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Abstract. The deployment of a solar array is simulated using the multibody program
SIMPACK. The analyses are performed for 500 real-time seconds, which contain the
three deployment phases, (1) jump-out, (11) steering phase and (I11) deployed phase. The
goal of the simulations is to check the influence of the flexibility of the solar array on
the solar generator motions during these three phases against results obtained by a
rigid body model simulation.

The modelling of flexible bodiesis based on the widely used method of floating frame
of reference formulation applying global shape functions (Ritz method). The
preparation of a proper set of shape functions to represent the flexibility of the yoke
and the six solar panels is one of the main objectives of this paper. For each of the
components, eigenmodes and static modes for various boundary conditions are
computed using the finite element program NASTRAN.

For a good convergence of the Ritz approximation with a small number of shape
functions, the shape functions are selected using participation factors, that are com-
puted for various load cases prior to the time simulations. The load cases are obtained,
for example, by arigid body simulation of the deployment phases. The proposed
method of shape function selection using participation factors is demonstrated by
examples.

1. Introduction

The deployment of a solar array as shown in Fig. 1 is one of the critical moments for a
satellite structure. Therefore, ssimulations are performed to gain knowledge about the various
structural loads during deployment. The model presented here consists of the central body of
the satellite, along with a yoke and six panels, which are connected by revolute joints and
deployment mechanisms. The central body isinertially fixed.
The deployment is undertaken in three phases:
| In phase one — called jump-out — the completely folded solar panels are freed from
their fixations, and then deployment springs drive the solar generator open against the
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Figure 1 Scheme of the solar array of a satellite with the central body, the yoke and the six panels.




flexible cable mechanisms between the bodies. After some oscillations damped by
various friction, a static equilibrium configuration of all the bodies and mechanismsis
reached. This phase lasts 250 seconds.

Il In following steering phase, a motor gear unit controls the further deployment until
all panels and the yoke lay within one plane and get locked in this position. This phase
lasts 110 seconds.

[l In the locked and plane configuration the solar array performs a damped oscillation —
deployed phase. The three phases take 500 real-time secondsin all.

In addition to the fast rigid body simulation, a simulation with aflexible yoke and panels
is presented. The simulations are performed using the multibody program SIMPACK, which
is based on an O(n) formalism and the floating frame of reference formulation [9]. As a
consequence, the motion of aflexible body is areference motion with superimposed small
deformations using the Ritz method. The mode shapes and their corresponding mode shape
matrices are pre-computed from results of afinite element analysis of the flexible body and
are converted to the so-called standard input data (SID) [18]. The pre-processor FEMBS [19]
calculates the SID for various FEM programs; the SID may also be imported by various MBS
programs other than SIMPACK.

A known difficulty using the Ritz approach is the choice of proper mode shapes. The
paper discusses the selection of mode shapes for various boundary conditions; the specific
reference frames are referred to as Buckens frames, rigidly attached nodal frames and three-
point body fixed frames. Normal vibration modes and mode shapes due to static loads (static
modes) are used.

In order to reduce the computational burden and to increase the convergence of the
simulation results, an efficient mode selection method is required, as is often stated in the
literature. Refs. [2, 14, 15] discuss mode selection for multibody simulation in particular.
Here, participation factors are used that are computed for various quasi-static load cases prior
to time simulations.

The paper is organised as follows:. Section 2 gives a brief description of the equations of
motion. In section 3, the modelling of the rigid and flexible solar array is presented. Section
4 discusses the mode selection and computation of participation factors and section 5 shows
the results of the simulations. The conclusion is given in section 6.

2. Brief Description of Equations of Motion

A multibody system is an assembly of bodies, joints, force elements and a global reference
frame with respect to which a body moves. The global reference frame isinertially fixed or
accelerated. The bodies arerigid or flexible and represent the inertia of the system. Joints and
force elements are massless and are attached to nodes on the surface of the bodies. They
cause forces and torques at the nodes and additionally, joints yield kinematical constraint
equations [8, 11].

The equations of motion of a multibody system are efficiently derived by multibody
formalisms that are based on data which describe the system elements and topology. Here,
the Lagrangian equations of type one are discussed They are written as n, redundant variables

of position and velocity — nyx1-matrices z; and z,, — of the n bodies and the n. constraint

forces — ncx1-matrix A — of the ng joints. The equations of motion in the so-called
descriptor formwith the dimension 2 n, + n; are given as [3]
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where Z =Z(z,) is the matrix of kinematic equations, M = M(z,) is the mass matrix,
h, =h,(z,,z,,t) isthe matrix of generalized applied forces due to stresses, gravity, body



and surface forces and torques, g=g(z,,t) isthe n.x1-matrix of the implicit position
constraint equations and G = G(z,,t) is the ngxn,-constraint matrix, the Jacobian of g.

Matrix K = K(t) defines functions of time at joints. The matricesin (1) are the sum of matrices

that describe a single body and its forces and torques (index i) and asingle joint (index s).
Thus
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SIMPACK uses a topology that forms a multibody system with a tree structure and
applies Eqg. (1) for joints, leading to kinematically closed loops. More details are givenin [9].

2.1 Kinematics of a Flexible Body

The mode of aflexible body i isacontinuum in general with internal constraints in particular
such as beams and plates or a finite element model. Assuming that the deformations are

small, a common formulation is that of a floating body reference frame {Oi,gi} and
linearised equations of deformation [10]. The total motion is a (large) motion of the reference

frame with respect to the global frame {OI ,e'} and small deformations with respect to the

reference frame. O' and O' denote the origin, €' and € the Cartesian basis of the coordinate
frames. It is noted that all vectorsin Fig. 2 and in the following figures are represented by

coordinates with respect to the basis €'.
The rotation of the body reference frame is given by a (t) and o (t), the tranglation by

pi (tand vl (t), thus yielding the location and velocity of the body with respect to the global
frame, see Fig. 2. The corresponding kinematical equations are

¢ =Ae whee A'=Al(a),
€)

=A AT o a =7 @, p=v +p w,

coordinate system { Okl eki }
in reference configuration

body i
(actual configuration)

node k on body i

coordinate system { Oki, eki}
in actual configuration

inertial coordinate system {O', e'}

Figure 2 General model of a representative body i.



where Zir is a 3x3-matrix, relating the angular velocity coordinates w with the time

derivatives of the angles a'. In the reference configuration the position of all material points
P with respect to the reference frameis given by R. Models with internal constraints such as
beams use rigid parts of the body that rotate. Their orientation is defined introducing aframe

{P, &} at P and is measured by the rotation matrix ' = ' (R) satisfying e=T" €. In the
reference configuration matrix ris mostly given by an identity matrix E. In the actual
configuration, the points P are inertially described by position p(R,t) and orientation
A(R,t). Thevelocitiesare v(R,t) and w(R,t) for trandation and rotation, respectively.

As shown in Fig. 2, vectors u'(R,t) and 9'(R,t) are introduced for translational and
rotational deformation, respectively. Thus

p=p +r',  r'=R+u, v=v + !, o=
lin ~ L lin . . (4)
e=Ae', A= (E —8')“" Al(@), @= o +9'

For ui(R,t)and Bi(R,t), aRitz approximation

dRY) =0'(R)A'(t), @ =loy| H =12 .n
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is used where (Di(R) and Wi(R) are shape functions (mode shapes) and qi(t) unknown
time functions. niq is the number of shape functions. Therefore, the variables in (2) to
represent position and velocity of abody | and its kinematic matrix are
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where n, =6+n;, is the number of position variables of body i. Substituting R by R*",

Egs. (4) and (5) describe the motion of asingle node k of body i and its frame {O"’i el as
shown in Fig. 2.

2.2 Conditions of Shape Functions and Constraints

Convergence of the Ritz method in (5) towards the solution of the partial differential equation
describing body deformation is assured if the shape functions form a complete set of
functions and if they satisfy the geometrical boundary conditions, [1]. Such functions are
called admissible functions, [6]. The expansion theorem defines the conditions, under
which eigenfunctions or eigenmodes form a complete set of admissible functions. Using
eigenfunctions violating the dynamical boundary conditions, the convergence of the Ritz
method is often poor, especially when evaluating the internal forces of a flexible body.
Convergence can be improved significantly by introducing an expanded class of admissible
functions, called quasi-comparison functions, [4, 5]. These are functions that fulfil
dynamical boundary conditions, (at least alinear combination of these functions). In practice,
the use of shape functions for static load cases (static modes) increase the convergence
considerably in addition to eigenmodes.

Thevariables z;, z,, arenot independent. Three types of constraints are considered:



a) Theconstraints of a specific model describe the internal body motions, e.g. the motion
of rigid cross sections for the Bernoulli beam.

b) In (4) twelve variables p'(t), a'(t), u'(R,t) and 8'(R,t) define the motion of the
coordinate frame {P, €} . Therefore six constraints are still required to compute the

position and orientation of the body reference frame.
¢) Joints between nodes of the bodies and of the global frame lead to constraint equations

depending onz, and timet.

By considering the selected shape functions @' (R) and W'(R) of a flexible body
introduced in (5), the constraints of type a) are satisfied automatically. For the constraints
defined in b) the following body reference frames are frequently used:

i) Tangent or node fixed frame at node R = R yields O' =P(R=R") and € =
e(R = RM) and thus applying (5)

uRT )= (R™)g't)=0 and 8'(R™,t) =w'(R™) q'(t) =0. 7

ii) Frame, which is based on three body nodes R™, R? and R® and so-called chord

frame. The origin is given by O' = P(R =R"™), the basis € is oriented on the planes
expressed by the three nodes. Thisyields the following six conditions

(RN =®'(R™) g () =0, up(R%Y) =®(R*) q'(t) =0,
Us(R?,1) = B(R%) g'(1) =0, us(R.1) =@(R%) ¢ (1) =0. ®

iii) Tisserand or mean-axis frame at the center of mass CM' of the deformed body and its
basis € rotates so that the relative angular momentum H} = 0. In addition to Ry =

0 these definitions imply that the relative linear momentum Jiy = 0. Jly and H!y are
given by

Ja = [Udm=Ciq =0, Hig :I(ﬁe +01)i'dm = (Clo +Cl(a) &' =0,
Vi Vi
and Ci= [® dm, Cjp= [Redm, Cir1:J’(¢iqi)~CDidm.
i v o (9)

In (9) Vjisthe body volume and dmis the massincrement. A linearized form of (9), the

Buckens frame, only takes into account matrix Cl.

The six constraint equations due to the reference frame given in (7) to (9) can be satisfied a
priori by using corresponding boundary conditions for the shape functions. Thisisillustrated

by the following examples: The mode shapes of a structure, which is clamped at node RF
satisfy (7) because @ (R™)=0 and W (R™)=0. The chord frame is applied by using
mode shapes of a simple supported beam of the length /', where @' (RFi) =0 and
CDiZD(IﬁZ =/ )= 0. The Buckens frame is applied if mode shapes of an unsupported structure
are used without the rigid body modes, because the integralsin (9) yield zero matrices for Cit

and Ciro. If in addition Cirl =0, aTisserand frame is obtained. Using such a specific body

reference frame, the mode shapes must be transformed accordingly to satisfy the geometrical
boundary conditions, [12], prior to insertion into the equations of motion.



The last type of constraints is related to joints and leads to restricted motions of the two
connected nodes with respect to each other. Assuming that ajoint sis defined from node | of
body j to node k of body i the relative position and orientation are given by

QS :Ekvi —Elvj :gk,i dS’ BS :BS(BS) :Ak,i A|,jT for gk,i :BS§|,J'. (10)
The relative motion given by the matrices d° = [dg] and B° = [B;] can be expressed by
(4) to (6) in terms of the system variables z, , and in case of excitations also in terms of time

t. A joint s restricts 0 < ng < 6 motions of the relative variables d® and B° and their time
derivatives and may be written in accordance with (2) as

g%(z,,)=0 and  G3(z;,t) z;; =K(t). (11)

Eqg. (11) defines holonomical constraint equations for the variables describing the body
reference motion and the deformation, [8].

2.3 Dynamics of a Flexible Body

Referring to the assumptions of the flexible body model as defined before, inertia forces,
stresses, volume forces ki (R,t) dueto gravity, surface forces pg(R,t), forces = torgques

L% dueto force elements (subscript f), and joints (subscript c) at nodes k,i are considered.
The virtual power of these forces acting on n bodies in terms of the generalised velocities

7\, asdefinedin (2) is
3P=Y 8z, (M'Z, ~hl -h;) with hj=h, +hy +h +h +h'. (12)
=1

In (12) matrix &z|, denotes the virtual velocity of zi, and M', hl and h. denote the
corresponding generalised masses, applied forces and constraint forces. As shown in (12)

matrix hia is the sum of generalized applied forces such as the inertia forces hiw due to the
angular velocity ® in (3), the gravitational forces hig dueto kio(R,t), the internal forces hie
due to body deformations, the surface forces hip dueto Eb(R,t) and forces hif arising from
the nodal forces F{' and torques L' dueto force elements. Similarly, h. is given by nodal
forces F(':"i and torques L'é'i duetojoints. Since Bzi” depends on constraints of type c) given
in (11), matrix hiC can be expressed in terms of the constraint matrix G*° and the Lagrange

multipliers or constraint forces A°. With (14) the equations of motion given in (1) and (2) are
derived.

Now the matrices M', hie, and hif = Zhﬁ'i of all applied nodal forces and torques
acting on body i are considered in detail. Partitioning these matrices in the same way as
matrix z, in (6) yields, [11, 18]

' E sym.U E 0 B [ = (]
. o . N .
Mi=gi@ 1T g =g 0 qhSi=g FREK 4Lk Jig)

Hcit Cir M.eH E_(Kie_'_Kigeo)qi _D;qig ku,iT ki +q_,k,iT Lk,iE



Indicest, r and e denote the translation and rotation of the reference motion and the elastic

deformation, respectively. Symbol m' in (13) denotes the mass of body i. I' and ¢' are the
inertia matrix and the position matrix of the center of mass CM' of the deformed body with

respect to the origin O'. Sub-matrix M 'e contains the generalised masses corresponding to the
velocities qi, while C{ and Cir are matrices representing coupling effects between reference
motion and deformation they are aready defined in (9). Kie isthe generalized linear stiffness
matrix of deformation and Kigeo takes geometrical non-linearities due to large forces into
account. Die represents damping of the structure. Matrix hﬁ'i denotes the result of

generalized nodal forces and torques at node ki, where r Kl isthe position vector of the node
defined in (4) if R = R®. All the generalised forces and masses in (12) and (13) are
algebraic expressions containing the variables (6) and integrals of the functions ®!(R) and
Wi(R), [11, 18].

2.4 Multibody System Data

The equations of motion, as derived above, imply the definition of data to describe a
multibody system. These data may be separated into data representing bodies, joints, force
elements, the motion of the global reference frame and the system topology. All thisis
extensively discussed in the literature on dynamics of rigid body systems. In [7] an object
oriented data model is proposed for such systems. It is extended by a set of standard input
data describing flexible bodies in multibody systems, [18]. The definition of these data is

based on equations (12) and (13), where the shape functions ®'(R) and W'(R) are required.

As previously mentioned, eigenmodes and static modes of flexible body models, such as
beams, plates and finite element structures provide a set of shape functions describing the
deformation of the body approximately. The pre-processors BEAM [17] and FEMBS [19]
have been developed to compute all input data of aflexible body i based on beam and finite
element models respectively. Using structural data of a beam model, BEAM computes the
eigenmodes and the standard data after mode selection. FEMBS inputs are mass, stiffness
and mode shape matrices, as well as static modes of afinite element structure. The output are
the standard data for a specific choice of modes. The flow of datais shown in Fig. 3. More
detailsare givenin [11].

data of beam model data of FE-model Fgétn?(%(d

in MBS

standard
FE-output data

static and dynamic
analysis

functions

static modes and
eigenmodes

) 4 ) 4
[ computation of standard data for beam model j [ computation of standard data for FE-model ]

standard data for bodies in multibody systems

[ MBS-code | j[ MBS-code Il j o o o
) )

other multibody system data (joints, force elements, system topology and global reference frame)

Figure 3 Multibody system data and pre-processors for computation of body data.



3. Modelling of the Satellite
3.1 Topology

The model consists of the central body, the yoke, and six panels. The central body is iner-
tialy fixed; while the yoke and panels are flexible bodies, attached to each other by two
revolute joints (Fig. 1). Since SIMPACK differentiates between joints describing a tree
topology and joints leading to kinematically closed loops, atest of the Gruebler condition is
required. For the rigid yoke and panels, only the introduction of arigid hinge body at each
revolute joint and of the corresponding constraints between the hinge and the neighbour
body (Fig. 4) leads to the desired n; = 7 degrees of freedom (DOF's). The hinge bodies are

connected to the yoke and panels respectively by revolute joints (type 1) at one side, leading
to ng =5 constraints, and are connected to the other side by n = 4 constraints (joint type j2)

or ng = 3 constraints (joint type j3). Counting the number of all bodies n and all joints ng as
shown in Fig. 4 yields

L& for typej1(d; = d5 =d =B} = =0)
NS = [# for typej2 (dS = d; =d; =pB; =0) (14)
%for typej3(dy = d; = B =0).

NG m= 21,
ng=6n-\ns=7 for B

2 =28
In the case of flexible bodies, the number of DOF's is given by seven plus the sum of the

number of shape functions ng of each body.

In the SIMPACK model, ajoint of type j4 with six DOF's is introduced to describe the
motion of the yoke and panels with respect to the base body. The hinges and their joints j1
are components of the tree structure. Finally, the joints j2 and |3 cause closed loop

constraints. The number of DOF's of the tree structure n, and of implicit constraints n; are

A, =7B+140+3 " i =56 +5 " ny,  n =7 (4 +3)=49. (15)

This kind of topology allows for variation of the type of body reference frame as mentioned
in section 2.2. Alternatively to the closed loop constraints, flexible spatial coupling elements
with high stiffness can be used.

[panel5] §,- -~ -1, lpanel6__[panel§

inge/1l

L egend: body, I—» body frame,  jx jointtype, ., jointsfor treestructure, . . jointsfor closed loops, e marker

Figure 4 Topology of the solar array showing the tree structure and the closed |oops.



3.2 Models of the Yoke and Panels

Basically, the yoke and panels are modelled using the finite element code NASTRAN (Fig.
5). The yoke and the six identical panels are represented by thin beam and plate structures.
Theyokeis 2.432 m long, while the panels are 3.610 m long, and the corresponding masses
are 6.66 kg and 21.95 kg, respectively. Since FEMBS is restricted with respect to the DOF's
of asingle body, anodal reduction to 69 nodes is applied to the panels.

The creation of standard body data for (1), (2), and (13) requires the definition of the
reference frame and its corresponding boundary conditions, the computation of mode shapes
and the calculations in FEMBS. Three cases of reference frames are discussed for the yoke
and the panel in the following:

1) Buckensframe for afree body, yielding C! = C';, = 0iin (9) and six rigid body modes;
2) Buckensframe for ayoke supported by spherical joints at nodes 172 and 173 (panels at

nodes 915 and 574 or 366 and 246), yielding Ciro =0in (9) and onerigid body mode;

3) chord frame for a yoke supported as defined in b) and constrained by d; =0 at node
72, see (8). The panels are supported in asimilar way.

According to these boundary conditions, natural frequencies are computed as listed in Table

1. Additionally, five static modes for the yoke are prepared for loads at node 71 and node 72

and boundary conditions as given in case b), where the free rotation is locked at node 173.

Theloads are aforcein x, y and z at node 71, aforce in zand atorque in x at node 72.

3.3 Models of Deployment Mechanisms

During the deployment defined in section 1, different force elements control the motions of
the various bodies, i.e. the yoke and panels. The deployment springs provide the energy to
move the yoke and the panels; the lock mechanisms fix the bodies in the proper positions;
while the closed cable loops (CCL) harmonise the movement of the yoke and panels. Finally,
amotor gear unit controls the rotation of the yoke with respect to the central body by two
CCLs, (the motor unit with the two CCLs is called the Motor-CCL). Fig. 6 shows the
position of all the force elements that are subsequently described in detail.

Deployment springs are attached to every hinge. Every spring supports the deployment
with a constant torque of 1 Nm. The springs work from the folded position, such that the
yoke is driven away from the central body, panell from the yoke, panel2 from panell etc.

Since joint friction is not modelled, the springs are also damped (factor Dp) to avoid steady

oscillations of the solar generator. With [ being the relative angular velocity of the
corresponding joint, the torque L isthusgiven as

LD = LO + DD ,B (16)

Lock mechanisms are positioned on every hinge, like the deployment springs. They are
activated if angle S of arevolute joint is equal to the lock angle (; for the first time. Lock
mechanisms are also damped (factor D; ). With the stiffness k| theforcelaw is

L.=0 if mechanism is not active,
. 17
Lo =(B-Bo)k +BDL  if mechanismisactive. 1)

€ 71 574 366 246 913
€x 173

yoke panell panel2 panel3 panel4 panel5 panel6
Figure 5 Finite element structure of the solar array including numbers of important nodes.



Body O Yoke Panel
Case 1 2 3 1 2) 3

Mode 1 Be3275| Be3584| B ¢358| T 397 T «223| Te+223
ad 2 Te3323| T+6.047| T » 405 B 954 B «6.77| B+4.23
frequen. 3 *36.66| <15.921 » 14.26 « 1413 «11.18 *11.18
inHz 4 * 44.63| < 37.502 * 31.99 2171 *17.90 * 11,52
0 5 *60.60| < 39.249 37.53 * 23.20 *21.82 * 18.50

6 *72.37| +39.840 39.84 27.96 * 27.88 2311

7 ©99.95| 57.147 *51.23 * 31.65 +28.38 +28.38

8 +110.58| +63.098 63.09 * 33.13 29.31 *29.01

9 139.25| «73.156 73.05 47.93 44.39 37.63

10 157.04| «107.56 * 96.86 48.93 44.55 44.55

11 199.53 110.39 110.37 * 5751 48.91 46.91

12 * 207.67 140.24| +138.63 62.69 +54.84 +54.84

13 *220.46| < 156.38 140.25 67.70 62.02 62.01

14 279.83 21531 +191.48 76.65 67.13 62.42

15 297.94 221.99 221.88 78.67 7211 67.13

16 319.67 277.87| +242.63 79.16 77.60 74.96

17 + 383.61 318.88 279.48 86.94 78.00 77.98

18 389.10| +381.77| +33163 105.95 80.42 80.42

19 423.55 388.89 387.02 106.75 103.73 91.14

20 520.55 423.28 390.58 109.02 105.10 105.06

21 +563.98| +504.99| +436.69 111.29 107.31 106.70

22 577.76 534.08 508.96 114.67 108.75 108.54

23 578.08 575.76| +537.20 125.70 110.49 110.02

24 * 607.04 577.51 575.91 140.12 123.45 120.68

25 *708.82| +603.23| «597.74 142.25 132.26 123.59

26 739.74 611.15 605.46 150.52 133.97 132.26

27 782.33| 708.80 611.16 151.44 140.87 134.17

28 * 869.67 740.25| +732.43 169.96 143.80 143.76

29 885.99 790.51 789.64 177.65 146.62 146.61

30 921.12 869.48| -+ 866.65 180.54 153.38 149.35

Table 1 Naturd vibration frequencies of the yoke and panel applying cases of reference frame:
1) = free structure, 2) = rotating structure and 3) = simple supported structure.
The modes marked by ¢ are taken for simulations in section 5. B denotes bending, T denotes torsion.

L=
>

Figure 6 Position of the force elements representing the deployment mechanisms. Every « marks the position
of ahinge with arevolute joint, a deployment spring and alock mechanism.



Closed cable loops (CCL) connect the central body with panell, the yoke with panel2,
panel 1 with panel3 etc., Fig. 6. Their function is to keep the linked bodies parallel to each
other, except for CCL1. A CCL consists of two pulleys linked by a cable loop. If the two

bodies linked by a CCL are not parallel, but distorted by an angle ¢ as shown in Fig. 7, the
different cable forces produce a corrective torque L. Angle ¢ can be measured by marking

both pulleyswith linesM1 and M2, that are parallel in theinitial configuration.
Since the cable forces are always parallel to an imaginary line connecting the two pulley

centres, R always coincides with this imaginary line. With a cable stiffness k-, a pre-
tension R, the change of distance between the pulley centres d —dg, pulley radius r and

distortion angle ¢ the force laws are

F=FR+(d-dy) ke +¢ 1 ke with HZO,ED Fc=R+h,
R=R+d-d)k ~¢rke  with B205  Hc=(R-F)r.

F, and F, can-not be negative since they are caused by cables.
CCL1 isdifferent to all other CCLs because of its relation of pulley radii: the radius of

pulleyl istwo times the radius of pulley2. Therefore, if the yoke rotates through an angle 3
with respect to the central body, panel 1 rotates through 23 with respect to the yoke, see Fig.

8. If Bis 90 degrees the yoke and panell lay within one plane. Whith regards to the other
CCLs, if panel2, panel4 and panel6 are kept parallel to the yoke and panel3 and panel5 are
kept parallel to panell, then all the bodies lie within one plane. In this position, the lock
mechanisms are activated and fix one body with its neighbours. As shown in Fig. 8 the force
lawsfor pulley2 of CCL1 are

(18)

EFClr :(Fl + F2)COS€,
e =(R-R)sn,  (19)
HC]- :(Fl_Fz)r.

FR=R+(d-dy) ke +¢rke with R =0,
F,=Fy+(d-dy) ke - rke with F, 20,%

o f me P

\_ F,

1 Fm@“"l = % ‘\@Lc

Figure 7 Cableforces F1 and F2 of CCL for distorted bodies leading to forces and torques Fc and L.

r
> M2y
F, M1
=2 FZ
R= F— F

panel 1

central body

Figure 8 Forces and torques of CCL 1 for distorted bodies



F and F, lead to the radial and tangential forces F-y, and Fgy and the torque Lqq. Egs
(18) and (19) hold true for the following assumptions: First, the cable forces F; and F,
acting on a pulley always lie within the plane of the pulley and second, two pulleys building
one CCL are dways parallel.

The Motor-CCL controls the rotation of the yoke with respect to the central body as
shown in Fig. 6. Except for the cable elasticity, CCL1 to CCL6 avoid motions of panell to
panel6 if the yoke rotation is locked. The Motor-CCL stands still at the beginning of the
jump-out phase described in section 1. After the jJump-out oscillations have calmed down, the
Motor-CCL is activated and rotates the yoke slowly with respect to the central body until all
the bodies appear within one plane and get locked; in thisinstant, the Motor-CCL is stopped.
The force laws for each of the two cable loops of the Motor-CCL are equal to the force laws

of the normal CCLs given in (18). With g being the angle between the yoke and central

body, Q the angular velocity of the motor, a relation of radii 1:1, ty, the time when the
Motor-CCL starts working, t as the actual time, and tg as the initial time, the difference angle

@ isgiven by

¢ =B -B(to) if t<ty,
=0 (t-ty)+(B-Bt) if t=ty.
Egs. (16) to (20) are active referring to the deployment phases defined in section 1.

(20)

4. Mode Selection Using Participation Factors

As mentioned in section 2, eigenmodes and static modes to increase the convergence of the
Ritz approximation are used to describe body deformations of multibody systems. For the
yoke and panels, 30 eigenmodes (without rigid body modes) for three kinds of reference
frames, as defined in section 3, are prepared (Table 1). Static modes may be included
additionally. Of all these mode shapes, a proper set with a reasonable number of shapesis
selected for the yoke and the panels and is inserted into the equations of motion. Since the
mode shapes are complex 3D shapes, a selection by hand based on the natural frequencies
and their corresponding mode shapes is unlikely to be optimal. Therefore, the participation
factor method is introduced.

4.1 Participation Factors

The deformation of aflexible body i with respect to the reference frame motion given by pi
and o' is described by displacements ul(R, t) and angles 8'(R, t). They are written as asum
of known shape functions and functions qf ®,1=1,.. nﬂq, as shown in (4) and (5). Thus,

the position and orientation of a nodal frame at node k on i with respect to the global frame
are

phi = pl +RK +uk,i(q|i)’ Aki = (E _ék,i(qli))"—k,i Al@),
Z,q o5 o, 8¢ :[9§’i O =Y W

If uki and 8k are the correct solution (or an approximation), the share of ¢ in the
deformation is given as

(21)

K,i |

where u”™

Ry =|usi' /ug'| =|ek ol Jug'|  and Py =|86 /95" = d 95T (22)



Eq.(22) defines the so-called participation factors. Calculation of the quotient Py =|q /G max|

isonly alowed, if al shape functions are normalised (e.g. if the modal mass matrix M 'e isan
identity matrix).

For computation of (22), an estimation of qf is proposed solving a quasi-static configuration
of the body i due to a specific load case. The loads are estimated or obtained by arigid body
simulation. Assuming that M%, g' + D, g' <<K. q' and neglecting gyroscopical and geome-
trical stiffening terms, (12), (13) and (6) yields for body i

Kha' -Gh' A=—Cl(V +@vi -g')-Clg & -0l + 3 HokiT FiI - ki™ | ki D23
inertiaforces K

9z (@)=0 and G, =dg/dq". (24)

In (23), KL isthe generalised stiffness matrix, C} and C!, are matrices given by (9), V',
@, v\ and w' are accelerations and velocities of the reference frame (3), g is the gravity,

W, is a6x1 matrix of products of @ and O, a matrix of mass integrals representing

q
centrifugal forces [16]. The sum of these terms represents inertia forces. F and L% are
applied forces and torques at nodes k,i, which are summarised for all nodes k of body i. If
the shape function ® and ¥ satisfy the kinematical conditions a priori, g in (24) is
independent of qi , Gie eguals zero and the static equilibrium Eqg. (23) are independent of
constraint forces A.

Defining v, @, Vv, (.oiq, F LY and A as given quasi-static loads, the variables

qi = [qf] are obtained solving the linear equations (23), thus allowing for evaluation of the
participation factors Py, Pg| and Py in (22).

4.2 Examples of Simple Beam

The first example demonstrates the approximation of the deformation of a cantilever beam
with atorque LB at the tip (Fig. 9-a). The beam is modelled as a flexible body i = 1 with a
tangent frame and natural modes of the cantilever beam (Fig. 9-b). From geometrical and
material data, the matricesin (23), Ki, G = 0, ®A, ®B, WA and WB gt nodes A and B are

calculated, yielding g' and the deformations at the tip given in uki and 8ki. Here p! and a
are zero. The participation factors for a configuration as given in Fig. 9-a) are plotted in Fig.
9-¢). It shows that the share of the modes higher than four is smaller than 1 % in displa-

cement yB, but for the slope aB, all modes are required to have an error of less than 1 %.
In a second example we consider arotating beam in a quasi-static equilibrium with loads

gt EJ=315Nm? LB‘\ - ! o Py
B /N > VI oali- = Py
MB LA N IN VAL « Py
\N/VANAVANINSI |
A Bl x LN AL 0011 |
| f=2m \%
a) ye= % o= II_:_BTZ ’ b) ' i 0.02)1 :1 2 3 ng. mgde 6 78

Figure 9 Participation factors of natural modes to approximate the static equilibrium of a cantilever beam
a) Static problem, b) mode shapes of cantilever beam, c) participation factors on solution of a)
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Figure 10 Participation factors of natural modes to approximate the static equilibrium of arotating beam
a) Static problem, b) mode shapes of unsupported beam, c) participation factors on solution of a)

FB =_2 N and LB = 3Nm (Fig. 10-a). This problem is to be solved with a flexible body i
attached to arevolute joint and using a Buckens frame with natural modes of an unsupported
beam (Fig. 10-b). Inserting the given data into (23) and (22) yields participation factors as
shown in Fig. 10-c). Here, the constraint forces A at the hinge (point A) are taken into

account, and p' and a' are non-zero. As the participation factors in Fig. 10-c) prove, the
deformation of the beam with respect to the body frame requires all eight modes achieving an
error of lessthan 1 %. Asin the previous example, the slope is more sensitive.

4.3 Participation Factors for the Yoke

The yoke is aflexible body supported by hinges at the satellite side (at nodes 172, 173) and
the panel side (node 71, 72; see Fig. 5). Aslisted in Table 1, 30 natural modes for three
kinds of reference frames are prepared. To select areduced set of modes, the participation
factor method for the frame case 2) — Buckens frame rotating at hinges at node 172, 173 with
mode shapes of arotating structure —is applied.

During the deployment of the solar array, the loads required in (23) are estimated using a
rigid body model. Fig. 11 shows the nodal forces and torques at node 71 and 72. Taking the
load cases at time t = 50 sec and t = 290 sec, from (22) and (23) we obtain the participation
factors Py as well as Py and Pg for all nodes of interest. Fig. 12 shows P and the

influence on the deformation at nodes 71 and 72. Modes with factors smaller than 1 % are
neglected. The remaining dominant mode shapes for the yoke are listed in (25). Fig. 12
shows that the eigenmodes do not converge continuously; modes 21 and 27 have a bigger
share in the solution than the previous modes.

Mode shape numbers for the yoke: 1, 2,3,4,5,6,7,8,9, 10, 13, 18, 21, 25, 27. (25)

The computation of participation factors for other load cases and nodal displacements allows
for the selection of a set of mode shapes that satisfy all the various load cases (i.e. selecting
the mode shapes in a quasi-optimal fashion). Static modes can also be taken into account. In
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Figure 11 Results of the deployment of a solar array using the rigid body model.
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Figure 12 Participation factors for mode shapes of the rotating yoke structure.

asimilar way, the shape functions of the panels are chosen and marked by « in Tab. 1.

5. Simulation Results of Deployment the Solar Array

Based on the descriptions of the bodies, joints and deployment mechanismsin section 3 and
the mode selection in section 4, the deployment is simulated for various models of bodies
[20]. Four models are discussed below:

| All bodies arerigid, where h,= 56, see (15).

Il The yoke and panels are flexible. The flexibility of the yoke is represented by 15
eigenmodes of mode set 2) — the rotating structure, see (25). For the panels, eight
eigenmodes of mode set 2) are used, see Tab. 1. h, equals 119.

1l The yoke and panels are flexible as in Il described by 15 and eight eigenmodes,
respectively, but the modes are taken from unsupported structures — case 1), as given
in Tab. 1.

IV Asin |l but the modes shapes of the yoke and the panels are obtained by the simple
supported structures, see case 3) in Tab. 1.

The CPU time is 189 sec for the rigid model 1, 4287 sec for model |1 and 4857 sec for

model I11. Fig. 13 shows the deployment of the solar array as defined in section 1. The
deployment begins with the jump-out phase with the yoke and panels completely folded and

<

Initial State

End State

Figure 13 Mation of the solar array during the deployment.



lasts 250 sec. Then the Motor-CCL is activated and rotates the yoke as defined by (20) —
steering phase. After about 360 sec, the panels are locked and the Motor-CCL is stopped.
The deployed configuration is reached. For 140 sec or more, the panels keep oscillating with
small amplitudes. The natural damping of the structure is assumed to be 2 %.

In Fig. 14, the torques of CCL 1, CCL6, and of one of the Motor-CCL s are shown for the
rigid model | and the flexible model I1. At the end of the jJump-out phase the corrective torque
Lc of CCL6 is exactly —2 Nm caused by the two deployment springs at panel6. Since one

CCL passes over its corrective torque L to the following via the bodies it connects, CCL1

has to compensate 12 Nm (= 6-:2 Nm) at pulley2 and, due to the relation of the radii, 24 Nm
at pulleyl (Fig. 8). The two Motor-CCLs have to compensate 12 Nm of CCL1, plus the

torque resulting from Fcy; given in (19) times the length of the yoke plus 2 Nm of the yoke
deployment springs. Since Fcy; times the length of the yoke is aso exactly 12 Nm, each of

the two Motor-CCL s has to compensate 13 Nm.

A comparison of models | and Il shows that the torques decrease only about 2 % during
the jump-out phase if the bodies are flexible, and 21 % during the steering phase. The
oscillation in the deployed configuration is almost the same for both models. Differences
between models| and Il are small.

In Fig. 15 (left side) the absolute angles a)'f'i and 0{'2"i at node k,i = 813 of panel6 are
plotted. For model [, the angles are zero. In the flexible models, panel6 rotates about the y-

i torque [Nm] ‘
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x10, CCL6 | o mode II

i \{
-10
.15 |

20 F
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»s jurnp out phase i phase deployed ‘phase
0 50 100 150 200 250 300 350 400 450 []500
t[s

Figure 14 Results of time history of the deployment for the rigid model | and flexible model I1.
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Figure 15 Results of time history of the deployment for the rigid model | and flexible models 1, I11, and IV.



and z-axis. In the deployed configuration, panel6 has a steadly state value of o' = 0.002 rad

that leads to displacements at node 574 and 913 (Fig. 5). Compared to therigid model 1, the
elastic deviation in the z-direction is —2.7 mm and +2.7 mm at nodes 574 and 913,
respectively.

Figure 15 (right side) shows the displacement in x-direction at node 813 of panel6. As
mentioned before, the rigid body model provides no values, the flexible models result in
about 30 mm steady state deformations after the deployment. Figure 15 proves that the
differences between model 11 and I11 or IV are quite significant for rotations and a structure
described by mode shapes with stiffer boundary conditions decreases the amplitudes.

Figure 16 (left side) shows the influence of the static modes on the results. The only
difference between the models is one additional static mode for the yoke and for each of the
panels. As can be seen, one additional static mode for each flexible body can change the
results significantly, even if the number of mode shapesis relatively high.

Figure 16 (right side) illustrates the effect of increasing the number of mode shapes on the
yoke from 15 up to 30 modes. The number of mode shapes for the panels is 8 in both
models. It demonstrates the efficiency of a mode shape selection using the participation factor
method: For 15 additional mode shapes (i.e. an increase of 100 % in the number of mode
shapes) of the yoke, the results are dightly changed, athough the flexibility of the yoke isthe
most dominant factor in the simulations.

In [20], more models are analysed for other sets of mode shapes and integrator settings
and also for various static modes. The simulation results of those models are similar to the
results presented here.

<102 angle[rad] of nodal frame 813 at panel6 <102 angle[rad] of nodal frame 813 at panel6
4 4
o © model Il o model 11
f{ 4 model Il + 1 static mode A model 11

2
l/ rotation about y: (yoke 30 modes)

rotation about z
A

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
t[s] t[s]

Figure 16 Results of time history of the deployment for variations numbers of mode shapes.

6. Conclusion

The deployment of a satellite solar array is simulated using the multibody program
SIMPACK. A rigid body model | is compared with three flexible models I, Il and 1V,
applying various sets of shape functions. The deployment mechanisms are implemented in
detail for the three phases of deployment: jump-out phase, steering phase and deployed
phase.

The flexibility of the yoke and panelsis represented by a set of natural modes and some
static modes obtained by a finite element analysis. In order to reduce the computational
burden a participation factor method is applied to select the significant modes. The factors of
each mode as shown in Fig. 12 are computed solving a quasi-static equilibrium of the flexible
body, and the loads are obtained by arigid body simulation. A simulation with the full set of
modes (Fig. 16) demonstrates the power of the method.

The comparison of the results of the rigid body model | with the flexible body models 1,
Il and IV shows that flexible bodies cause a slightly changed torque in the closed cable
mechanisms. The steady state rotations and the deflection in x-direction of the panels are only
occur for the flexible models, and the rotations about the y-axis are caused by deformations
of the panels, whereas rotations about the z-axis are caused by the flexibility of the yoke. The
solar generator isrelatively stiff and the magnitudes of deformation are therefore relatively



small. The differences of the deformations between the flexible models II, Il and 1V are
significant and need further research in the usage of the multibody program SIMPACK.
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