINUE

253+ DO 3351 Lz-1+3

25U D0 3351 M=1.+3

255* 3351 TOlledt)leleMITAE(L K]

256+ 335 CONTINUE

257 c

258 C COCRDY TRANSFOIMATION OF G VECTORS (T0 REF. B0DY FRAME]
Z259» Cc

ZEO = DO 362 I=1eNH

2El= 0O 262 Jz1.3

262+ GO{TeJiZUa

263 N0 362 KZ1+3

264 = GOt Lo JIZGOCTo )¢ TILeI+l e Ked)eGIT+K)

Z2EEx» 3ez CONTINUE

ZBE % C

267 C EXTERNAL FORCES+EXTERNAL TORQUES

268 C

2E9* FEXO cII=FOLI1}

2710 = FEYQL1I=-FBI(2}

2Tlx FEZOCIP=FEL3)

272 TX0(1)¥=THIL }

273 TYOLL1I=TELZ])

274 = TZO(11=TBI3}

27%= DO 17 IzZ+MB

276 K=¥-1

217 FEXD ¢T3=TqleTe ol 2FAfKo1+T 01 v TuZ0) )sFALKeZ)+T e To3r1)aFALK 3]
279 FEYDITIICTILwInl o2 ) sFATK el 12T U vl o2e 2 *FAIK o2 #TI{LeTe3e2*FALIKs3)
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21%»
280 .
ZE1=>
232+
283
284«
285=*
Z28C .
28%
288+
289
29101 =
291=
232+
Z292s
294 s
29¢c=
296G«
29T
299
28%+
300 .
Il
302s
Iz
304
3LEs
305
3T
303+
3ICan
T 310+
J1i»
312%
313«
Jly s
215+
315+
317»
318+
319s
320«
3Z1%
322
323
324 %
325
326+«
327
328
329w
330w
331w
332«
333
334
I3t
33E=
237
338x
32
340+
4l
342
I3
g
348
346w
347
Iude
149

17

e Re NN N R

2i01

52

6i11

-3
bl

66

B0

810

FEZG TVt (oo vl o Aapel 4T 8o Te20 2 )oFALKrZ1+T (v a3 aFA LK 2]
TXO(TY SV 0LeZwlol ) e TAMKe LI # T oTe2al I*TAIK+2)4T {1+ T,30l)*TAIKS3)
TYCUIN: THloTleloZ o TACKel 4T (1o Ta2eZ 14TACKIZ 24T (LeTr 202 14TAIK D)
TZOCIIZ Tilwlele3)xTALKe LY +TILpTp 2+ 3 *TAIKe2 4T LeTe3e302TALKe3)
OO0 17 JZleNB

DXO{ Lot =Y 1o Tolo i eDN 0 e gl +T Il To2el 1 #DYITIaI+T 014301 )eDZ1(Is )
DYCE Tod Y sl e Dol 2do DX T g3 4T (1 eT0 2o Z 3aDY 1T 03 +T 11 vT 229214071 T0 )
D70 e ) STl Lol ol s3I DX T o)+ T Lo T a2+ ¢Y o) +TI1wIe3e33x02(Ted)
CONTINUT

DD 367 IZ1.NB

DXCUEaTFz0XE2e1)

OY0({1«I3=0Y1{1eI)

DZOt1sTI=DZ(LeIk

VECTOR CROSS FROCUCTS CESCRIBINGE SYSTEM ROGTATIONAL COUFLING.
1 QUADRATIC TEAMS INVOLVING THE CONNECTING 80DY ANGULAR
VELOCITYES AMD THE MUTUAL BARYCENTER-HINGE VECTORSY

DO Z3U0 N=1.Np

LPX=D.

CPY-C.

CPZT0a.

00 2301 L=1sNMB
CPUX=CPX+IYDINSLIFEZOILI-DZ0INSLI*FEYO(LD
CPYZCFYSDZOENLIAFEXCHLI-DXOIMeLI*FEZOQO(L)
CPZZCPZ+TXCINsLISFEYOIL)~DYO(NLLI=FEXO(L)
CONTINUE

K = 3+TN-1)

ECK+141)=TXCEND+CPX

E{K+2¢1I=TYDINISCPY

EEK+3,11zTZ0UME2LPZ

CONTINUE

COMPUTE COARECTION ELEMENTS FOR (E} VECTOR

D) 55 MIzZ1+3
ECINTIIZEtMIvL)

DO 52 Jz=2+MB

D0 52 M-1e3

Kiz=3+{J=-1)+¥

ECI{EI-ECIHI+E (K1ivl?

IZo

DO EL K=-1eNH
IF{PI{KILNT,.O) GO TO GBI}
I-I+1

EC{E+3VZU.

0D BO1 M=1e3

CE{MI=D.

D0 681 J=1+NB

IF{EPStKes JIEQLD) GO TO 61
DO E5 Wole3d :
JIT3wig-1) M
CE(BIZCE(MI+ELJLIN1D
CONTINUE

DO E6& L=1+3
ECII+IITECITI+3I 1GOOI LISCELLD
FECET+IPZECETI4+3)+THIKY
CONTINUE

DO B10 T=1»3

DO 618 J=1+NH
IFIPItJILEC O} GO TO B 10
EC{INIZECIII-AVIJ eIV »GMDOD LU}
CORTINUE

K=n

Iv=3

00 512 IZ1+NH
IFIPItITLRELU) GC TO E12
KTK+1

IVzIv+l

DC 611 J=1«NH
IFIPItJYLER.OY 60 TC 613
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114

ERRIRS
351-

352+
352
354«
3155«

356
357
359
ISC»
36U=
31+
IbZ*
3E3x
3542
k1334
I6Ex
17
368«
369
110+
371=
372«
I73»

611

[ XeRaNe}

671

S11
914
92

ITF{TaGTud) ASLI¢JITASTIde D)
ECIK+3YzECIK+31-AS{T» JI#GMDC EJ?
CONTINUET

COMTINUE

SOLVE SYSTEM KATRIX FOR REFERENCE BODY ANE. ACCELERATION AND FINGE
{RELATIVE) ROTATIONAL ACCELERATIONS

00 671 IZLsT¥

£BCIr=a,

D0 6871 Jd=1eTV
EQIYITEGL{II+AL{T» JISECE D
CONTINUE

DO 310 JTVs4

K=J=3

IFEPIEKILNELDY GO TO 911
EQT{JI=EQ{IV)

IV=IV-1

§0 YO %10

EOEJYZGHODEK)D

CONTINUE

CONTINUE

RETURN

END
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1s SUBFOUTINE MEDYLINHeHiME s MAZPR«PAYGIPT}

24 C
3 [ ADJUSTABLE QIMENSTIONS
Y C
LX] INTEGER HIXFH«PIF1)
g RIAL MBIIDYsMAINH ) PBINH s I s PAINHoNHe 3 9BE NH 3)
I PERAMETER Gry
A PAGAMETER SxQ+lo YsGe3eidzynysSIzies
O ¢
10+ C AJDITIONAL OTMENSIONED AR IROLES
11 C
12 OCUSLE PRECISION AUV VI P WIKIVY] 9 BMASSLS)
I3s DIMENSION PHIS 3o 2)aDX ISy S DY IS 1512021505}
1~ BLX{S oST sl YUES S o LZAS e S o FEX IS o PEY IS Yo FEZUS oI XIS 1w TYESIT215)
154 FCECITw RIS 30 PStSeSe3r 310 AS 1043 eV IDed) ROGEIe 3}
15 TNTLZGER KKIQIeEF S{Qacs Y
17 REAL LXpL Y el ZeIXX IS e I¥YIShelZ 205 XY S eIXItSaIN2ES)
18+ EQuIvAL ENCE IPSeLXv A} '
19 NBEZNH+]
202 C
21w ¢ INITIALIZE EPSUIKe Y WITH ZEROS AND DEFINE KKIK)
22 C
23 00 BE K=1lsNH
244 KKLLIZH #1
25+ DO BS J-]asNB
26 45 ERSIKed)ZC
27+ [
28 C DIFINE ERPSILod) USING HIUJ)
29 C
30 02 85 X2l eNKH
il 00 BE J-2eNB
12 IF(AEBatd-10) EPSHIKeJIZ]
33 IFtV.LT.1Jd-301) GO 0 81
Iy G0 10 86
I5. g1 CONTINUE
ic+ JOzZK+ 1
17 vicJd-1
13 00 B2 L=zJO+J1
39« IFIK.GT.4EL-13) GO 1D €9
404 I-IHEPSHIN o oEQe 1) aANDSTHIJU-1)sEQaél=1001 EPSHIKHeJi=]
41+ a3 CONTINUE
Y2 -3 CONT INUE
Y3 C
TL C INITIAL CA.CULATION CF AAIYCENTER VECTORS WeRela BOOY Cuaba3
W52 C AND HWINGE POINTE
igs c
yis IXXLIYCMBIEL)
LR IvYY(11zMBIL2)
43 IZ221(11=MBL 2}
F IxY{3IZMBIY)
51 IXZ2111zMBL5Y
529 IYZI1)z=MB IR
32 BMASSIIIZMBIT)
Sus TM=3MASS(1)
LER pe 35 JzZ2e¢NB
56 IXXUJIZMAL=-141)
51+ IVYLJI=MAl =12}
58 TZZCJI=MALS-1e3)
Eg» IAY LJIEMALJ-T 98]
60+ IXZIJI=MATU-145])
61% JYZUEJICMALJ~14E)
G20 BMASSEFIZMAT U-141])
E3n 3k THZIM2BMASS L)
g4+ DO 149 I=1sNB
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65 I121-1

Gos 00 1%9 J=Z1.N8
e J1z -1 _
GAs IStTLE9.0}) BO 13 153
£9s IFII.GT ) GO TC 1C
10 If11.E€G«1) GO 10 4aQ
11 IFIEPS{TYsd)EQLT Y GO TQ uLE
12+ it LXtTaJIzZPAIT]sI1al)
13 LA TP ITi 1102
14w L2070 ) ZPaITT 113}
15%% G 10 148
154 YGOo CANTINQE
11 DD EDC KzTIWJ1
ide IF(EPSIKed) o EQLd ) 63 10 50C
73 ECU CONTINULE
30 Gy TC 143
Bla L3181 LYXCToJIZPFATTILl s el)
g2+ LYETsJ)cPAtTleky 2)
B3 LZUTsJIZFAITI eKa3 )
dus G3 1O 149
BEe ar 00 90 L=IeJl
86 s EF{EPSHILwJILE341) G2 10 1C1
a7 an CONTINLE
49+ G 19 143
EES 1061 LXUIvdoPEILILEL
3G« L¥tTsdIzPEIL +2)
91 = LZUTydlzPBUILY 2}
97 GO 10 143
93 1g2 LX(IsJIZE
ELR) LY{Is+JdizC.
95 LZTITeJIZC,
5. 143 CONTINUE
37» DO 13 NZ1eNB
38 00 13 Jz1eNB
33 DXUMeJdIZLR AN S}
100G D¥{NeJIaLYING D)
101 DZUNs JIZLZINIJ )
IC2Z2» 00 131 =148
103 DXt My JIZDR AN J) -~ LEMASSUKIZTMI®LXENIKY
10%» OYAMNeJIZDYINeJ)-I3MASSERELSTHI e LY INK)
310G 13 G2tRs JIZDZ INP I -IBMASSEKIZTMIPLZINIK)
105 C
1C 7+ C CALCUL AVION OF AUGMENTED INEPTIA OYADICS FOR EACH EOOY
108 c
1094 00 31 Nz1eNB
110 PAENaIf1zINXIND
111+ FHIN»1 w2 I2-TXY IN)
112 PALNal#3)2=-TK2ZINY
113 PHIMN 2212 IYYEND
114 P4iNe223)=~TYZINI
1152 PH{NaI  3IZIZZIN}
115 D0 20 J=1N8
117 PHER I o1 YRPHIN v ) AEMASS LU S tOY INe JI 262402 INs JEnsZ )
118» PAINe 1 o2 0P HING L p2i-0MASSE I+ ONE Red) ¢DY I Ne J)
119 PHUM I s30SFHIN» v 2 -BMASS LJIA0XEN JY2DZINYJ )
120» : PA{Nw 202022 HING 20204 8MASS U » [OXN INe I 024078 NeJl922)
121» ) PHENeZ»31ZPHINS2 2 -BHASSEJI*DYINe JISDZINY L)
122 ic PAINsZoTICPHING I3 43HASS LU0 IOX INs JIe w2 40Y i NoJl 022
12 3. ' PHIN®Z 11 12PHINC112)
124= PHtINs 302 1=PHINST s 3
125 31 PHUNs3 s ZIZPHINIZe 3}
125 [ '
121 ¢ A0DITIONAL AUGMENTED INERIIA DYADICS (IN BoODY I FRAME}
128 [
125 BO 51 J=]l+NB
130» DD 7151 Mzl.2
131s 00 751 N=Z1.13
132> 151 PElJsJdeMeNIZPHEJIMIN)
133 00 37 I=IeNB
134 D0 37 J=1+NB
135a IFET.EQ.Jd) BC TO 37
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13E»
137
138x
139
140G
141
142
143
Ty
143
I14E»
HLRR]
148«
143
150
153«
1529
153
154»
155
156+
157
156+
153
160+
161
162
163
164+
165
166+
late
16E»
1c3r
170+«
111
112»
173
THus
115
176
111»
jlas
173=
Tefe
181>
182»
183
18U
1ags
186
187»
188
183%
190
131
132»
133+
194s
13954
196 +#
197«
138»
133
200
201
2029
203
204
205
206»

L o I 2 IR

O

3 03w =

b

(e e R o

23
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PSETsdel el )u=THetDY iy )0 eI} +DZ1T0bsD21ds11)
PSCTadad a2 zTMaOX1Js 11010}
PEEIodr1 93 1cTMeDXt o I1¢0Z010d)

PElTsls 2ol izTMeOY(Je I ORI )

PSETads2 e bo=TMa{0X ITrd) o0 e T 0200 d D20 001}
PSETedn2s31CIMeRY I s ID00Z0Ird)

PSlTedeTad J2TMaDZtusrIbeDX I}
PS{TaJa3a2)IM+Q2tdsI1e0¥ (1o}

PCET s ded e T8 lDX{ Il DN by DI 40Y X0 din0Y (eI H)
CONTINUE

AGE MATQIX FLEVENT CIMIUTATION (3X1)

D3 3 Iz1la.N3

0o 1 Jd-1ahB

AOCt 130 zACC 1+ 10425 v dalell
AGC L ez toRrGUUT1 420 4PS{Tadelnd)
AJCH 1o 3)ACCTII a3 )+PSH{Tedelel)
ADG L2 Z P ACLI20232PSETede202)
ACCUZ243)ZACCt20301¢PSHTedels i}
AGOUZ w3 R ECt I3 +PS LI dsTel)
CONTINUE

ACDE2el)zh00HY el

ATC(O 391 1-A0CTE2 3
AGCHIZ3 e ¢ YZACCIZ 0 3)

ACK VECTOR ELEMENT COMPUTATION t3X1)

DO ¥ K-1sNH

A¥E4411=C

AVIKy21:20,

AYIAa3)20,

00 7 IS1sNE

90 7 J=1aNg

IF(EPS FKeJ1,E£Q.0) GC TO ¥
D3 10 ¥=Z1.2

DO 10 L=3+3

AVE A oMY ZAVIL WM #PSHLe o MaLieG LKLY
COMTINGE

AKM SCALAR ELEMENT COMPUTATION

00 14 KZI+hM

03 1y Y=31NH

IF(K.ET,M) GC TO 10

AISL1)=C.

AISHtZ) =20,

AISU3I=C.

DO 28 J-1NB

00 15 I=1.NB
IFLEEPSHKeJIWEQ DY .ORLIEPSIHII,.EQ.O08) 60 10 15
00 18 N=1.d

DO 3B L=1»3-

AISOENIZATSINIPS 1y IeNeLInGIML)

CONYINUE

ASTK oMICOIL s 1 oA ISHII4GiKe 2D+ ATS{2Y ¢GEK+3)2ATS13)
CONTINUE

LOAD SYSTEM MATRIXN (A WITH AOGeAOK s AKH ELEMENTS

DO 23 I=1.3

00 23 J=143
ALTeJIZAOCIINJ)

00 24 I=143

K:0

Ivz=3

D0 24 J=1NH
IFtIPICJI«NELC) GO T3 24
KZK+] )
AtWEI9IDCAVN I
LESEY SRR ETLENIRS
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207+ 2u CONT INUE

208 K=o

Z0 9+ 00 250 I=1sMH

210 IFIFIt11aNELO) GO TG 280

211 KoK d

212» IVZTIv+}

213 L=t

214 DO 25 JzZ1leNH

215+ IFIPICJ)ILNELCY GO TO 23

Z21Er L=l s}

21%s IFIK.G1.L Y GO 10 2Rk

218« ACK+3r L3085 LT

213 GO 10 2%

220 2E BUK+T oL e3)SAIL +3aK+3)

221 2% CONTINUE

2229 280 CONTINUE

223 CALL AINVODIASVeIVIS10ITsUWRKS

224 10038 CONYINULE

225 RETURN

226* ENTEREY MRATEINHesTHeTEBr 1A FEBeFAy GMe GMOxGHMDOD s WOvERI
221 DIMENSION THUS 2 TAINHeI o FI L2 aFAINHaI wGML]1 T oGMDIE1aGHOAT] )y
22684 STHINHI s W01 Z) s ELS2ad )

223 OJUALE PRECISION ECHIVIEQIY)

2302+ C ’

231 C EXTSRANAL FORCES+EXTERNAL TOZQUES+HINGE T ORGUES
232 C

233 FIXt31=FRIL)

234» FEYLLIY=FBL 2}

235+ FEZU131=F3131

ZiEx Txt1i=10101)

231 Tyil1i=va1 2}

238e T2011=1B1L2Z)

239 DO 33 Jz2..N8

24C= TRLJISTAES =101

24l TY{OI2TALU-12)

2822 TZEA)2TALU-1»31)

243 FEXtAI-FALD-141)

2443 FEYTJIZFALJ-102)

2645 I3 FEZ{JIZFAL =113}

2HE C

ZH T» ¥ VECTIDR CROSS PRODUCYS DESCRIBING SYSTEM ROVATIONAL COUPLING,.
248 ¥ {IUADRATIC TERMS IMVOLYING THE CONNECTING DODY ANGUL AR
249» C VELCCITIES AND THE MUTURL BARYCENTER-HINGE VECTORS)
250 C

251 g 230 NZ1eN8

252 CP%-0.

2532 CPYZD

254» CP220.

2554 DO Z301 L=ieNB

256 CPXZCPX4DYINLI*FEZILI-DZEtNsLISFEYIL)

257 CPYZCPY+DZ INaL FoFEXIL)-DXINCLI®FEZIL)

Z258» CP2-CPZADXINLY*FEYIL)-DYI{N«LISFEXIL S

£59 2301 CONTINUE

ZbO» K 2 3siN-3)

Z61» EtK#+1+11-TXENY#CPYX

ZEZ» E4Ke 24112TYIN)«CPY

263 EfK+3+11-T2INI*CP2

264+ 230 CONTINUE

265 c

26E» c COMAPUTE CORRECTION ELEMENTS FOR tE) VECTOR
251 C )

Zh8* D) 55 MI=143

269 L) ECINMIIZEIRINID

210 DO ®2 JzZWNB

271» DO B2 M-l+3

212 KIz3slJ-11¢M

213 52 ECIMIZECIMI+ELKEIs 1)

2iuv I-G

275 D0 EG K=1xNH

216 IF{PTIK)NE.G) GO 12 &0

-2 1=1+)

118 JPL TECHNICAL REPORT 32.1592



278+
19
24C»
281
282w
283
204+
285«
2896
287
288
253
230
231
2924
293«
2944
295+
235«
297
239
r&EL
ICOs
I01a
302
303+
JGus
I0Ss
105+
307
ICAs
209
110
SR L

312

312
Ilue
315
316
317
316
319
120
21
322
I23»
J249
325+
326+
1217

511
€1¢

(=l Mo Re]

311
310

ECII+3)=C.
DO CG1 MZ1a3
CEiMIcha

DO El JZleNE

IF1EPS I adl 4 EG.C) GU TO

DO £% KMZIe2
JI1Z3#8d-104M

CEtMIZCEIMIMET S T

CONTINUE
00 EbB L=3r3

&l

ECHI+3)=ECITed)eGtKelieCEIL)
ECUT+IIZECTIT+214THIK L

CONTINUE

Do E1D I-2.3
00 310 J=1eNH
IFIPLILANLER,.O)

60 10 €10

ECOIICECITr-AaVEJeIIaGMO0T D)

CONTINUE

KiG

Iy=32

0O 512 I-1sMH
IFIPItITNELC)
K=Kl

TUZTV+]

B3 531 J=1eNH
IFIPETJIWEG.OI

60 TCQ €12

G0 10 €11

IStlaGledl ASTIvJizAaSdid I
ECCH+3IZECIK33-ASIXeJ)*GMDDEJ]

CONTINUE
CONTINUE

SOLVE SYSTEM MAIRIX FOR REFERENCE EnDY ANG. ACCELERALTICN AND HINGE

IRELATINVE)

00 5§71 I=141V
Eai1l=c,
90 571 JTielv

EGEINSEGITI+ALTIvJRsEC I

CONTINUE

00 310 J=-Vah
K&d- 3
IFtPIIK} WNE,O)
EGLIIZEGIIV)
TyrIv-1

Gg 10 31C
EQEJI=GMODIK])
CONT INUE
CONTINLE
RETURN

END
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Appendix C
Summary of MBDYPL User Requirements

Subroutine Entry Statements
CALL MBDYPL(NH,H MB,MA,PB PA,G.PILLTI)
CALL MRATE(NH,TH,TB,TA,FB,FA,GM,GMD,GMDD,WO,WDOT}
Input/Output Variable Type and Storage Specifications—Fortran V
INTEGER NH, H(n}, PI{n), LI{n), TI(n)

REAL MB(7), MA(n,7), PB(n,3), PA(n,n,3), G(n,3), TH(n),
TB(3), TA(n,3), FB(3), FA(n,3), GM(n), GMI){n),
GMDD(n), WO(3)

DOUBLE PRECISION WDOT(n + 3){where n = number of sys-
tem hinges)

External Subroutines Called
1. AINVD—double precision matrix ipversion subroutine; user-supplied (see line
272 in MBDYPL listing) ~

This subroutine inverts the matrix AT, where AT is of order NMT X NMT,
NMT = 1. The result is returned in AT

2. SOD—double precision matrix equation solving subroutine; user-supplied (see
line 666 in MBDYPL listing)

This subroutine solves the matrix equation A¥ = EE, where A is of order
NL X NL, NL=3.

Subroutine Setup
Insert the Fortran V statement (see listing)
PARAMETER Q=n

where n = number of system hinges.
Data Restrictions

n=1
Core Storage Required

Code: 3000 words

Data: 1000 words (minimum; increases with n}

Listing
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1=

2
3

'Y
o
X
71+
g
I
10+
11
12+
13
lys
15+
16e
11+
1+
i3
20»
21
22w
23
244
25+
2E»
21+
28
2%
3iGs
31
32+
33
Jue
1%
36
3l»
38»
39«
Q2
91+
42s
41
N
YS5s
UE»
47
uas
43
50s
S1le
5241
S3a
Sh»
55+
SE
FR A
S5de
59
G0
bl
G2#
B3
B

SUSIOUTINE MA0DYP LINHI  Ha MBs MA+ PEBaPAfGoPI«LINTII

c
C A)JUSTABLE DIMENSIONS
c
INTEGER HUID «PIT13oLI110 T
REBL MBI1) rMAIKHe THaPBINHy I o PAINHeNH 13 1o GENHY 3}
PARAMETER a=d
PARSMETER UCZGal+UzQe3o VT4 y 2532320
C ADDITIONAL DIMENS FONEDR VARIABLES
C

DOLDELE PRECISION AUV »V)eNRKIVUYaBMASS fU)

JOU3LE PRECISION AT4Q49) oREtY sV dEELVI ALYV

DIMENSION PSiUeUsZe TD00DNIUsUNsOY (U UbsOZUUsUD
% LX{UeUd sLYEUsUY s LZIUSU) o« PHIUS 33

DIMENSION aBi3ea20+CESTINaCW I3 w RIS I3 rEALII»GOIOsd I nAO0 LT s T e BYiG,ed
Se 25104071 o2 i2sUe303)0BAITe3) v ASTIGr21aDXOIUAU 1 DY TILa U D200 U
FIAOMUI IO U TZ0 (U W FEXQIUNGFEYQIUYAFEZOIU}

DIMENSION G131Q) +8251@3eG358Q3¢8121Q)+G6231G1462308G4

INTEGER KK IG) s EPSIG U] sReSoTAMIQI v TANFEQI»NUMNFIUL» TAB

REA. LXLYeL2oIXNtUN T ViU TZ2Zi0N o IXYRU D2 IXZIU IV 2 (U
EQUIVALENCE (ARSI o (LX e DXOvASY s (LY sOV010ELZ0020)

NIZNH+1

INT =V

00 506 Kz1leMH

elfk LISUMZLISUMILTIIK]

[ INITYALZIZE EPS{KeJ) WITH ZERCY AND DEFINE KHKIK)
GO BES KZ1eNH
KK L)ZKe]
DD B85 J=leNhB

5 EPSIKedI=0

JZFINE EPSIX»J) USING H{J)

TN @

DO 98 K=1aNH
DO 86 J-2»NB
IFI44EGatd-11) EPSIKJIZ]
IFEM, LT, tu~11) 60 T0 81
80 Y0 88
81 CONTINUE
JOzZ4+]
J1=d-1
00 B3 LzJdGed1l
IFIK.G1.tL -1} GO TCG B3
IFHUEPSIK oL ) 2 EB 1) dAND L HHIJ-1) W EBLIL-11}) EPSIKII=]
B2 CONTINUE

6 CONTINUE
c
c LOCATE POTENTIAL TERMIMAL ARPENDAGE BOOIES
N
NNZD
Mz
LL=9

805 CONTINUE
D0 803 J=1«NH
IFLHEJIEQ M) GO TO BOB
gD 10 809

ege Liztbie+]
TAMILLYI=J

609 CONTINUE
D0 810 LI1eNH
K=TAMIL)
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122

BESa
ok
Bl
cé»
g
i0»
11
12+
122
Ju»
15
162
11
79
79
B #
gl
82
g3
B4
B5»
G0
87»
882
439
50G =
91+
32
I3
34 »
95 »
96
97+
Y )
93
160
101
102
103
J0 4=
105
1UE.
107+«
i0ge
103
1i0s
1ils
112+
1132
1ins
115
116
111
}18.
119»
120
121

izze

123
1240
12%%
126
121
128»
129«
330
131
132»
133
134»
135

ac

aza

833
a4
838

423

8B4
839

2005

IFLTAMIL) JEG.T)

NPIZd
NEP=D
00 B07 J-2eNB

6c 10 231G

IFCEPSIK sS4 E0ad) NEPZNEPE]
TFLILT AU~ ) JEC WY} JAND L ERPSIKs I} EQT )Y NPI NPT #3

CONTINUE

IFINPILEG.CY GO TO 8iC

IFINPILEGNEP)
MzTaMiLY
TaMiL)=0

GO 0 80s%
CONTINUE
TaMiLic=a

DO 327 Jz2.N18

TFILEPSEKeJ ) EQ L)

GO TG 827
WNZNN+L
TAMFANNIZJI-1
CONTINUE
CORTINLE

60 10 82¢

GO TQ 828

LOCATE TERM. APPENGAGE JASE BODIES AN3 NDe OF V.4, BODIES ON EACH

03 836 L=1.NB
NUMF L 120

G0 8135 L=14NH
DO B34 K-1»NH

IS(TAMFIL Y. NESKY GO TO 834

N=HEtKF+}
Qg 933 J=2.N8

IFLEPS IKeJ ) EQ.D)
NUMP INJCNUMFINI ¢ 1

CONTINUE
CONT INUE
CONTINUE

G0 To 833

FIND BASE BODY WIVH THE HMDST TEAMINAL APPENDAGE BOUOIES oOn IY

NMX =0
00 837 L=1sNE

IFINUMFILY .GE «NHAL} GO 10 B38

GO0 o 8137
TaAB=L-1
NMXINUMFIL)
CONTINUE

IDENTIFY MEMBERS OF FHE TERMINAL APPENDAGE SET

DO B3B8 L=1sNH
TI{L)=0
IFILTAB.EG.NH)
00 939 JZ1leNH
K=TAMF IJ)

IF14IR).EQ.TAS)

Gg 10 B83%
CONT INUE
DO BBE& L-ZeNB

ITLEPSIKLYLEQWT)

CONTINUE
CONTINUE
CONTINUE

GO TO 8MG

oC 10 829

JIiL-3121

INITIAL CALCULATION OF BARYCENTER VECTIORS W.R.1. BODY C.G.S

IXxt1)=MB11)
IVYE11SMBL2)
12Zt13=MBID)
Ixvilr=-MBIA)
IXZe11zMALSH

AND HINGE POINTS
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J36a
137=
13B»
133
14l
14l
42 »
143
THy»
1US»
146+
PR R
148
1439
150
155e
152
153»
1549
156
lhgs
157»
158»
159«
160
161w
jb2

1683
1EHe
165
166+
Igls
168
J63
13102
171«
172+
173
1743
115
176
177
178»
173
160+«
131+
182s
183
184»
185
138G
F: N
188+
1939
130+
191
132»
193
134
135+
136+
137
198«
199
200
2G1le
202
203
204
25
2069

35

in

L1a]

8CC

500

ac

9L

1101

1839

[>T

11

IY211)1=MBiIS)

BMASSI])zoMYt7)

TM=BMASSIL )

D0 3% J=2a.48
ARt sMAL =10l
Ive{JiIzMAILS-1s2)
IZZ1J1-MatJ=«1+¢3)
INYtJIzMALL-104)
TAZfJIEMALI-15)
IvZEJIZMALI=-140)
BMASStJI=MALU-11T
ITMzTMeaMASS T Ul

0 149 1Z1.:NB

I1:z1-1

DO 149 J=1NBE

JizJd-1

IFUILEG,J) GO 10 163
IFLI.6GT+d) GO 10 70
IFtI.EQ.}) BC 1D BO
I=1EPSIIledtaEQLL) GO TO 4OC
ELXCTIoJdE=PAITI1vIlell
LYIIedI=PAIT1vI]+2)
LZtT+2JY-PRAITIYwIds 3)

GO 10 148

CONTINUE

00 E00 K=Iedtl
IFLEPSIKeJ I EQ,1] GO TO 500
CONT INUE

60 T0 lu9
LXTIsJIZPAITIRaKs 1}
LYVIeJIZPAIIL KPR
L24Tsd)zPALTLeKe 32

GO0 10 14%

D0 30 L=1eJ1
IFIEPSILeJ1,EQ.11 BO To 10)
CONT INUE

60 10 143

LX(TIadIzPRIL 1)
LYtI»JIZPBILL 2}
LZITedIZPOEIL 23)

60 10 149

LE¥{TwsddczC,

LYiIsJiz0

L20Ysd320.

CONTIKUE

00 13 N31.M8

GO 33 JTIeNB
OX{NeJIZLXINIJI
DYtNsJIZLY 4Ne )
D2INeJIZLZiINSJ)

00 13 K=1eNB
DAINsJI-OKIN e JI~(BMESSERKIFATHI#L XINeK T
DYUNeJIDY (Ns QI =L BHASSEKIFTMIsLYENIK]
D2INedIzDZINs I~ JEMASSUEHIZTMIoLZINYKI

CALCULAIION OF AUGMENTED INERTIA DYADICS FOR ERCH BOOY

B0 31 N=1eND

PHENsJ oI INAXIND

PHiINel¢222-IXYINI}

PHUNs1¢3IZ=-IXZ VNI

PAINeZeZ)IZTI¥YIN)

PHINsZ2o3)=-T¥ZEN)

PAINe3Is3121221IN)

0o 3¢ J-lsN8 .

PA{N9 011 ZPHINGL 1 J+BMASSEUI o DY INa Jine 24024 Nadlne2}
PHINYY ¢ 2 1 ZPHINelo2)-HMASSEIIADXENy JISDYINy I
PUINGL1»IYZIPHINST #2)-BHRASSTUI*DXINS J}sDZ 1N J)

PHINGZ Z2ICPHIN® 2y 2V 4BHASSLUY S IDAUINe  JE 292407 INsdYeeZ}
PA({NSsZaZIZPHINSI 23 )~BHASSTJIe DY INsJI ¢ 02 INe I

PHINeI w3 }-PHIMNe3s 3Y4BMASSEJI DX ENs Jywn2+DYINsJ)es2)
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207 PHYENe291)=PHINI T2

208 PHIN#3 2+l I-PHiINele 3}
209 11 LN T4 2ISPHINSIZ2 3
210+ ODC S%)] Rz1eNE
211+ D0 571 J=1.3
212» DO 571 K13
213» 51 PSEReReJIKIZFHIR s ok
2144 DO 763 J=1+e¢NH
215 GIS(JI=BIdelhnse?
Zlb» G2StJIZGiJZ)ese?
211» G3IStJ)=64ds3)es?
2lg» GI2tUIzBlJrl)oGide2}
2192 GI3VJISGNdsl)e5t de 3}
220 163 G22EJIZBIJe210G1de3)
221 D0 3100 R-2enNB
222 00 3700 S=2ZeNB
223~ IftR.EQ.51 60 70 3700
224w IFIllIiR~]i.NE.l).DR.llItS~1).NE;1!I G0 10 310C
2245+ QRZ=DXIReSI*DXISIRI+THM
2ZE% DV2ZSOYIRSISDYISeRI*TH
2271» DZ2=DZ24RsS1*BIIS4RI*TH
. 228» PStR1Selrl)z=-0v2-022
229+ PSURsSels21=DXIS5sRI*0VEReSInI M
230 PSeRsSv1433=D%ISeRI*0Z(ReSIATM
231 PSU{RsSsZolIZDMSeRIDXIR2SIeTH
2324 PSTReS 2242 1z-0X2-D232
233+ PS{R4S+Z+3)=DVISRI*02iR45IFTH
234 PSUReSw3Iwl 1ZDZISrRISONIR)S}eTM
235« PS{ReS5s3¢2)1=DZISIRI*OYIRSIoT M
23k PStReS o303 )==-Da2-DY 2
237 3JTC0  CONTINUE
238= Iizp
2312+ 00 1401 I=1eNH
2402 i IFVTIIT)CREIT BD TO 1%03
24le ITZXI+1
2420 IFIPI(TI}LEG.TY 212311
243 KTzO
24k DO 1400 KZ1eNH
2450 IFCTIIRILNESIY GO 1D 14C0
246+ KTzKT+]
241+ IFAPI{K1.EG41Y KIZKTI-1
248 IFULI.G1.K} 60 10 14GD
249 DO 18910 Jz)1,3
250 1410 CuWitdlz=n,
251 DG 180C R=2+NB
252 B0 1eQU S=Z«NB
251=* IFGLEPSIK 25 ) «EQwO0) ORLHEPSET4R) LEG. 00 B0 1D 180G
254 DO 1802 J-i»3
255« CEq4J1=0.
256 CO 1802 L=1.3
281» 1B0Z CEHJISCENYI+PSiReSudal)®GIHeL)
256 DO 1830 J=)e3
253 1430 CWiJI-CMWtJdI+CEIJY
260 1800 CONTINUE
261= ASBL Ied)= GiTIeldoCWt1)+GI{TeZ2) e CUIZIGITe3)olW L)
L2620 IFCAPIIIN.ER,Y1.0R4PIIK1,EQ.)Y BOD 10 1udU
263 ATUITWKTIZASE s KDY
264 ATEKTsITICATITIINKT Y
Z2b5s 1400 CONTINWUE
256 1501 CONTINUE
27 NMTIZKT
268 c
269 c INVERYT THE TERVMINAL APPENDAGE MAIRIX OF CONSTANIS
210 C_
211 IFI{NMTL.EG.C1 GO T0 1422
212 CALL AINVDtAT+QiNMT 4314224 WRK])
2713 1422 CONYINUE
Fa LY RETURN
2715 ENTRY MRATESNHy T He TB o TAoFBsFReGMaGHD+ S MDD WO SECY
2176+ DIMENSION TBtI)e YA(NHeZ)oFB1I e FAINHeI ) v GMLEYL o GHMDIT JsGMDOED }y
21 SHOT 3 +UXOAU ) o WYO U)o WZOHU) sEIST el s THINR)

124 JPL TECHMICAL REPORT 32.1592



218 DOUBLE PRECISICN ECIEV)

279 [

280s t BO0OY-TO-BOGY COORDINATE TRANSFORMATION MATRICES
28l» [

a2 DO 33% J-la.NH

2a3e KMl Jd}

284 IFILICGJSYERLY) B0 10 5021

285 SAM-SINtGHII N

ZBE" CGME-SGRTILY ¢ ~SGMew2) -

287 IR (AGSEGMIJb L T.11.570796327)) GO 10 5420
268 IF(ABSIGMIJIY BT, tH.71238R9610) GO 10 5013
283 LG4z =CGM ’

Z30» 640 10 5020

231 5019 ITABSIGMIJIY.GT «lT7.853981) CEGM=COSIGMI 41
£92s 5020 CONTINUE

292 C5MI214=-CGY

254 G12CG=G12HJ1+COM2

235+ GI3CG=G13tu)sCGM]

2962 G2ILB=6231J)eLGMI

231 G1S85=G1Js1)*+56M

E9fe G25G=GlJev2 +50HM

233 GISG-GIJe3)2a556M

300» BALYIs11-COMeGISIUIeLGH]

301+ BAC1+21=-G3I5G+G12CH

302» BAL1+31=-6256+5613CE

3JG3 GA1Z+30=-635G+5G12CG

30us BAlZs2 zCEM4625 01 CGM]

IG5 BAI2¢11=515G+821L6

30Es BALI»l)IZB25G+6G13CE

3G BaL342}=~G1SG¢G23CS

KT BALI+3I-COM1E63SEJIvCEN]

LVE: L . GG 10 5C22

310+ 5021 CONBINUE

311 Aa{l+11=1.

312 BAtle2)2GtJded) «GH L)

Il BAt143)z=GlJ)e20*GMIJI

314 BAtZe11=-BA(1e2])

315+ Balze2)=1.

31Es BAL2 23 )60 Jed ) aGHIJE

J1T AL 2e11z-8AL111

318s GalZe2t=-BAaL293)

313 8Al3+3121.

30 5022 CONTINUE

321+ 1°t< .EQ«TG3) GO 10 335C

322 DO 234 L=1,3

J23a BO 334 M=1+3

EYLL TUYwJd+1alsMI=Ce

125 g0 3134 Izia3

326 334 TUEled I ol eMIZT (oo oM ESBAIL o IFs 18T oK1 vIrHi
321 GO 10 335

328e 3360 CONTINGLE

123+ 00 3351 L=1+3

Iine. DO 2351 M=ie3

33l 3351 TCledslel eMIZBALLeM)

332 33s CONTINULE

333 c

334w c COORD. TRANSFORMAYION OF 6 VECTIORS 1Y0 REF. BODY FRAKE)
135 c

3362 DO 362 I:)aNH

337 DO 362 J=1.13

336 GOiIsJEz0, .

311319 00D 362 K=1+2

TR GOlTeJIZGOELe 21T 430 adoKrdEesGtIsKE
I4le 1582 CONTINUE

34zZ» c :
3yl , C ANG, VYELOCITY COMPONENTS OF EACH BDDY (IN REF. B0ODY FRAME]
34 c

345 DO 38l J=1.N2

Inge WXoiJI=ugl 1)

J4le WYOLJIzZWOI2)

34ps ®Z0LJI=REH 3D

3149 DO 38 K=1asNH
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126

350
361
3iG2s
353
I5ks
355
356
3850
i58+
35 2s
360
361
362
Ig3.
JEHe
16%s
36E»
Iale
368
3age
370
371
312
I3
Iiu»
Ji%e
376
171
378+
1179
3iglde
3als
382+
381«
384s
385
366
387
388
383
390
391
192
393
394w
399
336+
397

338

393
00
401
qo 2+
403
4Oy
4ase
40E*
4Gl
408
O G
HIDe
Q11
412
413
LRRIY]
515
Blgs
81w
41@»
13
420s

i6
Je6i

365
g3

it

3e?

DaOaaiw

IFEEPSIKeJd ) ER .00 60 10 36
WEQEJICWROIJI+CMDIKIGOIRKe )
WYOUJIZHYO I JI+CMDIKI*GOIK2)
HZOUJIZWZ0EJ I+ G OQUKISEQIKY 3)
CONTINUE

CONYINVE

TRANSFORM AUGMENTZD BODY INERTIA OY¥ADICS G REF. AGUY FRAME

D0 383 Iz2.NE

DO 364 Jtz1e3

D0 Jed XK=143

ABLJsK IO,

a0 364 L=1+2

ABUJeKIZOBLJaK 1 4PHEI T o dsl Ve T t1y Tl en)

CONTINUE

00 36§ JU=i+3

90 3168 =141

PSEtTelvdeKzD,

00 6% L=-1+#1

PSUTaTwdoKIzPSETaIo Jo K o T il aIv o JYoAB LK)

CONT INUE

CONTINUE

DO 411 J=1,3

DO 4?1l Kz13 !

PIlIrlesdsKIZPHII s JsK)

FEXDUIIZFBi1}

FEYGllI=FAU 2D

FEZCi112FB1 31

1001171811}

TYot11=1802)

120401)=18B11}

00 1% IZ2¢N8

K=I-1 ‘
FEXU!I):TIIIIDIOIl*FE(Klll'T‘IIIRZ']ItFﬂlK'Zl'lll-IrB'lltFﬂlK|3}
FE!G‘II:TlIlIiItZJ‘Fﬂ'H!]I'l‘1:I!2121.Fﬁ|K|ZI’TlliI|3!2i*FAlK.3|
FEIC‘I’:TIJ'ID}53}’FA|HII”!']IIIZ!}"F“‘“PZI"*iIII3B3I.FA!K'3}
X001} :"IIIIJ‘II!TA|K|I)'T‘IUI'ZIEI']ﬂlKoZJ‘IllqultlliT#lK-3!
TYo(I1= Tl]lIDiUZ}‘TAIKII}*TlllIlZ-Z}OIﬂ'KIZI'T'luI1312ltfﬁ!Kt3}
TZ04 I3 Tl Dol u 30w T alRel ¢4 0ala2e3)0 A IKs 24l i14T3323)9TALKs 3)
DO 17 J=1+NB
BXD(I!JIZIIIIIII'IIODX110J3'TIIIIIE:]I*BY!ITJI'!ﬂliIlEl]J‘UZ|IIJJ
D‘Ut]!J]Z]‘1![.1!2}‘0xfIIJ"TI]OIlZI?l‘ﬁ"IlJl"lll1'3lzlicZ|IIJ)
DZO0 Tod 12T alo1eStalR Lo dl ¢T e a2 T3 aDYiTad el (e Te3adisnZ Lo d)
CONTINUE

D0 387 Iz14Kka

DXOUIwIIzZGXETv]}

DYOL 1+12z20%014+1)

DZOCY 10024101}

ADDITIONAL AUGHENTED INERTIA DYADICS {IN REF.BdDV FRAME )

BO 37 I=1+NB

DO 37 J=1+NB

IFIT.EQ.J) GO 10 27

PSULadal e lbz=THo 1OYO 1T 300100 T) 0022 1231020102111
PEdYoduleZ zTMoDNOEIeTII0YOITy )
PSITvdels3)CTHDX01JaT)elZI01T v )
PSITedaZad 2 TMADYOEJaI00DX0Tr )
PS{IIJ123211-'HO1DHD|I!J)‘0!UIJIII'0201I1J10010|JOI|I
PSUTedoZo3IzTHeDYO LS 280201 )
PS1Zsde3aldzIMeB 2010k dX0tTad)

PStIodnIe2 bctMeDZOtSuIbelYGtIvdl
PS!IlJlZ']IZ-TM'IDXDfIlJl‘DXOIJQIJ‘DfﬂlI!Jl‘DTU!JiIII
CONYINUE

WECTOR CROSS FRODUCTS OESCRIBING SYSTEM ROTATIGNAEL COUPLING.
TIUVADRATIC TERMS INVOLVING THE CONNECTING BODY ANGULAR
VELOCITIES AND THE MUTURL BARYCENTER-MINGE VECTORS)

DO 230 N=1NB
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W21
HZz2e
423s
HZUs
425
426
Y27
428«
4299
430«
431
4aze
313
LELE)
435
k16
437
L3B+s
439
YYD
Yuis
L)
443»
Lyys
Y45
HiGe
Ul
Yugs
49
450 =
451
452«
4§53
HEL»
455
456
4§57
LEE:E)
592
460
Hels
LUE2»
463«
GEhe
(1%
gLG
UETa
HE9»
4599
470
G71s
412
§73
42ya
475«
HlGs
YT7Te
078
479
480+
GH1#
42
983
LR LR
485+
HBbs
487
4gas

489

HGD»
491

2301

21310

3Cc1

oMo

€ Py Y

CPRX=G.

CPYZD,

P2z,

DO 2301 L=1eNB

IFINLEQ.L) GO 10 2301

HOXZWYCIL}*DZOULSPN) -HZOILI*DYD ELOND

WOYZWZO{L 12D X04L NI-WXOtL)sDZ0ILsN)
WOZERXOELY#OYOURLeRY-WYCILI*DX0 ILeNT

HWDXZTMe LWYD (L) & WO2Z- w201 L)» wDY) ¢FEXDLIL)
RUDYZTMe{WZOIL ) oWDX-WXGIL)IeWDZIIFEYDIL }

BUWDZZTMo LWXOIL 1o dOY=WY QUL )*WDX) 4FEZOIL)
DWNDXSUYGENsL Y *WnDZ -0ZOINs L JoWWOY

DAMOYZ 020N sL 1o w kD X-0X0INsL)* WWD2Z
DUNDZ-DXOINIL )« WWDY ~DYOENIL V*W WD X

CPYZCPX*DWWDX

CPY=CPY+DUWnNDY

Co2=CP2e0WnWl?Z

CONTINUE

DFAZCYOENaN)4FE20¢N)=020ININ)*FEYOIN]
DFYZDZOUINeNI*FEXOUINI-DAQINeNI*FEZON)

DEZZDXOININI sFEYOINI-DYOQUINsNI*FEXUING

HEZPS INeNs Lol ) oW CINT+PSINe R vZ 1o WY0INI*PSENeN 1 o3 ) 2RZOUINS
HYZPSININ s Z e 1o W XOINT o2 S {NeNo 2320 #dYOINI*PSINeNs Ze3)3RZ0INI
HZZPSENeN2Ir T T oNXOINY PSS INeRs I eZ s HYOUINISPSINeNI3 o3 12RZ0IN)
K = JsIN=-11}

EfK 4141 )CHY W20 INY-HZoWYUINISTXOIN) sCPReDFX

ELKe 2ol 12HZe UXOIN)-HXedZOINI o TYDIN) #C2YeDFY

EAK+3 01 JCHX*WYOINI-HY*WXOINI+TZ20INI4CPZ4DF2Z

CONT INUE

ACG MATRIX ELEMENT COMIUTATION (3x3)

D0 30461 IZ3+3

RO 3001 Jz1e3

AQCL IoddztC,

00 3 I=l+NB

DD 3 Jz1eNE

ACQDEL o2 )ZACDIT42)2PSEEs el
ACCH I «Z21ZACLH1#2)+PStIndrle2)
AOC 1o 3 -ACOIY w2 ¢PSETedrledld
ADCI Z292)ZACGHI 242 14PS i de2e2}
AODEZe3)ACOI293)9PSiIndr2e3)
ADDCU 3433-AC0I3,3)+PSHEndn3ndi
CONTINUE

ACCE 241028001142
AOCGE341ZAGOLT,3)

AJ0L 3e2)ZAC01243)

AOK VECTOR ELEMENT COMPUTATION 13Xy

DG 7 K=1aNH

AVIKS1120.

AVIKsZ21=0.

AVIKe31)Z0,.

20 1 I=1sN3

DO 7 J-i«NE
IFLEPSEKsJILER.Q) GO TO 7
00 16 MZ1le3

BO 10 L=1+2
AVIKoMIZAVIKoMIsPSIIsSaMeL I9B0 KoL
CONTINUE

AKM SCALAR ELEMENT COMPUTATION

D3 14 Kz1eNH

D0 14 MZ1eNH

IFIK.GT«M) GO 10 14
IFEHITIKY EGaT b uAND W ITIEMICEG.T)) GO TO 1333
AISt13=0.

AISt21=0,

8ISt3)=C.
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432 DG 15 J=1sNE

33 00 15 I21eNB

agow IFCGEPS (Ko o) oEG 01 DORSEEPSIMeIERLO1) 80 TD 158
435 B0 1B N=1.413

Y6+ 00 18 Lzie3

K97 18 AISENICATSINI#PS IJeIoNoL)eBDINMsL)
498 3k CONTINUE

'EED AS{AeMIZOOUK I a AESHI)4GOIRZ)IoATSLZIGOIKZEnATSLTY
Sh0e GO T0 Iu

01+ 1339 AST&+MjZASTIK K]

S0Z» 14 CONTINUE

E03s C

EDie [4 COMPUTE CORRECTION ELEMEMTS FOR IE) VECIOR
S50%» C

SCE DO w0 I=1sNB

5071s EALLIIZ0.

0B« EAE21=G,

5093+ EA{3)=C.

510+ DO 41 J=1sNB

911 g0 911 MZTe3

£12» 411 CHIMIZG.

5313 B0 42 K=1oNH

514» IFLEPSIKeJ)EQ,0F GO TO u2

515w KI=KK 4D .
Eig» CRETICCHIT AGMODIK I * IWNYOIKBI*BOLKs IV ~WZO4KB 1+GOIK22 )
511w CHLZISCWI2)4GMOIK) »IWZOIKA) 2 G0¢Ke )~ WXA4KBISGOIK 230}
518 CHIIIZCW I3 aGMOIK I * IRXOIKB)*+G0{Ke2 ) ~KYCIKB)eGOIKe1))
519 n? CONT INUE

520« DO 45 M=1+3

521s DO HE L=143

522« 45 EAIMICEACMYAPSETIw Je ML IsCWIL)
523 41 COGNTINUE

VLT Kiz3efI~1}

525 ELKI+ 121 )-EIKI¢] 91)-ERIT}

SZ6e E(KI#2401)-EIKTI+2¢))~EALZ])

S21» EVK1+To11ZEtKLIeY o1 )-ERLT)

£528» q0 CONTINUE

539 DD E85 MI=1.3

530+ 58 ECIMIIZEtMIell

531 DO 52 Jz2eNB

532 DO 52 HZ1e3

5§33 K1Z3¢lu-1]14+M .

S534s 52 ECIMIZECIMISELIKTIe]S

535+« I=-0

536 DO ED KZlehH

5311 IFIPIIKY.NED) GO 1] &I

538+ IzI+1

539 EC{TI«3)=0,

S54Ca DO B0 M=1+3

Gl €01 CELM)ZD,

542s DO €1 J=1eNB

543 IF{EPSIR v J1 . EQ.D) 80 10 61

S44s 00 65 MZ1+3

545» JIZIelJ=1)4¢N

S46s 65 CECMIZCEIMI*ECJULe])

LA ol CONT INUE

548 DO EE L=1»3

549« bb ECUI+3)CECII3}+GOIKaL)I*CELLY
5509 ECUY+IITECII+JI¢THLIK)

551 4] CONT INUE

552+ DO 610 I3}

553 00 €10 J=1asNH

5544 IFtPItJI.EQ.0) &0 10 E1C

555« ECL{IICEC s -aViJeTleGHDOILU

556 610  CONTINUE ’

5817 K=C

558 Iv=3

559 D0 812 I=1+NH

580 IFtPItIl.NE.OY GO 10 812

561 KZKe ]

5624 IV=TIVe]

563 DD 813 J=1e«NH
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564
565
566
SG1e
L1E: )
563
E10»
311
Sz
513
LELES
15
516
11
518
573¢
560 »
581
582
583
g+
585
SBE*
§87»
Egas
589,
530
591
582
593«
PELR
535»
536
5371
5E9Bs
599a
&00»
501+
EG2s
6L 3
60U =*
505
€0E»
g07
EOBe
503
€102
Blls
612s
613
Blus
515
E16%
B17¢
61ge
519s
B20+
821
€22
623+
624
a25
626
G271
E2B*
623
B30
831+
632+
533+
Eags
B35*

ey N
——
n

23

24

26
F4]
250

Iz Nsii Bz Rz AE]

613

521
620

B3]
630

533

G641l
640

IFtPITJIL.EQ.C) GO 10 631
IFCL4GTaJ ) ASIIedIZASHSe DD
ECIM*II-ECIK+3F-A5112db3GMDDILLD
CONT INUE

CONTINUE

LOADR SYSTEM MATRIXN $4) WITH RDOSAOQKsAKM ELEMENTS

00 23 I=1+3

00 23 Jz1.3
AtIvQIZACCE YUY

00 28 12143

=0

DO 24 Jz ] eNH
IFIPIEJYINECCY BD 10 24
KZK+l

AtK+3s¥zAN LI

AL TekKe31zAVIJaT}
CONTINUE

K=0

00 280 I51eNH
IF{PI4I).NELT) GO T2 250
KuK+]

L=t

DO 25 J-lelH
IFtPIlJ)CNELGI GO 10 25
L=+l

IF{4 GT.L)} GO TD 26
AEK=3pL23)TASEIsU

GD 10 25 )
BCK#3al 3 AL 430 K3}
CONT INUE

COMNTIMNUE

SOLVE SYSTEM MATRIX FOR REFERENCE BOOY ANG. ACCELERATION AND HINGE

{RELATIVEY ROTAYTIDNAL ACCELERATIONS
EXCHANGE RIWS IN A-MATIIX AND RT.HAND SIDE VECTOR

00 6§19 K=143

EELKIZECIK

003 6§19 Iz1.1V
AEIKsIIZALK,T)

L=C

DO E20 K=1sNH
IFITIM4).EQ.1) 5O TG B20
LzL+2

EE(Le3)I=ECIK+T)

00 B21 I=lelv i
QELL¢3e1)=21IK*31)
CONTINUE

00 530 K=1aNH
IFCTIIKILEQ,OI 6O 10 B30
LzL+1

EEGL+I)CECIK+3]

B0 31 I=2+1Y
AELL+3sI)zANKe3I
CONTINUE

EXCHANGE COL UMNS IN A-MATRIX

DO 233 K=143

pe €39 IZ1+IV

AL TAKISAENT #X)

L=0

PO G40 K=1sMNH
IFL1IEKTILEQ.1) GD 1O 64C
Lobed

00 E41 IZla1lW

Al TeL# 3 AEL ToK+3)
CONTINUE

DO 5850 K=1:NH
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63Ee IFUTIIRCEGGY GO TO 650

811 L=i+1

E3B+ DO €51 IzZ1«1V

539y a5l A ToL#+30zaCiTaKe3)

E4Ga 6RO CONTINUE

FRE K C ’
[T 2] ) c SOLYE FOR HINGE-ANGLE ACCELERATIONS INOM-TERM., APPENDAGE}
843 4

GUlie NL=Iv~NMY

[T ER IFINMT1.EQLC) B0 TO &561

Uk DG €52 I=lsNL

Gyt 00 352 K=Z1aNMT

E48s. ALET K =0,

a4y B0 BS2 LZ1sNNWT

ESOs LLEINL+L

ESl« 652 ALAT K ISALA Dok I AU IsLL) %A LK)
ERZ* Do ES54 I=1eNL

653 00 5S4 Kz ]laNL

ES4# REtIsKIZD.

685 00 55Y L=1sNMY

656 LL=NL+L

651 ESd AZATaK)-AEL TaKY+ALUTIwL e AILL VK
58+ (5] AEIeKI1ZA1I 4K =BEITeK])

653 0Q 556 I=Z1.NL

Eelw ECHtIN=l

B61e 00 855 L=LsNMT

EoZ LLZNL <L

BE&3» BSE ECATI=gCAI)+ALIT L) EEILLY)

AL L] E%6G EECIYZEENIY-ECHI)

I EL] 5561 CONTINUE

EEE* CALL SCD42sVaNLaEE eV vl 3929 WPKE
bate c

1Y c SOLVE FOR HINGE-ANGLE ACCELERATIONS | FERM. APPENDAGE}
BEJe C

60 IFINMYEQ.GY GO T0 6581

G511 DG &5 Iz1«NMT

612s II=NL 1

B?3¥ ECII)ZEECTIL

BThs BD €57 L=1wNL

1% 657 ECITIZECLII-ALLITIsLEeEEILY

E16e DD €58 Iz1eNMT

E11» II=NL+]I

678e EELITIN=D.

513 D0 E58 LzlsNMT

[ 1 658 EEVIIJCEECITI#ATREvL FoECHILY
541 6581 CONTINUE

6BZ* C

E81s c RECONSTRUCY S0.UTION VECIOR IN QRIGINAL ORDER
£8u4s 4

ol5e EC111zEELL)

kG ECEt2)=EE12)

581 EC{3II=EEL D)

6gax L=3

‘R kL D0 559 K-1+8H

630 IFLUTItKY JEQ1)ORGIPIUKYLERALIE GO TO B55
B3l L=L*1

632 ECEIK+*IICEEIL)

533 €53 CONT INUE

BE34=» L=NL

G35 00 561 K=]eNH

BE3E* IFICIT K REW1 ) ORIPItKILEQ.1)) GO TO 661
5§37 [T |

698 ECtK+3IZEEIL}

6 39 661 CONTINUE

160 00 662 K1 eNH

0t IF{PIIAT.NEL1) GO TO 652

102 ECIK4ZIZGHOOIKD

1G3s 662 CONTINUE

s 92 CONTINUE

105» RETURN

b END
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