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Space webs are lightweight cable nets deployable in space to serve as platforms for very large structures.
Deployment and stabilization of large space webs by spin have gained interest because the rotational inertia forces
are in the plane of rotation and the spin rate that determines the magnitude of the web tension can be chosen to meet
the mission requirements. Nevertheless, a robust control method is required for a successful spin deployment. The
control law used for the deployment of the Znamya-2 membrane reflector, for which a feedback-controlled torque is
applied to the center hub, was applied here to a quadratic space web folded in arms coiled around the hub. To analyze
the deployment, an analytical three-degree-of-freedom model and a fully three-dimensional finite element model
were developed. The simulations indicate that it is favorable to deploy the web in just one step. It is also suggested that
the simple analytical model can be used to determine important mission requirements such as the torque, power, and

energy required for different deployment times.

Nomenclature

cross-sectional area
Young’s modulus
general force

length of the fully deployed arm (S/2)
moment of inertia around the rotation axis
=  kinetic energy

constant parameter
current length

angular momentum
radial position at the arm
torque

mass

tensile force

number of arms or nodes
= power

position

radius

side length of the web
sign function

time

velocity

¢+¢

mass per length

= engineering strain
rotation angle of the hub
Poisson’s ratio

density

ultimate strength

arm coiling angle

angle between the arm and radial direction
= angular velocity
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Subscripts

a = arm

c = corner
ca = cable
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Introduction

HERE is an increasing interest in the space industry to build
very large structures for various applications: for example, solar
panels, space antennas, and solar power systems. Many studies (e.g.,
[1]) conclude that structures made of flexible material have the
potential to keep the package volume small and be deployed to the
required size in orbit. Because flexible structures made of thin film or
light cord are only capable of resisting tensile forces, some
compression members are usually required. However, structures
stiffened and deployed by centrifugal forces do not require stiff
members to maintain their shape and offer significant advantages
compared with rigid alternatives [2]: low mass, small packaged
volume, low deployment power consumption, possible gyroscopic
repointing, acceptable surface accuracy, and, presumably, low cost.
The interest in large space structures deployed and stabilized by
centrifugal forces increased in the 1960s when Astro Research
Corporation analyzed several spin-stabilized structures [3—10]. One
concept is the Heliogyro solar sail (e.g., [7,8]), which uses the same
principles as a helicopter for attitude control, with its flexible
extendible rotor blades. The feasibility studies of a large-aperture
paraboloidal-reflector low-frequency telescope (LOFT) [4,10]
provide important information on deployment controllability
aspects. The only successful deployment and control of a large
spin-stabilized space structure is the Russian Znamya-2 experiment
in 1993 [11]. The deployment process of the 20-m-diam split
reflector was driven by an onboard electric motor and a counter-
rotating flywheel. In 1999, the deployment of the 25-m-diam follow-
up experiment Znamya 2.5 failed. To avoid similar future failures,
Shpakovsky [12] proposed to first deploy the flexible membrane
package radially away from the spacecraft by inflatable tubes until
the centrifugal force is sufficiently large and to then let the rotational
inertia forces act alone. Kishimoto et al. [13] used a similar approach.
Most solar sail concepts use spin deployment and stabilization (e.g.,
the Interstellar Probe Mission [14,15] and the UltraSail [16]), in
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which gas thrusters are planned to spin up spacecrafts to deploy and
stabilize sails with410 m and 1 km diameters, respectively. Recently,
Japanese researchers have also analyzed and tested, both on ground
and in space, several spin solar sail concepts [17-23].

A space web is composed of a large membrane or net held in
tension by thruster-controlled corner satellites or by spinning the
whole assembly. The space web concept was developed by
Nakasuka et al. [24-26] for the Furoshiki satellite. An idea put
forward by Kaya et al. [27] is to build up a structure by robots that
crawl on the web like spiders. The difficulty in deploying a space web
in a controlled manner became evident in the partly chaotic
deployment during the Furoshiki experiment in January 2006 [28].
Three corner satellites were released radially by separation springs
from a central satellite. Thruster control was applied on the corner
satellites to reduce the repulsion force at full deployment and for
attitude control. However, the web entangled due to out-of-plane
motions, communication problems between the central satellite and
the corner satellites, and a too rapid deployment [28]. Thus, a
deployment that is easier to control is desirable. Recent studies
investigate the possibilities to use centrifugal forces to deploy and
stabilize the web in space [29-33].

Inspiration to mathematical models for space web deployment can
be found in models for deployment of large membranes. Simple
analytical models exist in which the only degrees of freedom are the
center hub angular velocity, the length of the deployed web or arms,
and the deviation angle of the web or arms relative to the radial axis
[10,11]. Multiparticle models with spring-mass networks are also
considered, with constants determined experimentally [20] and
analytically [34]. However, our experience is that many experiments
are required to determine a large set of constants for an arbitrary
model experimentally, certainly more than for the specific case in
[20]. To our knowledge, no deployment model that takes into
account effects caused by the system being in orbit has been
published. Most membrane deployment models (e.g., [2,11,20])
focus on the deployment of split membranes with sections that are
folded on separate reels and assembled after the deployment. For
space webs, it is desirable to have a continuous web to facilitate for
the spider robots to crawl uninhibited. The present authors have
previously presented a space web deployment concept including a
prestressable web geometry and topology, a suitable folding pattern,
a two-step deployment scheme, and a robust control [29,32]. In the
same studies, an analytical model of the deployment of the first step
of continuous quadratic space webs, folded into arms coiled around
the center hub, and a finite element (FE) model, implemented in the
commercial software LS-DYNA, were developed. Numerical
studies on the spin stabilization of already deployed space webs have
been performed by McKenzie et al. [30], Palmerini et al. [31] and
McKenzie and Cartmell [33].

The aim of this study is to investigate centrifugal deployment of
the space webs starting from the basic principles and, by using
previous in-space experiences [11,28], to find a deployment
scheme that can be used to deploy large space webs in a controlled
and uncomplicated way. A new one-step deployment of the space
webs, folded into radial arms coiled around the center hub, is
proposed. The feedback control algorithm proposed by Melnikov
and Koshelev [11] is applied to this deployment. Numerical results
are obtained for the deployment of the arms with the analytical
model developed in [29]. However, the analytical model cannot be
used for the deployment of a complete web. Therefore, a FE
model with a user-defined control torque is used for the
deployment of a web in one or two steps. An approach to compute
the magnitudes of the torque and power required for various
deployment times is presented. Ways of applying the control
torque are also discussed.

Centrifugal Force Deployment
Pros and Cons of Centrifugal Force Deployment

Use of the centrifugal forces to deploy large structures in space is
appealing for many reasons:

1) Lateral stiffness is provided by the geometric stiffness induced
by the centrifugal forces, and so lightweight flexible material can be
used [10].

2) The rotational inertia forces dominate and are always in the
plane of rotation of the spinning satellite, which keeps the out-of-
plane motions of the web small [11].

3) Relatively simple control can be used to obtain a stable
deployment [11]. Increased control requirements lead to more
expensive equipment and increases the mission risks.

4) Deployment can be either slow or fast, whichever is suitable for
the mission and leads to a controlled deployment.

5) Spinning satellites are already used for many purposes and
small-scale testing can be performed on existing satellites.

There are also some disadvantages:

1) Simultaneous rotation and deployment of a large web from a
tight stowed configuration always endanger web entanglement. To
decrease the risk, an adequate choice of folding pattern and
deployment method is required [29].

2) Oscillations occur because of the rotation. Without control, the
web will coil on and off the hub like a yo-yo [34]. With control, our
simulations show that in-plane oscillations occur around the
equilibrium if the control is turned off before steady state is reached.
Part of the excess energy may also give rise to out-of-plane
oscillations [21].

3) A significant amount of energy is required if a high end velocity
is desired for control or stiffness purposes.

4) The deployment time may become unacceptably long to keep
the web tension and energy consumption at acceptable levels.

Conservation of Angular Momentum and Energy

A minimum of control is desirable, and free deployment is the
ideal. During free deployment, the web is deployed from the initial
rotation of the satellite without active control or torque added to the
system. However, the expansion of a rotating system is governed and
limited by two fundamental physical laws: conservation of angular
momentum and conservation of energy. If the whole system rotates
with the same angular velocity, the angular momentum of the system
is

L =Jw; (€]
and the kinetic energy is
Jw?
Ky="2 2
s =5 (@3]

For the system in Fig. 1, the initial and final moments of inertia are

‘750:‘]5([0):%’,”/1’%+mwr12;+4mcr% (3)

Ja =J,(t)) =Imy,r} + im,S* 4+ 2m,S? 4)

If no torque is applied, £, must be preserved. Because S > ry, it
follows from Egs. (3) and (4) that J;; > J,, and because the ratio
w1/ wy = Jg/ T, is given by Eq. (1), it follows that w,; < w,o and

@

a) b)
Fig. 1 The system a) before deployment and b) after deployment.
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from Eq. (2) that the kinetic energy due to the in-plane rotation has
decreased with the same ratio.

A simple example is useful to emphasize the preceding general
conclusion. Assume that S =100 m, r, =1 m, m,. =1 kg, and
m;, = 100 kg. With a 30 mm mesh width, the total weight of the
Zylon web (including edge tethers) is 122 kg [29]. Inserting these
values into Egs. (1), (3), and (4) yields w,,/w, = 7.89 x 107,
Hence, with wy, = 12.6 rad/s (2 rps), the final angular velocity is
9.9 x 1073 rad/s or 5.7 revolutions per hour, which is too slow to be
useful in practise. This value can be compared with that of the 1500-
m-diam LOFT that was designed to spin with one revolution in about
11 min [4].

Thus, if the web is large compared with the hub, the angular
momentum must increase during the deployment to obtain a
sufficiently high final angular velocity. Furthermore, if no torque is
added to the system, and because the energy must be preserved, the
low final angular velocity also implies that almost all the initial
kinetic energy [Eq. (2)] must be removed to avoid detrimental
oscillations. The same argument can be used to show that a flywheel
with an initially high rotational velocity cannot be used to apply
torque to the hub and the web [11].

Control System
Fundamental Requirements

The control law should be selected so that the space web ends up in
the desired configuration at the end of the deployment, within a
required time period and with no undesirable oscillations or
entanglements in the system. A prerequisite for a stable deployment
is that the centrifugal force is much greater than the Coriolis and
inertial forces [11]:

w,Lg > 1 5)
2L,

2
% e ©)

s

The conditi_on in Eq. (9) is the most difficult to fulfill, because L, is
small and L is relatively large in the beginning of the deployment.

Review of Control Systems

Several control strategies for the deployment of membranes are
described in the literature. However, in most cases, the focus of the
study is not on the analysis of the deployment. The idea for the
deployment of the Heliogyro solar sail [7] is to provide a small initial
angular momentum by thrusters and then pitch the rotor blades to use
the solar radiation pressure to spin up the system and deploy the
blades. The deployment of the Solar Blade Nanosat [35] follows a
similar scheme, in which the satellite first is spun up to 30 rpm before
releasing the blades. For the LOFT system [4], a final angular
velocity of 0.00916 rad/s is chosen to provide a sufficient geometric
stiffness in the end, while keeping the required control torques at
acceptable levels during the deployment. The LOFT system is spun
up by thrusters and they continue to apply torque until approximately
60% of the 1500-m-diam reflector is deployed [4].

Hedgepeth [10] considered to use either the torque, the deployed
length of radial tethers, or the tensile force in the tethers as the control
parameters and concluded that a simple drag-brake type of control for
the tethers is feasible with a simple two-step scheduling of the spin-
up torque. This two-step scheduling consists of keeping the torque
constant at approximately 200 Nm until about 40% of the
deployment is complete and then rapidly decrease the torque to zero.

Mori et al. [20] performed a zero-gravity experiment of the
centrifugal deployment of a clover-type solar sail. Before sail
deployment the whole assembly is spun up to 4.89 rad/s by
thrusters. No torque control is used, but the coiling-off-and-on
phenomenon is avoided by a stick-slip clutch mechanism, which
ensures that angular momentum is transferred from the central
satellite to the sail, but not the other way. We consider the use of this

clutch as interesting, but for larger membranes or smaller center
hubs, in which more angular momentum is transferred from the hub,
the hub velocity may decrease below zero, and so we conclude that an
additional torque must be applied.

For the 410-m-diam solar sail in the Interstellar Probe Mission
[14,15], six pie-shaped triangular segments are deployed separately.
Sail deployment starts by extending three 10-m-long booms from the
spacecraft. The spacecraft is spun up by gas thrusters attached to the
ends of the booms. The tethers, with sail segments coiled around
them, are then released and deployed by the centrifugal forces. In
simulations of tether deployment [15], similar to the deployment of
coiled arms, the angular velocity of the center hub is first linearly
increased from zero to a maximum value and then kept constant at
this value. To decrease oscillations, a structural mass damping of 5%
is assumed. No details on the angular velocity of the spacecraft
before the release of the sail gores or the total deployment time are
givenin [15]. The requirements for thruster control are not discussed.

Melnikov and Koshelev [11] decided to use the torque applied to
the center hub and the velocity of the spools on which the split
reflector parts are fed out from as control parameters to deploy the
Znamya-2 reflector. They investigated two control laws: 1) constant
angular velocity at which the coiling-off-and-on phenomenon would
occur and 2) a torque with drooping characteristics, which ensures a
stable deployment. The successful control law increases the torque
applied to the hub as the angular velocity decreases:

M, =M, (1 - ﬂ) )

wmax

where w,,,, is equal to the initial angular velocity of the system and
M .., is only reached if w;, decreases to zero. Melnikov and Koshelev
[11] found that a higher value of the quotient M., /® . yields a
more stable deployment. Using this strategy, a high initial angular
velocity, a low final angular velocity, a short deployment time, and a
stable and smooth deployment without entanglement and recoiling
are obtained.

A space web cannot be fed out from spools like tethers or radially
splitreflectors as in [11]. As a consequence, the deployment velocity
cannot be controlled by the spool velocity. However, by coiling the
web around the center hub, the deployment velocity is determined
and controlled by the hub velocity.

Applying the Torque

Melnikov and Koshelev [11] considered two options to apply the
torque for controlling the deployment of the Znamya-2 experiment:

1) Thrusters are applied both to the central spacecraft, as for the
Interstellar Probe sail [14,15], and to the periphery. To maintain the
thruster motion in the plane of rotation, the latter alternative would
require an attitude control system for each of the peripheral thrusters.

2) A counter-rotating system driven by an electric motor is
attached to the center hub. The electric motor cannot be used alone,
but this system ensures that the total angular momentum is conserved
and the kinetic energy can be stored in the counter-rotating system
instead of creating undesirable dynamics effects such as traveling
waves and oscillations in the web [11]. Once deployed, the spinning
space web can also be reoriented by changing the orientation of the
axis of the counter-rotating flywheel [11].

The thruster alternative was rejected by Melnikov and Koshelev
[11] because it becomes more complicated, as testing and verification
on the ground is difficult compared with a counter-rotating system. It
has recently been proposed [36] to use the Lorentz forces from an
asymmetrically charged web or hub to apply the torque, but present
charging capabilities cannot create the required torque magnitudes.

Counter-Rotating Systems

Melnikov and Koshelev [11] chose the electric motor and a
deployable flywheel, which increases the complexity of the system.
Here, a rigid flywheel is assumed. For any flywheel, if it is spun up
a priori, excess energy must be removed because the angular
momentum is conserved, as discussed earlier. Contrary, this is not
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necessary if the angular momentum is zero during the deployment,
and in that case, the final angular velocity of the flywheel is

Js
o] =7 ®)
f1

It is interesting to compare this value with the maximum spin rate,
with respect to material strength, for a solid disc with a small central

hole [37]:
1 40
Of max = ;‘ / m )

For a given flywheel material and with w,; determined by the
required stiffness of the web, Eqgs. (8) and (9) can be used to calculate
dimensional requirements for a rigid flywheel. As a realistic
example, we assumed a flywheel made of titanium 6Al4V alloy, with
material properties p = 4450 kg/m?, v = 0.33,0 = 900 MPa, and a
stress safety factor equal to 1.3 [38]. The flywheel radius was chosen
to be slightly smaller than the hub radius, r, = 0.4 m, which yielded
that the least possible thickness, with some safety margin, was
35 mm. For this flywheel, the mass was m; =78.3 kg and the
moment of inertia was J, = 6.26 kgm?, which gave a maximum spin
rate @y max = 10, 320 rpm. For a final web spin rate of 0.25 rpm, and
with the same hub—web system as in the previous calculations, the
flywheel had to rotate at 8917 rpm to compensate for the angular
momentum of the hub—web system. At these rates, the kinetic energy
of the space web was only 77 J, whereas 2.7 MJ was stored in the
flywheel. Thus, for nondeployable solid flywheels, the material
strength of the flywheel is not the limiting factor. Instead, a larger
flywheel is preferable to decrease the energy consumption because
the energy required to spin up the flywheel is much greater than the
kinetic energy required for the deployment of the hub—web system.

Folding Pattern

Fundamental to a successful deployment is an appropriate folding
pattern. The popular Miura—Ori folding scheme [39] used for various
solar sails (e.g., [40]) is not suitable for spin-induced deployment.
Hub-wrapping folding schemes for spin-deployed circular solar sails
have been developed [41-45], but they provide full deployment only
in theory. Furuya et al. [41] performed deployment experiments with
two folding schemes and found that the ratio of deployed to full area
only reached between 60 and 90%, depending on the spin rate; the
centrifugal forces are simply not sufficiently large to smooth out the
creases in the film. One plausible explanation for the low deployed
area ratios could be that most folds in these schemes are oriented
radially (i.e., parallel to the centrifugal force). Kishimoto et al. [13]
attached radially oriented inflatable tubes to increase the deployed
area ratio and demonstrated their efficiency through numerical
simulations.

A folding scheme with folds oriented almost perpendicular to the
centrifugal forces involves a two-step folding sequence. First, the
membrane or web is folded to create radial arms (Figs. 2a-2d), which
are then coiled around the center hub (Figs. 2e—2g). Similar schemes
have previously been used by several researchers [4,11,19]. In this
study, this two-step folding scheme is used for deployment both in
separate steps, in which the arms are coiled off in the first step and the
web is released in the second step, and for the whole web in a single
step. This folding pattern is also advantageous from a modeling point
of view because the first of the two deployment steps can be
described with relatively few equations.

Analytical Model

Simple analytical models can be used to describe the deployment
dynamics qualitatively. The development of our analytical model
follows the same principles as Melnikov and Koshelev [11] used to
describe the deployment of split and solid reflectors and tether
systems from a rotating central satellite. Hedgepeth [10] also used a
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Fig. 2 Space web folding sequence.

similar model for the LOFT system. The following assumptions were
made:

1) Effects of the hub orbit or hub direction in the orbit were not
considered.

2) Out-of-plane motions were not included.

3) The arms were supposed to be straight and deployed
symmetrically relative to the central axis.

4) The gravity gradient and the elasticity in the cables were
neglected.

5) Energy dissipation caused by deformation, friction, and
environmental effects were neglected.

First, the coordinate systems in Fig. 3 were introduced. The
change in angular momentum for the central cylinder around its axis
of rotation is

Jo =M+ nNrsing (10)

For readability, in this section, the indices for the hub and the arms
are omitted: w, = w,J, =J,M, =M, r, =r,L,=L,n, =n,and
N, = N. Because stiffness and damping were not included, the
equations of motion for the point mass are simply

F =m.R an

Its position is obtained from Fig. 3 as

Fig. 3 Analytical model for a point mass or mass distributed in arm.
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R=r+1L (12)
and the derivatives of R become

R=wxr+L + (o + ¢el’) x L 13)

R=o0xr+wx(@xr)+L +2w + gL’
F @+ 3 X L+ (0 + ¢6?) x (0 + @6y x L) (14)

where prime denotes derivation in the local coordinate system
denoted by superscript (2). Projected and evaluated in the same
coordinate system, the equations of motion become

m[r(w?cosg — @sing) — L + L(w + ¢)?] =N (15)

r(@cosg + @?sing) +2L(@+ ¢) + L@+ $) =0  (16)

Space webs folded into radial arms, for which the mass is distributed
along the arm, can be described similarly. Deployment was assumed
to be performed in two steps. The first step, the deployment of the
arms, can be modeled, whereas the second step, the deployment of
the web surface, is impossible to model accurately with this type of
model. The space web is first folded into » identical arms positioned
symmetrically around the center hub. The arms can be folded on
spools at the end of the arms in a zigzag pattern or coiled around the
center hub [11]. The mass per length of an arm varies linearly,
starting from zero at the tip of the arm. If the arm is initially coiled
around the center hub, the mass per length of the deployed part of the
arm is

_ 2m,
~ nH?

14 L-n (0=I=1L) a7

Integration over the current arm length yields the equations of
motion:

2m,,
nH?

LZ . L3
[T(r(a)2 cosp —wsing) — L) + g(a) + ¢)2] =N (18)

2. . : . L. .
%(r(a)cosw + @’ sing) + 2L(w + @) + Z(a) +¢)=0 (19)

For an arm-folded space web with point masses in the corners, the
equations of motion are added together, so that

a(r(@?cosp —asing) —L) + bL(w + ¢)>* =N (20)

a(r(@cos g + w*sing) + 2L(w + @) + bL(@ + $) =0 (21)
where

m,,L?
a=a(L)=m, +W (22)

m,,L?

(23)
To simulate space webs that are coiled around the center hub (Fig. 4),
first note that ¢ = +7/2 (and ¢ = ¢ = 0) when the arms are coiled
around the hub. Then introduce the arm coiling angle ¢, which is
initially equal to & (H /r) for acompletely coiled arm. When the arms
are completely coiled off, Eqs. (20) and (21) can be used again, with
¢ = £/2 at the transition. The current length of the coiled-off part
of the arm is

L=H—rlg| (24)

and the angular velocity of the coiled-off arm is

Fig. 4 Analytical model for an arm coiled around the hub.

v, =+ ¢ (25)

It follows that &, = & + ¢, L = —sign(¢)r¢, and L = —sign(¢)ré.
Finally, introduce s, = sign(¢) = sign(¢), and the equations to
solve for the coiled arms become

Jo=M+ s, -nNr (26)
—584-aro + b(H —r|$|)(w + #?=N 27)
54 ar(w* — 452) + b(H — r|¢)) (@ + ¢) =0 (28)

For a deployment that involves both coiled and coiled-off arms, it is
convenient to introduce the variable

a=¢+¢ (29)

Equations for many other deployment schemes and web or
membrane geometries can be derived similarly [11,29].

Finite Element Model

A three-dimensional finite element model including the center
hub, the web, and four corner masses was implemented. However,
the center hub was constrained to move around its center axis; thus,
the center hub motion was two-dimensional. The node and element
geometry and connectivity were generated in MATLAB [46]. The
equations of motion were then solved in LS-DYNA [47] using the
central-difference method for explicit time integration.

The main differences compared with the analytical model are that
deployment sequences other than arm deployment can be studied
with the FE model, the arms are not necessarily straight during the
deployment, the cables can store elastic energy, and perturbations
can be studied. The gravity gradient and energy dissipation can be
included, but have been considered to be small for membranes in
comparison with the rotational forces [11] and should be even
smaller for a web. The effects of the hub orbit and hub direction in
orbit are interesting, as discussed in [31], but were not a topic of the
present study.

The progression of a spin deployment is highly dependent on the
folded configuration. In addition to providing the initial geometry,
several other problem characteristics are also due to the folding:

1) The initial velocities of all parts are proportional to their
distances to the rotation axis; that is, the initial conditions depend on
the folding.

2) The forces between the center hub and the web during the
deployment depend strongly on the current web formation and the
current tension in the web; that is., the forces applied to the web
depend on the folding.
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3) The boundary conditions depend, in some sense, on the folding
because some parts of the web constrain others from moving.

As a consequence, the accuracy of a FE model is strongly
dependent on how well the modeled folded configuration coincides
with the real one. In some respects, the modeled configuration may
be too perfect, and in other respects, the computational cost puts
limitations on the model. Nevertheless, because it is difficult to
analytically predict the deployment of a web or membrane, the FE
model serves as a valuable second analysis step after the analytical
arm deployment model.

In reality, the mesh width of the web would be at most 30 mm and
the amplitude of swaying motions would be very small. In the finite
element model, a significantly larger mesh width, 2.5 m, was used for
computational efficiency. Having a single truss element between two
nodes disregards the lateral inertia of the cable, and so multiple truss
or beam elements are often used in dynamic analyzes. Here, only one
truss element was used to connect two nodes, because dividing the
cable into more truss elements would allow in-plane swaying
motions that would not be present in reality. It is proposed [1] that
cables are best modeled with truss elements and a material with no-
compression properties to model cable slackening under
compressive loads. Therefore, the cables were modeled here as
truss elements with pin-jointed ends. This truss element is based on a
corotational formulation, and the internal force for the no-
compression material is computed as [48]

N, = max(E¢,A¢, 0) (30)

Formulation (30) does not take into account the changes of volume
and cross-sectional area, which were considered to be negligible in
this case because of small strains.

The proposed folding scheme assumes that the cables can be bent
only at the nodes and that the distance between the fold lines is twice
the mesh width. These choices mean that the radius of the hub, which
fits in the central deployed part of the web (Fig. 5b) is dependent on
the mesh width. Thus, for a coarse web, the hub radius is
unrealistically large, but still adequate for evaluating the spin
deployment of the space web. This artificial constraint on the hub size
is difficult to overcome, because a certain number of the web
elements must be attached to the center hub to accurately transfer the
angular momentum from the center hub to the web. The governing
equations of the folding scheme are given in [29].

The center hub was modeled as a cylinder with rigid material. It
was divided into 16 identical pentahedrons to achieve the cylindrical
shape. However, this did not increase the computational cost for the
dynamical analysis because the hub was constrained to move as a
rigid body. In the corners, point masses were considered to be
sufficiently accurate, because the contact between them and the web
was not considered to be important. The contact between the cables
and the rigid center hub was modeled using the kinematic constraint
method [49]. This contact is completely inelastic and the contact
assumption implies that cables in contact with the hub follow the hub.
It is not obvious how to coil the web near the hub and include initial
contact. Therefore, contacts between cable elements in the space web

a)
Fig. 5 Hub-web at the initial (a) and final (b) stages.

Fig. 6 Torque applied as forces on extra shells in the FE model.

were disregarded, because higher priority was given to the coiling of
the space web as close to the center hub as possible (Fig. 5a).

The control torque depends on the angular velocity of the center
hub, and because the angular velocity varies with time, the control
cannot be specified without special treatment in FE software. In the
object version of LS-DYNA, the user can implement a function in the
source code that applies a force to shell or beam elements [50]. The
user predetermines some parameters for this function, and at each
time step, the program supplies values of, for example, the position,
velocity, and accelerations of the nodes in the element. Therefore, to
apply the torque, four planar shells with negligible mass were
symmetrically positioned in the center hub (Fig. 6). Four shells were
chosen to distribute the small mass evenly and because the velocity
of the center is required. The nodes of each shell were put at the top
and bottom of the center hub, 2 at the axis of rotation and 2 at the
periphery at the same point as the center of the arms. From the control
moment in Eq. (7), the forces on the nodes on the shells can be

calculated as
M.
F:ﬂ(l_ wh) 3D

n,ry

Wmax

Here, eight peripherical nodes were used. M ,,c, ®Wnax> 71> and n,
were defined as user parameters. The angular velocity was calculated
from the velocities and positions of the two nodes at the rotation axis
and one of the peripherical nodes. First, alocal cylindrical coordinate
system (e,, e, e,) was set up. Then w, was determined from

Vypl, = Wye, X rpe, (32)
where v,, is the velocity of the peripherical node, relative to the
corresponding node on the rotation axis, projected along e,,.

Results of Deployment Simulations

Several different deployment simulations of a large quadratic
space web were performed. In all the simulations, the web was folded
as in Fig. 2. The following data were assumed: the side length
S = 100 m, the mass of the center hub m;, = 100 kg, the radius of
the center hub r;, = 6.3 m, the mass of the web m,, = 122 kg, and
the mass in each corner m, = 1 kg. The web mass was obtained by
assuming that the cables were made of the Zylon fibers in [51] and
that the mesh width of the web was 30 mm. For the FE model, the
elastic modulus of the Zylon cables E,, = 180 GPa, the density of
the cables p., = 1540 kg/m?, the cross-sectional area of the cables
Ag, =2.5/0.030-0.123 mm?, and the mesh width of 2.5 m were
also included. Note that the cross-sectional area was adjusted so that
the total mass of the web in the FE model was equal to that of a real
web with a 30 mm mesh width.
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Fig. 7 Uncontrolled deployment of arms and space web.

The results are presented with at least four graphs in each figure.
The graphs show the length of the deployed arm, L, the coiling angle
plus the angular deviation from the radial direction, @ = ¢ + ¢, the
angular velocity of the center hub, w,,, and the angular velocity of the
corners, ... The torque applied to the center hub is shown in a fifth
graph in cases in which the control law in Eq. (7) was used.

Uncontrolled Deployment of Star Arms and Web

The first simulations involved uncontrolled deployment, for both
arms and a complete web. The deployment was initiated by an initial
rotational velocity of 77/10 rad/s for the system, and no control was
used. The initial angular velocity was chosen to obtain a realistic
initial deployment velocity; that is, it was smaller than expected in
reality to compensate for the greater hub radius in the FE model.
During the coiling-off period, from ¢ = 0 to 30 s, the analytical and
finite element analysis (FEA) curves for the arm deployment almost
coincide (Fig. 7). The hub direction then changed and the arms coiled
back onto the center hub because of the conservation of angular
momentum. As a consequence, the agreement between the two
models degenerates because the arms were not straight and in tension
(Fig. 8), which is one of the assumptions of the analytical model.
However, it is not the aim to model the behavior after the failure, and
both models describe the same fundamental behavior (i.e., that
uncontrolled deployment of a large web is not possible for these
data). The coiling-off-and-on phenomenon is also observed in
simulations by Miyazaki and Iwai [34] for a circular spinning solar
sail. For arbitrary data, Bergamin and Izzo [36] linearized Egs. (10),
(18), and (19) around ¢ = ¢ = 0 and showed that the system will not
converge to the equilibrium if no torque is applied.

Linearly Increased Rotational Velocity

A better test to compare the analytical and FE models was
performed using a simple control strategy. It is proposed [15] to use
linearly increasing wj, from O at time r = 0 to w,,,,, attime ¢ = At and
to then keep the angular velocity constant at w,,,, to deploy tethers
similar to the arms. No systematic way to choose these parameters is
presented, but it is suggested that w,, should linearly increase until the
arms are deployed [15]. Here, the values w,,,, = 7/10 rad/s and
At =75 s were chosen. The arms were coiled off the center hub, but
not completely coiled back on the hub again (Fig. 9). However, the
strong oscillatory behavior of the arms, indicated by the oscillations
of the parameter «, is unacceptable. This deployment scheme is also
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Fig. 9 Deployment of a space web with linearly increasing angular
velocity.

undesirable because of the high end velocity that unnecessarily
increases the energy consumption.

Controlled Two-Step Deployment

For the controlled two-step deployment, a torque equal to that in
Eq. (7) was applied with M, = 126 Nm and w,,,, = /10 rad/s.
These parameters were chosen, as will be discussed later, to get a
deployment time of approximately 100 s for the whole web. The
analytical and the FE models show similar deployment behavior
during the first step of the two-step deployment (Fig. 10). Some
differences can be observed due to difficulties in folding the web and
attaching it to the hub so that it is deployed in perfectly straight arms.
However, both models show that a stable deployment of the arms can
be achieved. Thus, no additional tethers or brakes are necessary to
control the deployment velocity in the first step.

Also included in Fig. 10 are curves showing the results when the
second step was initiated at t = 90 s, for unchanged M, and @,



GARDSBACK AND TIBERT 47

60 : — T
E 40 &~ . :
N}
~ 20 + 4

— ——~ Analytical - step 1
————— FEA-step 1
................. FEA - step 1+2
________ FEA - step 142

o (rad)

0.1

w,, (rad/s)
=}
()

0.4
0.3
0.2
0.1

. (rad/s)

Mj, (Nm)
)
(=}

\

A\ N
(WACRWA
X ,

\_,'\\/“‘,,.-1\,_,“/-4\'.\“ 4
150 200 250 300
1 (s)

Fig. 10 Controlled two-step deployment of the space web.
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(step 1 plus step 2) and for M, = 1260 Nm and w,, =
0.125 rad/s (step 1 + 2*) (i.e., the angular velocity when the second
step was initiated). Note also that larger M, requires a high torque
even for small perturbations from w,,, and did not lead to a
controlled deployment. The first step was considered to be completed
at r = 90 s, because then L, was near H, o was near 0, and o, was
still at an acceptable level. Unfortunately, the second step was more
difficult to control for both cases, partly because of its more rapid
progression, but also because the web was not in tension after the
initiation of this step at = 90 s and forward (Fig. 11). The web was
thus uncontrolled during this time because very little angular
momentum was transferred from the hub to the web, even though
torque was applied to the hub. However, after the large initial
oscillations, the web stabilized, but w, had increased to an
unacceptable value (Fig. 10). Additional tethers must be used for
deployment length control to overcome the oscillations and prevent
springback [11].

Controlled One-Step Deployment

An alternative option is to deploy the web in just one step. The
main advantages of the one-step deployment compared with that
with two separate steps are as follows:

1) The deployment is smooth because the arms are mostly in
tension and web parts that are free to move will do so.

2) No extra equipment is required to fix parts of the web for arm-
only deployment or to determine when to initiate the second step.

The same control law, with M, =126 Nm and
Omax = /10 rad/s, was used for the one-step deployment of the
web (Fig. 12). During the first 33 s the web was deployed as arms,
then a phase followed in which the web expanded freely. At r =
100 s the tethers connected to the corners of the web were completely
deployed (see also parameter L, in Fig. 13), but the web was not in
tension because the value of @ was too high. The tension in a web
increases until ¢ is equal to zero; satisfactory tension was obtained
here near t = 200 s.

Because a low final angular velocity is desired to minimize energy
consumption, it is necessary to turn off the torque at some point, as
the control law in Eq. (7) provides torque until ®, = w,,,,. When the
torque was turned off (e.g., at # = 100 and ¢ = 200 in Fig. 13), the

t=0 t=15s

t=30s

Fig. 11 Controlled two-step deployment of the space web.

system began to oscillate, and the magnitude of the oscillations was
proportional to the value of ¢ (=«) at torque turn-off. The same
phenomenon occurs for arms when the torque is turned off and can be
explained by the analytical model. The following conditions hold
when the arms are deployed and the torque is turned off: L, > r;,, L,
is constant, and M, = 0. Equations (10), (20), and (21) can then be
simplified:

Jyw, =n,N, sing (33)
N, =bL,(w, +¢)° (34)
¢ =—w, (33)

The centrifugal force is almost constant when the web is completely
deployed and, consequently, N, can be assumed to be constant.
Unless ¢ = 0, the right-hand side of Eq. (33) is not zero, which is a
requirement for steady state, and so we assume that ¢ is small. Then
insert Eq. (35) into Eq. (33) to obtain an equation of the form
¢ + k¢ = 0, which is the equation for a spring without damping. Asa



48

GARDSBACK AND TIBERT

t=33s

Fig. 12

o, (rad/s) o, (rad/s) o (rad) L, (m)

o
w

0.4
0.3
0.2
0.1
150

100

(=]

t=50s

t=67s

e
5
LK
LRRRRR
SRR
RIS

Controlled one-step deployment of the space web.

FEA
-~ FEA, M =0 for ¢ > 100 1

_______ FEA, M =0 for ¢ > 200 |

50 100 150 200 250 300
t (s)

Fig. 13 Controlled one-step deployment of the space web.

consequence, the arms will continue to oscillate forever if no other
effects are present. This shows that the oscillations are due to the
rotational inertia forces and not due to the elasticity in the web.
However, in reality and in the FE model, the small oscillations are
damped out, which is shown by the decreasing amplitude of the
oscillations of @ and w), for the FE simulations in Fig. 13.

Torque and Power Requirements for Controlled Arm Deployment

The analytical model can be used to determine the torque and
power required to obtain a controlled arm deployment for a given
deployment time, ¢,. It is interesting to use different initial angular
velocities w,,,x and center hub radii r,, because the initial
deployment velocity is determined by the choice of these two
constants. All other input data used to obtain the results in Fig. 14
were the same as for the previous simulations in this section.

For different combinations of w,,,, and r,, the minimum value of
M.« that can be used in Eq. (7) to obtain a successful arm
deployment was chosen (Fig. 14). The two criteria for a successful
arm deployment were as follows:

1) The arms were not allowed to retract more than 5% once fully
deployed (i.e., L, > 0.95H fort > t,, where #; was chosen as the first
time when L, > 0.95H).

2) The rotation of the center hub must not change direction during
the deployment (i.e., w;, > 0 for all 7).

The second criterion was shown to be the hardest. To take into
account that FE simulations and real experiments give a more volatile
behavior, the second criterion was augmented to |wj,| > | /20|
for all 7.

The power required to apply this minimum torque is given by

P; = M,|w,| (36)
where M; = |M, | = |M|. The maximum power to the hub, P}, .y,
and to the flywheel, Py ., required to apply the torque, defined by
M,.x and @, is shown in Fig. 14. Because the flywheel rotated
much faster, more power was required to apply the torque to the
flywheel than to the hub. For the solid flywheel defined previously,
the maximum power was about 10* times higher than for the
previously defined hub—web—mass system. Thus, for these data, the

4 (s)

M . (Nm)

P h,max (W)

1}, max (W)

O (rad/s)

Fig. 14 Torque and power requirements for arm deployment times.
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maximum power required by the electric motor was determined by
the flywheel characteristics, and the same conclusion holds for
arbitrary data for a solid flywheel with much smaller moment of
inertia than the corresponding web.

The power capacity of the mission induces a constraint on the
deployment velocity and deployment time. The deployment times
ranged from less than 1 s for the largest r;, and w,,,, to hours for the
smallest r;, and w,,, in this example (Fig. 14). It is more interesting to
study the dependence of the chosen parameters than the exact
quantities, because the quantities vary also with other variables (e.g.,
the web size) and the hub, web, and corner masses. As expected,
decreased linearly with increasing g, or r,, because the
deployment velocity was increased linearly. M, increased linearly
with increasing r, but quadratically with increasing w,,,,, because
the control law for M, where M, is defined, is dependent on @,
P, max also increased linearly with increasing r, but cubically with
increasing w,,,,, because the power to the hub is dependent on both
M), and w,, which are both dependent on wy,,y. P max i$ proportional
to P}, max» because equal flywheels were used in this example.

The torque and power required for the deployment of the whole
web should be higher than for the deployment of arms only, but
Figs. 10 and 13 indicate that w);, decreases to similar values for the
same maximum torque M,,,,. Therefore, for the chosen data, the
values in Fig. 14 are also good approximations of the requirements
for one-step deployment, and so the analytical model can be used
to estimate the power requirements of the system with good
accuracy.

Conclusions

The simulations indicated that it is possible to deploy a continuous
space web by applying a torque to the center hub. To obtain this, a
torque control law that implies that the torque increases when the
angular velocity of the hub decreases, and vice versa, was used. From
the analysis, we concluded that it is important to carefully choose the
parameters in the control law; the maximum angular velocity must be
large enough to deploy the web within the required time, yet small
enough to allow acceptable values of the maximum torque, and the
maximum torque must be large enough to achieve a successful
deployment, yet low enough to meet present torque and power
capabilities.

The use of a control torque on the center hub requires that the web
is in tension; otherwise, only the hub rotation is affected and the web
is uncontrolled. The easiest and safest way to tension the web during
the whole deployment seems to be to deploy it in just one step. Even
though the one-step deployment is not perfectly modeled with the
analytical model, similar values of the control law parameters could
be used to obtain a controlled one-step deployment. A controlled
deployment in two distinctive steps may be obtained if tethers are
used to control the deployment velocity of the second step, but this is
both more complicated and slower than the one-step deployment.

The rapidly computed three-degree-of-freedom model was shown
to be a valuable tool for determining important mission parameters,
such as the torque and power requirements for given deployment
times with different hub and web masses and sizes. The same model
can be used for spin deployment of quadratic membranes from the
same folding pattern, and similar models can be used for other
folding patterns and web or membrane geometries. The finite
element model was required to more accurately predict the behavior
of the web when the different steps were initiated and at full
deployment. Because it was shown that the proposed torque could be
used to control more complicated cases than first intended, there is a
possibility that it can also be used to control the spin deployment for
other complicated folding cases for webs and membranes.

Experiments are required to verify the viability of the proposed
folding and deployment. Entanglement is always a high risk factor
for the deployment of this type of structure. Entanglements are
difficult to model, but the risk is substantially decreased if the folding
and release of the web from the center satellite can be performed

properly.
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