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Abstract. This paper presents a new solar arrays deploymeshamism for
space applications. It consists of a modular kinensructure, which is oper-
ated by a single cable (1 DoF). Compared to tratifionethods, this mecha-
nism has the advantage of being reversible in theement. Kinematic analy-
sis of the mechanism is carried out in this woskwell as static analysis. They
allow to define the main actuation parameters sagftable pull tension and
spring stiffness. Moreover, suitable values for thechanism parameters are
computed by means of a dedicated algorithm.

Keywords: solar arrays deployment, cable-based mechanisfdsble mecha-
nisms.

1 I ntroduction

In planetary explorations, the possibility of auatmg the deployment of solar ar-
rays stored in transportable modules through rolsytstems is of primary importance
[1].

Space-faring systems have benefited from solarl@anays since early in the ex-
ploration of space, the first notable example beitagguard 1. Soon after, the first
examples of deployable solar panels (Explorer 6 Rimheer 5) demonstrated the
advantages in terms of power output and small foatp2]. In recent times, many
systems have become available, especially for arbistems. However, the large
majority are non-reversible mechanisms, which mehasthe deployment operation
cannot be undone [3-6]; reversible deployment systf/-9] have been studied but
seldom implemented in real missions since thelieniged need for reconfiguration in
orbit; it is however of paramount importance in rit@lor modular planetary architec-
tures. For example, the Exomars rover due to thegtlMars in the early 2020 is
equipped with a 4-axis solar panel array [10]; #lisws the rover to orient the panels
to increase light incidence, thus enhancing powedyction. This approach, howev-
er, is complex as it involves a large number ofiatdrs and has thus multiple points
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of failures; we propose a lightweight mechanismolihiakes advantage of a single
actuator, while at the same time providing deploynmeversibility.

Since the top surface area of the module is corbpasmall (= 0.1 m?), and since
power production is directly proportional to sudaarea, an efficient solar power
deployment mechanism is essential. Four basic gordtions are approachable:

i. Two-panel, storable array,

ii. Four-panel, foldable, storable array,

iii. Sun-tracking, foldable, storable array,
iv. Multi-panel, ground-deployed, foldable, storableagr

Conceptual illustrations are visible in Fig. 1, B), ¢) and d) respectively; in this
paper, focus is set on the fourth configuratiortht area of the solar panels is taken
into consideration, with a carrying capacity of tiebot of approximately 20 kg, the
values shown in Table 1 are obtained. A paneliefficy of 30% was considered [11],
as well as a maximum solar irradiance of 1361 ¥vém the Moon [12] and around
300 W/nf on Mars [13], depending on the conditions of tiraasphere. The mass of
the panels was estimated based on the data of NABAio spacecraft [14]. Optimal,
as well as average values are given, where theréfers to the sun at the zenith,
while the former relates to a 45° solar incideritiee multi-panel configuration en-
sures the highest power production of the consttiareays, while at the same time
being completely passive after deployment, conttayyor example, the sun-tracking
array. Furthermore, the stability of the moduleds hindered by the panels, as is the
case with the first two configurations.

Table 1. Achievable surface, mass and optimal powgut of the four modules configurations.

Power output [W]
Surface Mass Moon Mars
[m?] [Kg] Optimal Average Optimal Average
i 0.25+0.3 15 122 86 27 19
i 0.5+1.2 4.7+8 490 346 108 76
i 0.4+0.6 >8 245 245 54 54
iv 1+2.7 6+12 1102 779 242 171
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Fig. 1. Solar panel-equipped payload modules configuration

As a mechanism, the multi-panel solar array showifrig. 2, is a planar serial
chain which has a set of constraints on the rotataf each link (90°). This chain is
loaded with a spring-based mechanism when folded stored — inside the module;
during the unfolding and folding procedures a cablased to actuate each link. The
cable is wound around the entire array and thiswellthe complete “roll-up” to a

stored configuration.
Cable

./—\, Module

Winch ‘/—>

Fig. 2. A 3D model of the multi-panel, ground-deployeddé&ble, storable solar array. The
panels are shown in blue, while the structuraldiake in yellow. Green indicates the hinges
assemblies. In a) the array is shown in its stptease, inside the slot in the module. In b) the
deployment of the second panel is shown, whereeytime fully deployed array is visible. In d)
and e) the auxiliary mechanisms are shown, resmtgtthe double quadrilateral and the lock
guide.
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Each section of the array is composed of a pargghsat (in blue-yellow, in the
Fig. 2), and a hinged segment (in green). The lirgggments are necessary in order
to provide the necessary spacing between the pawblsn in the stored position.
These segments are deployed by means of the dqubtfilateral mechanism high-
lighted in Fig. 2d.

In Fig. 2e, a set of curved guides is shown. The@se of the guides is to constrain
the folded panels in the stored position.

Each panel is connected to the next through a mézdldinkage composed of 6
revolution joints, a prismatic joint and a sprifgsingle cable actuates all the mecha-
nisms. In literature, there are few examples oftmewal linkages operated by cables
([15-17)).

The paper is structured as follow: in Section Zyefhatic and static analysis are per-
formed. In particular, two conditions are introddcghe cable has to be always in
tension and the system has to “remain folded” uhtibuches the ground during the
deployment phase) to characterize the springseati® 3, a real case has been eval-
uated and discussed.

2 Kinematic and static analysis

There are three main aspects to consider in désgrdbmodel for the multi-panel
solar array: the interaction between the cablethadsegments of the serial chain; the
double quadrilateral mechanism that provides themamis for the deployment
through a spring-based action; the consequencigidn in the lock guides and the
constraint that the guides provide.

Let us consider the deployment of a general seétafra solar panel array formed
by n sections (see Fig. 2c¢). Equilibrium equation am gpring allows to calculate the
force acting on poindl;:

Fiingi1 = %( . ) [[Fx.ill cos B; )

ll4;=B;ll

The same applies fdf;,,; ;. related tgs;. It follows easily thaM,; = (Q; — A4;) X
Fiingi1 andMp; = (A; — P;) X Fy ;. For sake of simplicity, the equilibrium of
moments has been calculated in pat Therefore, arequivalent deployment mo-
ment My, = Mp; + My; = f(¥9;) can be introduced, according to the principle of
virtual works. The tension on the calfig,,,; as a function of); can be determined
from the following equilibrium equation:

Mdepl,i(ﬁi) = QlPl.+1 X Fdepl,i + QLGL xm;g (2)

wherem; = }7_; m,, ; is the sum of all the contributions of the foldeghels;m,, ; is
the mass of th¢" panel and hinge. Applying the principle of virtwedrks, the error
introduced by the previous equation is given @yP, X F ., ;, Which is neglectable
for small values oQ,P,.
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Fig. 3. General definition of the geometrical entities aatlies of the kinematic chain. In a) the
geometrical and force entities are illustrated tuatstitute the hinged segments. The subscript
indicates the  section in the chain. In b) the tairgt guide geometry is illustrated. In c) the
global configuration of the panels is shown, alaritl the main parameters and forces.

In order for the mechanism to operate properly rdurthe deployment phase, the
module of the vector (cable tension) has to rerabirays positive Condition

I). Naming the unit vector of the reference framghtward direction), and assum-
ing that the cable is almost horizontal, the caadibecomes:

®3)

Let us define as the minimum value of torque ( padde to un-

fold the mechanism.

In general, the main condition that allows the natism to “remain folded” before
touches the ground during the deployment is tHeviing (Condition 11):

(4)

where the first member is the sum of the momenegdad by around
and the contribution of the gravity force, and

. The second member tends to unfold the mechanism.
In other words, during the deployment of the segmiine moment generated by
the cable and by the gravitational force must lggndni than the moment generated by
the spring in the hinged segment.
The definition interval of the angle is limited bye angle and . The panels
are constrained in a closed position by the guidée bottom right of the sub-figure
in the interval (see Fig. 3b).

Let us define as the minimum value of torque Hadisfies Eq. (4). This value
can be increased by a factor that works t&tar of safety.
The constraint guides that are responsible for aaspurce of friction as well.

This can be modeled as,
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Mu,i = .urg,i(Mdepl,Hl/”QHl - Pi”) (5)

where the factor in parentheses is the radial foeeesed by the spring mechanism in
the (i + 1) hinge andr, ; is the radius of thé'" guide. In general it happens that
M,; & Mg, sincery; < [P — Qi42ll, hence, for the purpose of this paper, we
will disregard it.

It is possible, from these considerations, to definbackwards procedure to compute
the moments and forces that ensure Eqn.s 3 anel gatisfied for each link in a chain
with n elements:

i. DetermineMdepl,n by using Eg.s 1 (the moment generated by the gsys-
tem seen in Fig. 3c;

ii. Calculate the value df 4., V9, € [9cricn 7] hETE calle@‘dem,n, from eq. 2
(the cable tension produced by the deployment moﬁg@p[,n), while veri-
fying that eq. 3 is satisfied

i.  CalculateM g -, from Fg,,,, while verifying that the condition in Eq. 4
is satisfied (the minimum moment required to kelep hext panel in the
chain folded);

Steps i—iii can be iterated, far— 1,n — 2, ...,0 until Ii'/ldepl,o is reached. The input to
this procedural computation is the value of thergpforce of then-th panelF;,, , 1
and the masses,; of the panels; the outputs are the deployment mdrmfédepl,i of
all the n panels. At this point, the procedure allows toivdera direct relation
M gepin—1 — Mgep0(n), starting from the inputs.

Once theM 4., ; values have been determined for every link , itengs can be fully
characterized by means of Eq. (1). It should bedhthiat for this purpose the inequal-
ity in Eq. 4 defines the minimum load with the fulleployed section. As springs
generally produce non-constant force over the etog interval, both a maximum
and minimum values can be separated.

Optionally, one could conceive the use of non-lirsgaings.

3 Discussion

Having defined a complete model for the multi-pas@ar array and at the same
time the algorithm for solving it, the main values the mechanism presented in the
previous Section are illustrated. InELE 2 the deployment momeniédepl,i for each
sectioni are reported, along with the maximum momentdqf; generated by the
friction on the constraint guides and the forégs,,; acting on the cable. In general,
it seems that the deployment moméh;epl,i applied to the zeroth hinge grows with
n. It is immediately apparent thﬁﬂ,i K Mdep[,i in every occurrence; this is a strong
evidence that the guide friction can be safely eetgld during the computation, as
expected. A friction coefficient gf = 0.5 was used.
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TaBLE 2. Deployment Torques Comparison. The values of and are shown for the 4 sections of
the multi-panel solar array for gravity values tiefa to the surfaces of the Earth, Mars and the Moo

gglde;snaj Interaction ) LTkS( ) > 3
[Nm] 8.83 2.79 1.33 0.62
Earth [Nm] 0.08 0.03 0.01] -
[N] 78.69 26.9 13.7 19.2
[Nm] 3.34 1.06 0.51 0.23
Mars INm] 0.03 0.01 <0.00) -
[N] 29.78 10.18 5.18 7.27
[Nm] 1.46 0.46 0.22 0.1
Moon [Nm] 0.01 <0.00 <0.00 -
IN] 13.01 4.45 2.27 3.18
The influence of the parameter is paramount; agesearch shows, this pa-
rameter has a huge impact on the increment speed of along the links. Indeed,
the exponential relation occurs.

Having defined the deployment moments for the lioksthe chain, the forces
produced in the quadrilateral mechanism illusttateFig. 3a can be computed
using Eq. 1. This shows comparably large valuestherzero-th link; however, it
should be noted that these values are stronglyndiepe on the geometry of the
mechanism, with the overall value decreasing winensize of the involved entities
(e.g. the links, or the distance ) increases.dmegal, this means that the larger
the mechanism, the lower the force needed; thisately calls for a trade-off, which
should be carefully determined.
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Fig. 4. Results of the algorithm on the surface of Mars ). In a), the figure

shows , computed with . In b) a comparison of tigerdhm is shown, with
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Fig. 5. Forces acting on the double quadrilateral meishaof the & link. In the top plot the
values of the moment is shown, whereas in the botine those of the forces
and , which act on the links (solid) and on thergpfdashed), are illustrated. The red
line marks the location of

The computation of a 5-links system is shown in. Bigas an extension to the 4-

links one. It should be noted that a slightly highe value was used. Indeed, with
(Fig. 4, a), the ¥ condition cannot be satisfied. In general, we finat

values of give adequate results with this geometry

With regards to the spring-loaded actuation of lthks, the result of the double
quadrilateral described are shown in Fig. 5 forniest loaded link, that is, the zero-
th. By exploiting the model, Eq. 1, and thanks dame basic geometry, it is possible
to compute the forces acting on the mechanismfasation of . In particular, start-

ing with the (see ABLE 2, Mars scenario), it is possible to deter-
mine the spring characteristics and consequendydads on the mechanism. In par-
ticular, we found a value of to be suitable. Theeés illustrated

in the bottom plot of the figure show values belb®® N on each link, peaking at 150
N on the spring.

A peculiarity of this mechanism is that is causdxaeficial excess of torque at

as is visible in the figure.

4 Conclusion

A new solar arrays deployment mechanism for spppéications has been conceptu-
alized. It consists of a modular kinematics streestwhich is operated by a single
cable (1 DoF). This mechanism has the advantageiof) reversible in the kinematic
movement. The mechanism is made up of a serieard#lp connected by means of a
linkage and a two symmetric springs. The papergmtesl an algorithm capable to
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calculate the values of the parameters to be iedud the deployment mechanism:
the value of the spring stiffness that providesdtored energy to unfold the mecha-
nism and the minimum value of the cable tensiordedédo fold the mechanism.
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