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ABSTRACT

Solar sails use sunlight to propel a vehicle through space by refle
solar photons off a mirrelike surface made of lightflective
material. To be able to worlsan interplanetary cargo ship, the sol
sail area should be large enough to receive the required acceler
from the sunlight. However, mechanical deploying mechanism:
not reliable for deploying such a large solar sail. This paper pres
formation control of space robots for the -ombit assembly of large
solar sails. Contrary to previous works, the dynamic equation
space robots in the formation are derived by considering rele
motion of the space robots concerning the sail hub orbiting #ueh.
The uncertainties including external disturbances, unmol
dynamics, and parameter uncertainties, are considered a single
varying term in the dynamic model. Then, an adaptive sliding r
controller combined with a secomdder observer is ganded to
control the ororbit formation of space robots as well as resist
disturbances. Finally, a numerical simulation demonstrates
proposed approach is efficacy.
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Introduction Exploration Agency (JAXA), wasolar sails were

, ] _ controlling the first demonstration of a spacecraft
Solar sails are large, flexible, reflective surfaces that [3].
utiIi_ze_soIarradiation pressure to propel i_n space N To be capable of carrying larger payloads and
a similar way that kites employ the wind to lift \yorking as an interplanetary carghip,thes ai | 6 s
themselves up. They are accelerated by theéareq should be increased to receive more
momentum gained from the solar photons when they gcceleration from the sunlight [4]. For instance, to
hit and reflect off the sail membrane [Hince the  carry a payload on the order of a few tons, a sail with
solar sails usesolar energy, there is no need t0 zn area of 1 kM is required [5]. But, for these
supply propellant. Thus, they provide affordable gmpitious flagshiglass missions, there are some

propulsion, longer mission Iifetimes,_ larger payload key technology challenges as follows [6]:
mass, access to unreachable orbits such as nongpepioyment of very large sail membranes

Keplerian anchigh solar latitude orbits, ankigh
speeds in comparison witlereventional propulsion
systems [2]. Launched in 2010, Interplanetary Kite
craft Accelerated by Radiation of the Sun
(IKAROS), made by the Japanese Aerospace

fReducing areal density to the orders of2%
g/nm?

T Degradation of sail matial due to the thermal
effects and ultraviolet radiation

I Attitude control of deployed solar sail
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1 Sail packing in a very efficient way observer is expanded for the obtained model of the

: o S nonlinear multi inpuimulti output system.
This paper focuses on the first issue, which is to P put sy

provide an efficient solution fahe deployment of  The Dynamic Model of Space Robot
the sail.Generally, a mechanical mechanism must Formation Flying

be designedo deploy the solar sail automatically.

However, most of the mechanisms, such as theSequence of oforbit assembly of the solar sail
spinnirg  expansion devices [3] and deployable The solar sail consists of a hub ttlentains the
booms[7], areunreliablewhen the saitraft size is  wrapped sail befortheextension, four booms as the
in the orders of several kilometers. An efficient supporting structure, and four wings in four

approach not affected by the system size is guadrants as shown in Fig[4]. _
employing the oforbit servicing robots to pull the Each of the space robots has three manipulators that

. . . by employing two of them it could move on the
sail to the desed position. Mo're(')ver,'the SPace  50m whik holdingthe sail by the third one. During
robots can be used for other missions includi®  the onorbit deployment of the sail, the first and

assembly of the next solar sail affaishing their second moments of mass of the ,sad well as the
mission [4]. Bo and Gao [8] presented a sliding solar pressure and gravitational torqwedl,change
mode control approach for a formation consisting of dramatically due to the large size of the sail. Thus,
two space robot& which a radial basis functien N order to keep the solar sail attitude stable, the

based neural network is employed to adjust the sequence .Of eorbit ass_embl_y IS c_onS|der,eds
_ shown in Fig. 2 [4]. The wings in the first and second
parameters of the control law. Queiroz et al.

. i [0 guadrants are deployed at fijrahd then, the other
developed a nonlinear adaptive controller to control wings in the third and fourth quadrants will be

the relative position of two spacecratft in a formation expanded.
flying that overcaes the model uncertainties and
external disturbanceslu et al.[4] studied the on

orbit assembly of a 1 square kilometer solar sail I I Wing
employing a space robot formation. They proposed Hub B

] - . . N >, Boom
an adaptive sliding mode controller combined with

a disturbance observén control the formation of

space robots. However, to simplify the dynamics

and control problem, the formation of space robots I km
has been considered a formation of ground robots.
Therefore, the formation dynamic model is a set of
four scalar linear equationsorrespondingto the
motion of four robots

Fig. 1: The nonspinning solar salil

This paperdevelops the dynamics and control
problem of Ref. [4] for ororbit formation of space
robots thahavebeen employed to deploy the large
solar sail.Contrary to Ref. [4], the full nonlinear
dynamics @scribing the relative motion of space
robots in the formation flying is considered hist
paper The orbital dynamics of the solar sail is
consideredand the motion of space robots on the
solar sail is modeled as relative motiooncerning
the solar sail. Thus, the dynamic model of the space (a)
robot formation will be derived as vectorial

nonlinear equations. Then, the adaptive sliding

mode controller cosined with the disturbance
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Fig. 2: The sequence of eorbit deployment of the solar -
sail . (a) expanding the wing in quadrants & . (b)
expanding the wing in quadrants & .
Dynamic modeling K

. . . . . . Fig. 3: schematic representation of the relative motion
This subsection will derive a nonlinear dynamic  of the fourth space robot with respect to the solar sail
model for the space robot formation. The leader from the top view.

follower approach is considered for the formation. ) ) .
Firstly, the equations are developed for the relative Wherea anda  are masses® i® N a are

motion of the fourth robot with respect to the-on disturbing force vectors, arl 0h® o N 7 are

orbit solar sail and then, the relations are controlling force vectors for the solar sail and space
generalized for each of the space robofs. is robot’Y , respectivelyAl so, M and G are
chosenas the leader an is its direct folower. ~ Mass and the universal gravity constant,
Thus, the relative trajectory of with respecttothe  respectively. Due to the factthiatl & hx , the

solar sail is the desired trajectory, avidollows the  Eas. (1) and (2) are simplified as follows:

actual trajectory ofY . In the same way.Y and

'Y track the actual paths of andY , respectively. oy d vy ° 3)
Moreover the solar sail is assumed toibe circular a Y ® 4 ' Y B Y b )
orbit around the Earth with a constant angular v D
velocity ¥. The schematic representation of the -
relative motion of the fourth space robot with Where *  cwwe@ayi is the standard
respect to the solar sail is shown in Fig. 3. gravitational parameter.After applying some
According to Fig. 3, the following assumptions are algebraic simplifications on Eqs3) and (4), the
made: describing dynamic equation of the space ro¥ot
1. The inertial coordinate systeiné @ attached to ~ With respect to the solar sail expressed indh@ cd
the center of the earth. coordinate system is written as follows:
2.'Y 0 N a s the position vector from theertial ) ' v p v
frame's center to the solar sail's center a ®oa t— )
3. The coordinate frame W& is attached to the v b p ¥
solar sail hub so that thie axisis in the opposite R é(—dD R ()
direction of tangential velocity, th@ axis along a |
the ¥ vector, and th& axis perpendicular to é(—@

andw establish a righhanded oordinate system.

4.p 0 N a s the relative position vector from the
origin of the solar sail coordinate system to the
space robaty .

The notinear dynamic equations of the solar sail
and space robdlY with respect to the inertial b wH oH dQ (6)
frame® & @re espectively written as follows: Also, the constant angulaeM oci ty vector

1 Q. Thus, the relative acceleratihd is written
in the following form:

In order to express the Eg. (5) in the coordinate
Wwa system, first it should be noted that the
relative position vectdb 0 is written as follows in
thewwd coordinate system:

a'Y a 0 a 0OV 'Y ®@ © (1)
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Moreover, the vectol? Y His constant in the
moving coordinate system wd& . By substiuting
the right-handside of Eq (7) into the Eq. (5), the
norinear dynamic equation of the space robbot
with respect to the solar sall is:
R 0 @h ive ® © (8)
Where the relative position vect@po N a9 is
equal to

& B 87

(o) WO0 WO ao 9)
The Coriolis matrb0] N A is as follows:
T p T
01 ¢ 1 p M T (20)
TT Tt TT

0 8 N a is a notinear expression that is defined
in the following form:

O BN Avhe
M — a1 w —0 1
1] Y @ a 1
1] . . 1
w Y
6 " a @ gy
] Y B P ] ( )
U a M
1] d_o |:|
Ll ) CI a ) 1
L) a —0 (1
u v d U
Also, ® N a in Eq. (8) is the disturbance force

vector that is defined a® .

So far, the ndimear dynanic equation ofY has

been achieved. The equation of motion of the space &

robot formation is obtained in the following form:
® 0 Bl [V
2N )

¢ plhoft

a® 0]
(12)

Controller Design

Control Objective

Knowing the desired path 0 N A for the leader
space robaolY concerninghe solar sail, the control
objectiveis described as follows:

L E® ™ (13)
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Where,

00 BHo BoO & phioh (14)
The desired acceleration of robdt for 6 “Yis
chosen to be:

B O00E¢Lt" pY O6AT & pY m (15)

The desired acceleration is considered to be zero
anywhere else. In Eqg. (150 and T are equal to
p& p 1 and 1500, respectively.

Adaptive sliding mode control formulation

In thissubsection, the proposed controller of Ref. [4]
will be modified to control the eorbit formation of
space robots. The system dynamics (E®))(1s
rewritten assuming no control over the solar sall, i.

e.® T as follows:
o . o W
aw ¢l w a " ——-
Y b (16)
0 O
AT o 'Y P
a w ¢ w a
VY b x (17)
a1 w O O
a
da a ‘' —— O O
v b (18)

As it can be seen from the above relations, the
control force must be applied in any direction. It is
clear from the Egs. (14)L8) that we are dealing
with a multrinput-multi-output system. Since there
is a control in each direction, a sliding surfacestmu
be defined for each input. Therefore, there is a
controller for each space robot that should apply the
control law in each direction. The sliding surfaces
are chosen as follows:

Q Q0 Q0 9 9 _Q (19)

Wherea-is a postive constant. The control law in
each direction is written in the following form:

®
oY _Q - -Hi Q0
oy o - Wi oo (@0
0Y _Q - -Hi Q0
In which, U 1, and- kb updated by the following

differential equations [4]:
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L R SY U According to Eq. (3), to adapt the observer for the
' N problem considered in this paper, the error dynamics
[0 |P TV (21) can be written as follows:
:" ' 90 RO B O
Bt gvsy R o
| U 24)
In which, I 1is the sensitivity coefficient of Hu P 61 B G @AY ©® ® (
The smaller the is, the more sensitive théig to o ¢ ok

sY Also, ¥ Tis a small constant so that the
expression t-Hauses Hemain a small constant
whenggis in the neighborhood of zerbloreover,
In Eqg. (20), - T is the constant part of the
adaptive gain- - Has well as sets the minimum
uncertainty tolerance capability for the controller.

Without loss of generality, it is assumed that the
masses of space robots are  p and¥’p £2)

as well as®@ ® ®. To rewrite the error
dynamics in state space form, the following
variables are caidered:

To avoid chatteringsign(S)can be replaced with the - @ 8
hyperbolic tangent function [4], which results in the ) -
following relationships. Ve Vb (25)
® . e r®
vy Qo - -HOde-TY (22) So, we have:
0Y _Q - -HO $R-Y 0
OY Q- -HD @Y 8 Yo (26)
bl :[h(?,,, SC".’}Iarq d_etermmes the similarity The secongbrder observer is considered as follows:
betweerd 3@— “Yand sigiiS). A,
Eventually, the actual control forces are computed :}’v AP ,
by the following relations: uD, ® 1 & o J
° o 6 51 8 5w ivh v o® o
o @ 0] V] . Y
: oG (23) ir B o VYo | (27)
®  eR O pfBip vy ® e
T U@ e ®
Disturbance observer Ly y
vB o i o®& Ve

As can be seen from Eq. (22neasuring the

translational velocity of space robots is required. In the Eq. 27), 8 B Y@, and & are the observed
However, obtaining the velocity information of a Vvalues of @ hib Y@ and @ respectively. Also,
maneuvering space robot is difficult and even [ [ ,and are constants to Eosen
measurement noise will be added to the syste Note thatthe above observer shoulebployed for
Therefore, to improve the controller performance, any space robot in each directidfor this reason,
the seconebrder observer with finite time  the relations in Eq. (27) are vector.
convergence [4], [10is modified to estimate

disturbance in any direction for each space robot andSimulation and Results

compensatefor it in the controller. The block
diagram of tle controller combined with theecond
order observer is shown in Fig. Note that the

In order to simulate the problenthe system
dynamics igepresented in the state space féom

. - ¢ plgiott:
inputs and outputs of the blocks in Fig. 4 are vectors )
contrary to Ref. [4]. ® ® D op 0 28)
A — ? a
e i%f%’ S| Where® B, m¢ 1@ '
8] ™ ¢ and’ T L The simulation parameters

have been reported in Table 1.

Fig. 4: block diagram of the controller combined with
thesecondorderobserver
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Table 1: Simulation parameters

parameters value
+ 2 ‘
> 5 ——
- 0.001 " s
9 10
T 0.01
d 10 ) 2
The masses of robots aqual to a a
a a ¢ T 2°(n the dynamic model. To —

examine the robustness of the presented method in
the presence of parametric uncertainties, it is
assumed 20% mass uncertainty in the controller. Fig. 7: The actual andesired paths for space robot 3

Thus, we have @ a a a along x directiony direction andz direction
p&a CT RQ

1

Results and discussion

In the following, the actual and desired paths are — =
drawn in a graph for each robot to compare. —

Fig. 8: The actual andesired paths for space robot 4
along x directiony direction andz direction

The tracking error of desired path for each of the
space robots along X, y, and z direction is drawn in

Fig. 5: The actual and desired paths for space robot 1 Figs. 9-12.

along x directiony direction andz direction
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Fig. 10: The tracking error fospace robot 2. Fig. 13: The montrol force of the spaa®bot 1.
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Fig. 11: The tracking error fospace robot 3.

Fig. 14: The ontrol force of the space robot 2.

Fig. 12: The tracking error fospace robot 4.

The control forces of the space robots are shown in Fig. 15:The @ntrol force of the space robot 3.

Figs. 13-16.
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