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Development of Dynamlcs and Control Slmulatlon

of Large Flexible Space Systems

J.Y.L. Ho* and D.R. Herber’r' B S
Lockheed Missiles and Space Company, Siunnyvale, California

This paper presents the development of an analyncal formulation and general-purpose dynamlcs and- control

simulation program for large flexible multibody space systems. All of the bodies are structurally flexible and in-

terconnected by gimbaled hinges with torsional springs and dampers which allow large-angle articulation. Con-
trol forces and torques may be applied at specified locations on the bodies or about certain gimbal axes.
Dynamic behavior of these flexible interconnected bodies with time-varying boundary conditions is modeled by

the quasistatic approach. System dynamics nonlinearity is lmeanzed by the perturbation method which separates i
the nominal motion of an imaginative all-rigid system from the perturbed motion, mfluenced by structural flex- . -

* ibilities. The direct path method can efficiently transform.the mdmdual body dynamlc variables into system

dynamic variables through rigid and elastokinematic relations and systematically couple the ngld-body motion
with structural vibration. The linearized system dynamlc equatlons of perturbed motion. have tlme-varymg coef-
-ficient matrices as functions of the nominal motion. Both Newtonian and Lagrangmn approaches are dnscussed
to bring out merits and drawbacks in formulatlon derivation. This program, named ALLFLEX, is mterfaced
- with a structural dynamics program for modal information transfer and a generallzed stability analysxs program

for control system design.

Introduction

OR more than twenty years, the aerospace industries and
research institutes of the world have made great progress
in satellite development and space venture. In recent years, the
size and topology of spacecraft systems have grown increas-
ingly larger and more complex. With the success of Shuttle
flights, the future space structures, platforms, or stations to be
delivered, deployed, and assembled in space will have ex-
tremely large dimensions and very complicated configura-
tions. The future NASA Space Operation Center, as shown in
Fig. 1, is a typical example of a large flexible space system.
The payloads of such a multibody system may have separate
maneuver and pointing requirements, such as solar array -to
face the sun, antenna to point at control stations, telescope to
focus at stars, and mirror reflectors for guiding laser beam to
shoot at high-speed moving missile targets, etc. For reasons of
weight saving, the efficient design of such systems, which
pushes the limit of material strength, will result in low mass-
to-size ratio, large inertias, and relatively low structural rig-
idity. Since many system frequencies may fall within the re-
quired control bandwidth, interaction between control
- dynamics and structural vibration will inevitably take place.
To meet the mission requirements of these multibody systems,
the designers must focus their attention on the interaction be-
tween structural vibration and system dynamics and control.
Therefore, the main objectives of this research and develop-
ment study are to advance the state-of-the-art in three major
areas; namely, the dynamic modeling of all flexible multibody
systems, the linearization of system dynamic equations, and
the development of a general-purpose flexible multibody
dynamics and control simulation program. With these
capabilities available, we shall be in a better position to con-
duct the iterative design studies and improvement.
The multibody dynamics problem has been investigated by
many in the past. Since Hooker and Margulies did their
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-pioneering work on rigid multibody systems, Likins has been

one of the most influential leaders in research and develop-
ment of this fascinating field. Many scientists, engineers, and
researchers in aerospace industries and universities have tack-
led this problem from different points of view using different
approaches. The development of dynamic modeling and equa-
tion formulation of multibody systems can be categorized into
the following stages with progressive difficulties. They are the

" two-rigid-body system,! all rigid topological tree multibody

systems, 219 cluster system with one rigid central body and
many flexible appendages, topological tree multibody systems
with rigid interconnected bodies and flexible terminal
bodies;!!"17 all-flexible chain system,!®!® and all-flexible

" topological tree multibody systems.?2 The best survey of

history of development on thls subject can be found in Ref.
23.

In order to derive the system dynamic equations, two im-
portant tasks must be carried out carefully. The first is to

" transform the individual body dynamic variables into a com-
~mon set of system dynamic variables. The second is to

eliminate the interacting forces and torques at all hinge points.
When the interconnected bodies are rigid, the kinematic rela-
tions for variable transformation are rather simple; but when
they are flexible, all the relative elastic translation and rotation
among hinge points in each body must be taken into con-
sideration. Therefore, we need the elastokinematic relations to
accomplish the task. From the physical point of view, the ab-
solute pointing accuracy of the outer branch bodies are depen-

dent upon not only the gimbal angle control but also the

elastic deformation of the inner bodies in the system. The all-
flexible modeling will give us more accurate 51mulat10n results
than its predecessors. -

Quasistatic Approach

The dynamic behavior of a typical flexible interconnected
body with at least two or more hinge points is governed by
partial differential equations with time-varying boundary con-
ditions. Since the origin of body coordinates can be defined
only at one of the hinge points, there will be relative elastic
translation and rotation of other hinge points caused by the in-
teracting forces and torques from adjacent bodies. A simple
set of modal functions is no longer adequate to satisfy both
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the dynamic equations of equilibrium and the time-varying
boundary conditions. The quasistatic approach'®20 is very
suitable to handle this type of problem. The dynamic equation
of equilibrium of an elastic body is generally composed of
three terms; namely, the elastic, inertial, and external forcing.
When the inertial term is temporarily removed, the equation
becomes quasistatic. This' approach suggests that the
displacements of a body be decomposed into the quasistatic
and homogeneous parts. The quasistatic part will satisfy the
quasistatic equation mentioned above and the time-varying
boundary conditions. The homogeneous part will satisfy the
homogeneous equation (which only has the elastic and inertial
terms while the external forcing term is removed) andthe
homogeneous (zero) boundary conditions. The quasistatic
field point displacement associated to the time-vdrying relative
hinge point translation and rotation is the dominant portion
of total displacement. The homogeneous field point displace-
ment associated to fixed hinge points is merely secondary ap-

" proximafion and its series of solution will converge very
rapidly. Both quasistatic and homogeneous modal functions
(data) are standard outputs from regular structural dynamics
programs )

Perturbation Method

" The system dynamics in general is nonlinear because of
rotational motion which creates the double omega-cross effect
(i.e., double cross product of the angular velocity vector &)
and also the nonlinear trigonometric functions of gimbal and
mounting angles in the coordindte transformation matrices
between bodies. In order to provide better interface with the
control system design, it is highly desirable to have the
linearized system dynamic equations available so that stability
analysis can be performed. The linearization of dynamic for-
mulation is handled by the perturbation method, which
assumes that the total motion is a superposition of nominal
and perturbed motion. We first temporarily ignore all the
distributed structural flexibilities in ‘the bodies. Then the
dynamics should be nominal, and the nominal motion, xV, in-
cluding nominal rigid-body translation and rotation, is
governed by the nominal equation, ANXN=FN(xN,xN,¢).
With the additional structural flexibilities, the whole system
must be perturbed from its nominal position and orientation.
In addition, each body -also will experience dynamic elastic
deformation due to quasistatic motion and natural
homogeneous vibration. All of these are called the perturbed
motion, xP. Because the perturbed motion is much smaller
than the nominal motion and its second-order effects can be
neglected, the dynamic equations of perturbed mniotion,
APXP + BPXP 4 CPxP = FF, will be linear. However, the coeffi-
cient matrices, A7, BP, and CP, are functions of time-
dependent nominal motion.
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Fig. 1 Multibody system of Space Operation Center.
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Direct Path Method

The direct path method!%!? is used to devélop the complex
kinematic relations which will handle all' possible system
topologies. The direct path is a body path from the main body
to a specific body which may contain certain groups of bodies
in the system. Kinematic relations are based only on the inter-
relations among each group of bodies in the same body path,
and not all the bodies in the system. In addition to the in-
cidence matrix which umquely defines the system topology,
the limb-branch miatrix is also used to define the immediate in-

“terbody relations. The combination of these two matrices can

efficiently keep track of which branch body is causing what
kind of quasistatic motion to its limb body and how is it in-
teracting with the effects of other branch bodies through
structural flexibility coupling.

The elimination of interacting forces. and torques for a
general multibody system presents difficulties to most in-
vestigators. The reasons are given as follows: Since the deriva-
tion of dynamic equations for individual bodies by either
Newtonian or Lagrangian approach is rather easy, most peo-
ple will naturally take this first step. But the interacting forces
and torques remiain in the equations. Even if the proper trans-
formation from individual body dynamic variables to system
dynamic variableés by kinematic relations is performed, we still
need to conduct considerable rearrangement of equations
before the interacting forces and torques can be eliminated by
the equal and opposite counterparts of the adjacent bodies. In
this analysis, we are taking advantage of system kinematic
relations by the direct path method and deriving the system
dynamic equations d1rectly Tedious-elimination of 1nteractrng
forces and torques is no longer needed.

Both the Newtonian -and Lagrangian approaches are in-
vestigated by the authors. Formulation by Newtonian ap-

_proach is chosen to be presented in this analysis because it is

more straighitforward without loss of physical sense in every
step of the derivation, The Lagrangian approach does have its
merits because once the systein kinetic energy, strain energy,
and rate of change of damping energy are formed, the rest of
the work will simply be partial differentiation. The drawback
is that in forming the kinetic energy, we need the products of
velocities which require the second-order terms of the per-
turbed quantities.. Naturally it complicates the derivation,
however, the identical final formulation can sérve as 1ndepen-
dent checks for the Newtonian approach.

In summary, the direct path method enables us to g0
through both approaches from the system level. Its grouping
capability for direct position vectors can systematically
organize the contribution of ‘individual body dynamics to
system dynamics. It also enables us to derive the system
dynamic equation in a rather compact form.

Multibody System Definition

The multibody system is a collection of bodies intercon-
nécted to each other by gimbals, as shown in Fig. 2. Bodies are .
branching out from the main body like a tree into diffetent
levels. Bodies are identified by body numbers from 1 to N.
The main body in level 0 is named body 1. Bodies which are
directly connected to body 1 are called the level 1 bodies and
named body 2, body 3,...,body (N;+1). Bodies which are
directly connected to any level 1 bodies (but net to body 1) are
called level 2 -bodies and named body (N,;+2), body
(N; +3),...,body (N, +N, + 1), etc. The numbers of bodies in
various levels, N;,N,,..., are system dependent. When body 1
is directly connected to the rest of the bodies, the system is
called a “‘cluster.”” When bodies are connected in series, the
systém is called a ‘‘chain.”” A ‘general topological tree
multibody system is anywhere in between these two extreme
cases. Let body j be a typical ‘“‘interconnécted body’’ in level
m. Then it may have only one ‘‘limb body,’’ say, body i in
level (m—1); and many ‘‘branch bodies,”’ say, body s, body
t,... in level (m+1). When a body has no branch body, it is
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,called a -“terminal body.’” The system topology may be
uniquely defined by the ‘‘incidence matrix.””

=1 when body v belongs to direct path 1—j

=0 otherwis¢

The mterbody relations are deﬁned by the “‘limb- branch

matrlx
1}"’ =1 when body ¢ is an immediate branch body of body J

=0 otherwise ,

Motron of a Body

. The motron of each body is composed of three parts; namely,

the orbital ‘motion,. the' nominal motion, and the perturbed
rnotron They are discussed as follows: Let O,, O,, O;,
X%, e, e, and e}, be the origins, coordinates, and unit vectors
of the Earth reference, and body j, respectively. The orbital
translation is represented by -the orbital position vector
R’— tef =0, O, and it is governed by the orbital dynamlc
equatjon

=0 S

where ;‘-KGM / |R’I3 KG is the gravrtatronal constant, and
M, is the mass of Earth. The orbital rotation is represented by
the angular veloc1ty and acceleration vectors of the reference
coordinates, &" =wie] and &' =le].

The nominal motlon of the system is based on the assump-
tion that all the distributed structural flexibilities in the bodies
are ignored temporarrly Bodies will take theif nominal posi-
tion and orientations. The hinge point O; between body j and
its imb body, body i, is chosen to be the orlgrn of the nominal
body coordinates x4. The nominal translation is _is represented
by the nominal posrtlon .vector, R/ = Rf ¢, =0,0; and the
nominal field point P; with respect to 0 is defmed by
F =rhef = O;P;. The nomlnal rotation is represented by the
normnal angular velocity and acceleration vectors, & = w,’ge{g
and & = wf,e’ It can also be represented by the nominal gim-
bal rotatronal angles % about the nonorthogonal grmbal rota-
tional axes X (AM=1,2, 3) and. their time derrvatrves For the
main body, body 1, these angles are s1mply the roll, pitch, and
vaw ‘Euler angles.

When the distributed structural ﬂexrbllmes are taken into

consideration, the positions. and orientations of the bodies

must be perturbed sllghtly from their nominal positions and
orientations. The ongm (also hinge point) of the instan-
taneous coordlnates x,/’ is now at O/. Each body also will ex-

: Body .
Coordinates

Reference
Coordinates
Earth

Coordinates

l*“ig. 2 Typical multibody system.
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perience elastlc deformatlon The perturbed motlon contains

. the following five parts: .

1) Perturbed rigid-body translation (Fig. 3a). It is defined
by the perturbed rigid-body displacement vector AR/ = ARJ e
which also applies to all the field points before any rigid- body
rotation takes place. The instantaneous position vector from
O, to O'w1ll be

Ri'=Ri'e = OO =R+ AR/ @

2) Perturbed rigid-body rotation (Frg 3b). The mstan-
taneous body coordinates x/’ are turned slightly from the
nominal body coordinates xf ‘by the perturbed rigid-body
rotational displacement vector Ay =Ayheh. The corres-
ponding unit vectors are related by

ol = (6o~ AFg)el o @)

where 60,5 is the Kronecker delta tensor and Al[r{,B is the skew-
symmetric tensor of Ay Hence, the position vector of a field
point (before any elastic deformation) will be

’ﬂ"=rf’ei’=ﬂ'+AxVxﬁ : @

The perturbed rigid-body rotational drsplacement vector A/
is also related to the perturbed gimbal rotational angles
Af? =Af6%e¥ and the quasistatic rotation of body v [to be
discussed in point 4 and Eq. (15)} which belongs to direct path
1—j. The total gimbal rotational angles will be

B=REAK =123 )

3) Quasistatic' translation (Fig. 3c). All hinge points, 0;,

"O,,..., are constrained from any relative translation or rota-

tion w1th respect to each other, except O, is allowed only the
pure quasistatic translation q’” —qﬁ'T‘e' with respect to Oy,
but no rotation.. The field point at # will be dlsplaced
quasistatically by

‘

E S gl ®

where &@”(5#1,2,3) are called the trans‘lational quasistatic
modal functions.

(a) Perturbed Rigid Body Translation

Va2

(b)Perturbed Rigid Body Rotation

- (e)Homogeneous Hatural
Vibration

Fig. 3 Perturbed motion of a flexible interconnected body.
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4) Quasistatic rotation (Fig. 3d). All hinge points, O;
O,,..., are constrained from any relative translation or rota-
tion w1th réspect to each other, except O, is allowed only the
pure quasistatic rotation ¢/** = qJR‘e' with respect to x4, but
no translation. The field point at # will be dlsplaced
guasistatically by

3
iRt E _éR’%Rt )
g=1 .

where q'S"R’ (8=1,2,3) are called the rotational quasistatic
modal functlons

5) Homogeneous natural vibration (Fig. 3e) All hinge
points, 0;, O,, O, ..., are completely constrained from any
relative translation or rotatlon with respect to each other. The
body is vibrating naturally and the field- pomt at 7 will be
displaced by

Ilj V
= E &/ a" ®

where ¢{, (t=1,2,...,n;) are called the natural vibration modal
functions, and gj¥ are the associated time functions. The
choice of number of modes, #;, for each flexible body is prob-
lem dependent s . ‘

Position Vector of a Field Point

The position vector of a field point in body J w1th respect to
O, of the Earth coordinates is

pi=R +RI+F+AR +AY X7 + Enﬂ(ul"+ulRf)+uJV

‘ = ©

System Kinematic Relations

The system kinematic relations are governed by the follow-
ing set of direct position vectors from the nominal hinge point
O, of body v to the nominal mass center Q;, hinge point O;,
and field point P; of body j as shown in Fig. 4.

gV = Eeplgp(.l) OQ,

p=v
§'04=0,0;=g"0 -d
§V*=0,P=g""-d +7 10)

where

[P0 ~eg0ep =i =0,0, .
(p#))

'g{'(j) =tjVe,=d =0,Q;

-p(3)_ypb . o
£ h e

Fig. 4 Kinematic relations among bodies.

J"
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The rigid kinematic relations for the nominal variables are

Ri=R!+g'08;  Ri+fF=RI+g10* oy

2 - P
@P= Y, e (8 +GY-0Y) (12

where the gimbal transformation tensor is
= e§Gy e a3

and the nonorthogonal reciprocal base vectors es* are reJated
to the nonorthogonal base vectors e% by er*-ef=4,. G-
will project the relative nominal glmbal angular velocity
= 0§e 2 onto the body coordinates x§. The elastoklnematlc
relatlons for the perturbed dynamlc vanables are

AR =AR! + E _epfimzﬁ x £20) —A{V'xd"'

p=1
Jo o . ’
+ Y, ) npbebigete , a4
p=1 b=p
D _ D D . ;
AJP= ), ®GP-AGY+ Y, ) qeePgire (15)
.ou=1 ’ v=1 ¢=v

AR +AY X7 =AR'~ E e’”g”“’ *x G*-Af

v=1

JoJ ’ .
+ E E nv.tetj(q-th,_g-t(i) * qut) (16)
v=1 t=v ’

Position Vector of a Field Point
in Terms of System Dynamic¢ Variables

Using the above kinematic relatlons, the position vector is
transformed into .

p"—R’+R1 +g1ﬂi’*‘+AR1— E €Ugri)* x G- AG?

=1
Jj N 3 § v
E E E Tr(l) quTt +&_’.rvRtU)qut)
v=I t=v =1
i M N
+ ) Y aprogy a7
v=1 =] ) ’

where the body j’s contributions to the system modal func-
tions are

YTV = UG + elel
5‘x RHG) = 51 g JRE — i gtUD % x g3
TP =gy (18)

Acceleration Vector of a Field Point
The acceleration of a field point in body j will be

a == Foihed » (19)
where the total time derivatives are rather straightforward.

Environmental Disturbances
There are many environmental disturbances to the space
system, such as gravitation, solar radiation, aerodynamic
drag, maghnetic dipole moment interdction, etc. We shall only
present the gravitational effect where the disturbing force vec-
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tor on unit mass of body j is

fé= —;‘{R’+Q- [I§1+g1(’7.*+AR’—— E et gui)*
: v=1

29)

i Mz”

3
X G- A E ut(fith([) qETt +90 ng(,) q,’;R’).
v=1t B=1 ) )
J Ty ) , .
+ %X sr;z"mng]} (20)
v=1 ¢=1 .

where f=6- 3ee and e=R’/|R"| =unit vector along R,

Control Forces and Torques

The control forces at the. specified locations A® (i=
L1,2,...,N;) in body j and the control torques about gimbal axes
XiE of body u are decomposed into nommal and perturbed
portlons as follows:

Flc(t) ! = Fied 4 AFic® T = T + AT (21
They may be in the form of reaction jets, control moment
gyros, or s1mply torquers.

System Dynamic Equations

Derivations of system dynamic equations are based on
Newtonian apptoach which is to balance forces, torques about
various gimbal axes, work done, and energy dissipated and
stored that are associated to various quasistatic motion or
natural v1brat10n. ‘They take the following forms:

J.Y.L. HO AND D.

Physical] [structural] Jorbical System g::gﬁoxxif\;‘ Initial
Data Modal Dat. Dyn. D iti
atal )fn atal - | Topolog Matnces . | Conditions|
Gimbal
Rotational
Degrees of §.A /1 A
IFreedom . l
Nominal - Perturbed|
J MY State State
Variabled] Variables
r\_JV;_I_/EJ
& . 11—
Time~Indep. Time-Indep] Gimbal Coord.,
Rigid Body Flex. Body Transf. Transf.
Mass Prop, Mass Prop. Matrices; Matrices
T
ystem
pody Aneula Feedback]
- Ae ocity ane Control
’ LAce: Vectorsy | Design
Time-Dep. Time~Dep. Direct Position
Rigid Bod Flex. Body} . Vectors and
fMass Prop.| Mass Prop . Derivatives
! l Generalized|
System Rigid and Flexible Mass Stabilé:y
Damping and Stiffness . Analysis
~T Program
I ¥ .
Output System Nominal System Perturbed |
Station Dynamic Equations) Dynamic Equations|
Modal Dataf ~ R e
System Nominal System Perturbed |,
State Variables State Variables
N T

' S )

LSystem Perturbed Motion'

i )
ISystém Nominal Moti,onl

- System Total Motion

Fig. 5 ALLFLEX multlbody dynamlcs and control simulation. com-
puter program

N
e+ ) §(@ —FO)dm = e - F’ (6=1,23) (22a)
j=1 . ) : .
e"g G"m E “JSL”U) X (¢ -—ﬁo)dm’ + V"g(ﬂ" + AB“)+K“g(0“ +A0") ey G“(T) Tue! + Ty
. Jj=u
“(u=12,...N; p=12,3) (22b)
‘ N N N 3 .
7 E e {S(qusU) + AP XmuTS(j)) (& = F%)dm + E E E 5""m”nvt(KZ§Ts'q§Tt
j=u ) v=1 t=pv B=1
+ Qg'l‘ quTt+KvTRstqut+ VvTRst uRt)} usqus (u=1,2,...N; ‘s='u,...N; 0{=1,2,3) (22C)
7 L e {JE0 + AP x KIS0 (@ 710
Jj=u . ’
N N 3
+ E E Z s“vmv vt(KvRTstqu‘t+ VvRTst th+ Kv)gRstqut_}_ vaRstqut)} usewu.kt
v=1 t=v B=1 .
w=12,...N; s=u,..N; a=123) (22d)
N N Ty
E {S(xu!’(/) +A¢” gxuV(;)) (@ _ij)de+ Z Eé""m”(K"VVq + VEIVV(HV)} =WzV
j=u v=y =1
u=12,..N; &=12,..n,) (220
where :
N N N N ) -
CFr= Y Y PO =Fr i A, Teer= )60 ) D40 x f0 = T 4 AT
j=1 i=1 Jj=u 'i'.=v1 .
N N N N NN _
WuTs = Y e Y LUTS0D . fied ! Wuks = Y e Y CuRSG) . fic® W= Y e gr VG . fiie 1
* j=u  i=1 ' j=u  i=1 j=u =1 23)
v -y ' ;N 3 iMoo
Eu(j)=g"u(j)#_ E ngv(i)*xGU ABY + E E E vz(vat(/)quTt+grvRt(;)qut)_l_ E E(m;}Vo)ng) 24)
- v=u v=u t=v B=1 v=u I=]
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L[H0) = Fu,  FuTSG) = T, GuRSG = [9CHRS0), 9cuV<m =" when /7 = F0. 25)

K32, V& =torsional spring and damping constants about gimbal axes xie
Kyxst; V”X Yst = generalized stiffness and damping matrices of body v for quasistatic motion (X, Y =T, R)

K3YV;ViYV =generalized stiffness and damping matrlces of body v for natural vibration

A = - u
GD = ee*GU(Del, = transpose of G

System Dynamic Equations of Nominal Motion
The system dynamic equations of nominal motion are:

s : —&-D'x G- (R
L T Myt ‘I-----------------—-"----———--""" e
e.G"D .D" xe, o e GuD .. GY g4t J U &
y - 2e- (o xé€) S = (D_”xC:'}”"+ﬁ”0+'é”‘) e Y (R
+mT ___________________________ L_________'_——"'""'"__'__"___"——— T 7T '
265 GUD DU x (@ xef) | e GUD L ([0.GO 4Gy e ) | 6
+ (1/my) 85, V3¢
e (A +{Q)-¢ : 0 Y (R
+myp |- :' ““““““““““““““““““““““““““““
e“g G"(T) D"x(A’-’-g’Q) e (1/m7)6"U5 )\Kvg J 0)’)\

(0=1,23;u=12,.. N‘u—123)(sumon'y—123'v—12 N3 A=1,2,3) - (26)

where A7+ =&f x + @& X&' X, and superscrlpt 0 means the total time derivative. Since the orbital dynamic equation, Eq. (1), is im-
plicitly included in (& —f JG) this part of equ111brmm separated immediately. Furthermore, the system dynamic equations of
‘nominal motion are included in Eqs. (22a) and (22b). They can also be separated easily from the system dynamic equations of per-.
‘turbed motion. )

System Dynamic Equations of Perturbed Motion
- The system dynamic equatiOns of perturbed motion are:

g e it S WA ol 2 )
mr| eGP Dixe | ep GG | oep G T Ak
L"_""_"‘f,i)}{_—f;:e'g __________ E "“'_'_""—)—;?;i.s'—_ul_.‘f}if;ﬁ} —————— E M-y P
(s@xe) e DxGher G (AR )
____ | | e GMn (G |
e .GHD DX (@ xE) | Gy -eE | e GuD puere | Ady
+2my i | :
I N4 S SRR b S 8
““""‘I;JXs I (ar xer) :: (FeXs—vx . GO E CuXs—v¥t v AL
L 5 + BV .G g8 Y A J
o —e’.-[(D"x(:;”)“’ J

!
_ o i
e (A +¢y ¢, 1
. . . ¢
]

_________________________________________________________________

' A = = = = |
) o ) : e““g.Gu(T)-. [I"”-Gv“’ +2JW'GU0 :
tmp| G Dix (Al | HEURES) Gl L gy AR

)
e e = E ‘ [ Juxs—vx. Goe i uXs vyt
. " i z = Lo I g - |
yuXs—1x, r Jar . T L . X !
YuXs=I* (AT + m) e :l  2BUXs-ux  GUo. 4 (PuXs-vx i + pQXs oYt/ Al
) i . ) . t
’ ! - : | .
L :' -_’_,g-ISl’ans—v*/)_Gu] .e;;\g :. +6MUMUK;1n);Yst ) L y
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The rigid-flexible coupling system properties are
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where
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Resultant Control Forces and Torques
The resultant control forces and torques are.

N N
F= Y, Y Feo
j=1 i=1
NN
af= Y Y apeo
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N N
Tue = E e LU ¢ fieti)
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N Nj 4 ’
XuXs = qus E W E L usUi) . fiicti) 7 (38)
. j=1. =1 ~ :

Gravitational Effects

All of the gravitational effects in system dynamic equations
are associated with the constant {. Due to page limits of this
paper, we shall only list a few.
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Co‘mputer Program-Development

, A general-purpose multibody dynamics and control simula-
* tiofr computer program, called- ALLFLEX, was developed

* from the'above analysrs The program structure and computa-
. tional logic are shown i Fig. 5. A central executive subroutine:. |
“““regulates the execution.of second- level subroutmes whlch have -

- the following functions.

‘1) ‘Simuilation input data mclude. system topology, hlnge-' ‘
o-hmge ‘vectors. and mountmg matrices; physical ' data

- ~(mass/mass$ center/mertla) of individual bodies; flexible struc-,
_.tural'modal data; degrees of freedom of gimbal rotatlon, or-.

- bital dynamlcs mformatron, and state vanables initial
“-conditions." .
2) Calculations of tlme-mdependent rigid and flexible body
mass properties of individual bodies are off-line computations
~-which are the main interface with structural dynamics pro-
grams (SPAR and NEPSEP). The resulting compressed modal
~ data have much smaller dimensions and the on-line computer
storage space is minimized.
3) Because of large-angle articulation between bodies and
the dynamic elastic deformation within bodies, the system
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kinematic relations, such as the coordinate and gimbal
transformation matrices, angular velocity and acceleration of |
individual bodies, and direct position vectors and derivatives
are all time-dependent by nature. They are updated by the
feedback of nominal and perturbed state variables. -

4)- The angular velocity and- acceleration of individual
bodies will transform the time-independent mass properties in-
to time-dependent mass properties. This information, together
with the system kinematic relations, will determine the overall
system properties.

5) Matrix formulation for the system dynamic equations of
nominal motion and perturbed motion are coded separately.
Integration steps for nominal state’ variables and perturbed
state variables can vary because of the difference in dynamic
behavior. The nominal state variables are also required by the

" perturbed dynamic equations to update the coefficient

matrices.

6) System nominal motion and perturbed motlon are com-
bined to form the system total motion. Program output in-
cludes the translation and rotation of each body and the
dynamic elastic deformations at any specified location in the
bodies. Output station modal data are needed for these
calculations.

7) Provisions were made to add the nominal and perturbed
control forces and torques for system feedback control.

8) Coefficient matrices of the linearized system perturba-
tion equations will be inputs to the generalized stability
analysis program (GSA).

P
Discussion and Conchision

The complexity of this multibody problem comes from two

sources. The first one is the system dynamic equilibrium. The

time-independent and dependent rigid and flexible body prop-

~.erties defined in its moving body coordinate frame must be .

transformed into the system properties through rigid and
elastokinematic relations. When they are written in the matrix
formulation for computer program development, proper in-
sertions .of coordinate transformation matrices, which are
nonlinear trigonometric functions of mounting and gimbal
rotational angles, must be handled with extreme care. Deriva-
tion -of -system dynamic equations should be kept at the
topological tree level. Inserting sines and cosines in the
analysis will not only lengthen the equations but also cloud the
issue. The second source comes from the system topology. All

“quantities in the analysis are defined carefully with unique

superscripts and subscripts. The superscripts for defining the
interbody relations and various interactions among quasistatic
motion and natural vibration are playing different levels of
tensor1a1 interrelations from the subscripts, which represent

- the components of dynamic vectors and tensors as well as

modal ‘numbers. Proper definitions of these  quantities are

_essential to the success of general-purpose program develop-

ment. Any simplification may reduce the generality of our

" simulation capability and it is really defeating the purpose of
- understanding this complex problem.

The system dynamic equations have represented the com-
plete coupling among rigid-body translation and rotation, the
quasistatic translation and rotation, and also natural vibra-
tion. The coupling scheme is based on the super-parallel axis

‘theorem. The mass.center, inertia, and modal effects for each
.body are’ first calculated with respect to the origin (i.e., the
" ‘hinge point) of the body coordinates. Then, with the help
““from. incidence: matrix and- limb-branch matrix, the direct
_ position vectors are able to transform the dynamic effect of

one body to another location in the system. In addition to the -
system stiffness and damping (i.e., K’s and V’s), the nominal
motion is also influencing the stiffness and damping terms of
the linearized perturbed equations. These effects are called the
dynamic stiffness and damping. When we freeze the time, we
may determine all the poles and zeros in the system. Large-
angle articulation will cause the changes in system



MAY-JUNE 1985

characteristics and, thus, changes of all the locations of poles
and zeros. Obviously the more violent nominal motion or
drastic change of direction of motion will excite more per-
turbed motion.

In conclusion, this analysis and simulation computer pro-
gram have provided us with a useful tool to study all of the ef-
fects mentioned above, through which we will be able to
design a better control system to meet the fast maneuvering
and fine-pointing requirements. In the future development of
large flexible space structures, the system properties such as
mass center, inertias, flexibilities, etc., at each stage of con-
struction will have different dynamic behavror ‘and thus re-
quires different control design. This simulation capability is
very versatile in making changes of system topology.
Therefore, itis useful to the 1terat1ve design studies and system
improvement.
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