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Abstract: To build a ground simulation experiment system for an in-orbit assembly, based on cold gas
propulsion, we design a three-degrees-of-freedom free-flying robot simulator., and analyze the
structural design, gas path system, dynamic modeling, and control system of the simulator. First, we
adopt a modular design to partition the main structure of the simulator for different functions.
Second, according to the working principle, we analyze and verify the bearing capacity of the
simulator through an experiment. Subsequently, we arrange the nozzle in a partially decoupled way
with the entire air path system, which is further designed. Then, we analyze the factors that influence
the thrust size of the nozzle theoretically and verify them experimentally. Finally, we use the Newton-
Euler method to establish the dynamic equation of the simulator. Simultaneously, combined with
Simulink and Adams, we build a control simulation model and perform a motion simulation. The

experimental results show that the simulator can carry a weight of more than 800 kg, with a force of 8
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N on a single side and an overall running time of 30 min. Through simulation, we observe that the

simulator has a good tracking effect on the reference input. The designed simulator can provide a

mobile carrier for ground experiments of a super-redundant modular manipulator.

Key words: space robots; three degree of freedom; simulator; cold gas propulsion; force distribution;

structural design
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/

/kg /N
/mV (mV N
0.057  0.5586 —39.77 —27.9 —49.946

0.096 0.941 0
0.057X2 1.117 2

0.096 X2 1.8816

—59.14  —47.27 —50.234
—67.77 —55.9  —50.036

—106.6 —94.73 —50.345

1N

Fig. 9

9

—50. 140 mV’
, 9
CO,, s

Thrust test platform



10(a) 4s
o —0. 051 27 V,
10(a) )
, 1.022 5 N, 10(b)
1.022 5 N, 5
6 , 8
) 8N .
11 4 o
, 0.5,0.4,
0. 3,0.2 MPa o ,
4 s 4 s,
0 . R
D 12 Fig. 11 Thrust values of four nozzles
12
Fig. 12 Linear fitting of theoretical and measured thrust
values under system pressure
« (19)
(a)Measured voltage values ’
, 2
3 , 1 4
, 0.4~0.5 MPa s
0.4 MPa, ) ) 2 o
(b 0.4 MPa s 2,
(b)Nozzle thrust values
10 ’

Fig. 10  Test result of thrust °



2 , 359
4 . . Z
X . .
4.1
28) @29 .
, ° Fou=fo /2t d) (28)
: fo=Ff./2—c/Qd). (29)
CMea.,
T —J .9, (22) S i ’
.M., J 7 f=1/8. .
v, sy, d , ,
e EL T . <00 fi=f5fi=0.
B =y,
. 3.1 , Xy
7 .Y, fa=0,  fi=fas;fs=0, fi
Yy . 4 ’ f=ra/d
’ Sa<<O0,  [1=05(5=fuo
° f=r /b,
S0 fo=fusif: =0,
f=Ffn/d,
S<<O,  [o=05/s= [,
f=Ffn/ds
4.2
, Simulink  Admas
. PD
13 , (Pulse-Width Pulse-Frequency,
Fig. 13 Schematic diagram of simulator simplified nozzle PWPE) ,
thrst . PWPF 14
F=fu—fwT fro= s> (23)
FS=foi— fuss (24)
E=fn—fut S L) * d. (25)
cos ¢ sin ¢ 0 "
R=|—sing cosg O], (26)
0 0 1 Fig. 14 Pulse-width pulse-frequency modulator
F® Fe
Fy|=R|F:|. 27) PWPF . [18]
o T2 , 4 .



360

27

4
Tab.4 Summary of pulse-width pulse-frequency design

analysis

K. 1. 0<<K,,<{6.0 N/A 1.0 <K,,<<6.0

Tm N/A 0.1~0.2 0.1~0.2
E..(d >0.2 N/A >0.2
Ei(d—h) <0. 8d N/A <0.8d
PWPF
’ ’ Km:er:O.Z,
Eon:O.gs h:O. 24, EOHZO.O6O
15 o 3.1
5 ,  Adams thi
f'l ~ flz ’
input Planl  input Planl2, PD
4.1 , PWPF
, Adams . Adams
X,Y Z
’ 1/S9
’ PD )
15

Fig. 15 Simulation program of simulation motion control

x v X =
sin(0,. 1 X¢), y=cos(0. 1 X¢) —1, thi =
0.1X¢ 100 s, 0.001 s,
16 . 16(a) 16(b)

,  16(c)

() X

(a)Displacement trajectory in X direction

(Y

(b)Displacement trajectory in Y direction

()
(c)Position tracking of a circular
16

Fig. 16 Simulation trajectory of simulator

8 mm,



2 ’ 361
5 800 kg ,
8 N , 30 min,
) , PD
’ , 0.8%.,

(1]

(2]

(3]

(4]

[6]

(7]

Admas

, Simulink

JEWISON C M. Reconfigurable Thruster Selection
Algorithms for Aggregative Spacecraft Systems
[D]. Cambridge: Massachusetts Institute of Tech-
nology, 2014,
[Jl.
, 2013, 21(7).:1803-1810.
LIU SH T, HU R, ZHOU P, et al.. Topologic
optimization for configuration design of web-skin-
type ground structure based large-aperture space
mirror [ J]. Opt. Precision Eng, 2013, 21 (7).
1803-1810. (in Chinese)
, s . F
[Jl. , 2007, 15(2):155-159.
JIN G, ZHANG L. HU F SH. Investigation on
space optical system of high F number and high res-
olution [ J1. Opt. Precision Eng, 2007, 15(2):
155-159. (in Chinese)
[Dl.
, 2011.

ZHOU CH. Research on Modeling and Simulation
Analysis for Large Telescope System [D]. Chang-
chun: Changchun Institute of Optics, Fine Mechan-
ics and Physics, Chinese Academy of Sciences,
2011. (in Chinese)

GARDNER ] P, MATHER J C, CLAMPIN M, ez
al.. The james webb space telescope [J]. Space
Science Reviews, 2006, 123(4) :485-606.

MILLER D, SAENZ-OTERO A, WERTZ J, et al..
SPHERES: a testbed for long duration satellite forma-
tion flying in micro-gravity conditions [ CJ. Proceed-
ings of the AAS/AIAA space flight mechanics meet—
ing. Clearwater, Florida, January, 2000. 167-179.
MOHAN S, SAKAMOTO H, MILLER D W.
Formation control and

reconfiguration through

synthetic imaging formation {lying testbed

(8]

9]

(10]

[11]

[12]

[13]

[14]

(SIFFT) [C]. UV/Optical/IR Space Telescopes
Innovative Technologies and Concepts |ll. Inter—
national Society for Optics and Photonics, 2007 ;
66871E-66871E-11.
MACHAIRAS K, ANDREOU S, PARASKEVAS
1, etal. Extending the NTUA space robot emulator
for validating complex on-orbit servicing tasks [C].
12th Sym posium on Advanced Space Technologies
in Robotics and Automation (ASTRA), 2013.
UNDERWOOD C, PELLEGRINO S, LAPPAS V
J, etal.. Using CubeSat/micro-satellite technology
to demonstrate the Autonomous Assembly of a
Reconfigurable Space Telescope ( AAReST) [J1.
Acta Astronautica, 2015, 114.112-122.
LIU J, GAO Q, LIU Z, et al.. Attitude control
for astronautassisted robot in the space station
[J]. Imternational Journal of Control Automation
& Systems, 2016, 14(4):1082-1095.
GAO Q, LIU J, TIAN T, et al.. Freeflying dy-
namics and control of an astronaut assistant robot
based on fuzzy sliding mode algorithm [J]. Acta
Astronautica » 2017, 138 462-474.
SCHWARTZ J L., PECK M A, HALL C D. His-
torical eeview of air-bearing spacecraft simulators
[J7. Jowrnal of Guidance Control & Dynamics
2003, 26(4):513-522.
[yl , 2017, 25
(12) :80-86.
HEJ P, XUZH B, YUY, etal.. Design and ex-
perimental testing of a 9-DOF hyper-redundant ro-
botic arm [J]. Opt. Precision Eng, 2017, 25
(12) :80-86. (in Chinese)
M. , 2013,
23-154.
ZHU ZH X. YUAN ] P. SHANG P, et al.. Con-

struction of Microgravity Environment for Space-



362

27

[15]

[16]

cra ft Operation [ M]. Beijing: China Aerospace pub-
lishing house, 2013: 23-154. (in Chinese)

[D].
, 2010.
XU J. Prototype Development and Research on Key
Technologies of the Five Degrees-of-freedom Air
Bearing Spacecrafy Simulator [ D]. Harbin: Harbin
Institute of Technology . 2010. (in Chinese)
[l +2009(9) :11-13.
XU J, REN D, YANG Q J, etal.. The design of

(1993—), ,
.2016
. E-mail: 853008304 @

qq. com

[17]

(18]

pneumatic cicuit for the 5-DOF air-bearing space-
craft simulator [J]. Chinese Hydraulics & Pneu-
matics, 2009(9) :11-13. (in Chinese)
) , ; [M].
, 1990,
LIU D, LIU Y H. CHEN SH ], et al..
Pressure Gas Lubrication [ M]. Harbin: Harbin
Institute of Technology Press, 1990. (in Chinese)

SONG G, BUCK N, AGRAWAL B, et al.. Space-

Static

craft vibration reduction using pulse-width pulse-fre-
quency modulated input shaper [J]. Jouwrnal of Guid-
ance Control & Dynamics, 1997, 22(3) :433-440.

(1982—), s
,2005  ,2010

» E-mail: xuzhenbang @

gmail. com



