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Abstract: To ensure the safe and reliable operation of the space-arm when 1t working in the space, the
space-arm should be locked reliably during launching. The optimal mumber and position of the locking spots
should be determined when consider locking plan. The finite element analysis method was employed to
accomplish modal analysis of space-arm under different constraints state. Modal analysis was employed in
simplified model of the space-arm. The relative larger displacement of the part can be 1dentified form mode
shapes which can help to determine the key locking spots. Moreover, the auxiliary locking points will be
selected according to the characteristics of the arm. Thus, all the locking spots of space-arm with a series of
multi-joints were selected primary. Under such locking condition, the dynamic characteristics of the space-arm
will be improved increasingly. Depending on the mass characteristics of the support mechanism, its model is
simplified into springs and reasonable constraint equations were established to simulate their properties. This
study provides an effective theoretical basis for dynamic design and optimization design of the space-arm and

the lock-unlock mechanism.
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INTRODUCTION

With the rapid developing of space technology and
robot technology, the space-arm has been widely used n
aerospace and robotic domains, owning to its light mass,
low energy consumption and strong adaptability. The
space arm can replace the astronaut in repairing
spacecraft under severe task environment. Without the
application of butt joint device, the space arm can seize
float-satellite and intercept space junk easily (Reif ef al.,
1999; Chen, 1991; Cassady et al., 2008). Space-arm is a
series of multiqjomt structure. Thus, 1t 13 a rnigid-flexible
mechanical system. Motor, speed reducer and a variety
of sensitive sensors are assembled m the jomts of
space-arm. Then the mass is more concentrated.

The space-arm which 13 working in the weightless
environment, is made by thin-walled components. In
addition to withstand the manufacture, handling,
transport, storage, testing and other environmental
conditions on the ground, the space arm should bear the
severe mechanical environment such as acoustic
emission, vibration, shock and acceleration when
launching (Das and Obal, 1998). To ensure the safety of
the space-arm in the launch phase, it should be locked
reliable (Deng et al., 2009).

The determination of number and position of the
locking spot is a very important factor to ensure the

safety under locking state. Tf the locking spot is too much,
it will lead to increased mass and transmission cost
greatly. More serious is that the excessive constraints will
affect the performance of the space-arm. If the number of
locking spot is not enough or the locking position is not
appropriate, the space-arm will not be protected
effectively (Liu et al., 2012). Therefore, the research on
optimal locking spots” number and appropriate location of
space-arm has a very important significance.

Research on locking spots  determination of
space-arm 18 proposed in this study based on modal
analysis theory.

MODATL ANALYSIS

Vibration environment of aerospace equipment is
divided into low frequency vibration and high frequency
vibration. Low frequency vibration is the main factor
which causes the failure of spacecraft structure and
medium-sized equipment. Therefore, the stiffness
requirements are most important indicator for the
structural design of space-borne device. Modal indicators
can be wed to evaluate the stiffness of structure
(Herand et al., 2000, Sugiyama et al., 2006). Modal
analysis of structure includes its natural frequency and
corresponding modes. And the modal of the space-arm
depends on the stiffness of structure, the mass
distribution and the boundary conditions.
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All structures have natural frequencies. When the
excitation frequency is close to its natural frequency, the
resonance of structure will occur. Differential equations of
motion vibration system is shown in Eq. 1:

ME+CXHKx =F (1) (1
Where:
M, C, K = Mass matrix, damping matrix and stiffness
matrix
x, %, X = Displacement vector, speed vector and
acceleration vector of node
F(t) = Input force vector

Let F(t) = 0, Eq. 1 becomes free vibration equation of
the system. Because the damping has little effect on the
system’s natural frequencies and mode shapes in
engineering application, damping force can be ignored.
Thus, undamped free vibration is shown in Eq. 2:

Mit+Kx =0 2)

Free vibration of elastic objects can be decomposed
mnto a series of simple harmonic. Solution vector of Eq. 2
can be assumed form of Eq. 3:

x = ¢ sin wt €)]

Where:

w = Natural frequency of the system

¢ = Corresponding n"
frequency

order vectors of natural

By submiting Eq. 3 mto Eq. 2 as shown in Eq. 4:
(K-0*M)dp =0 (4

Where:
A = Generalized eigenvalue and A = o

Not all amplitude at each node is zero when free
vibration. From Eq. 4, we obtain Eq. 5:

K-0'M=0 (5)

Solution (w'y, ¢, (W%, $*),... and (wn ¢,), which
present characteristics are obtained from Eq. 5, In which,
w', 0 ,... and w, is a characteristic value of the equation.
Natural frequency representative of the system is n. w, is
called the fundamental frequency. ¢, ¢., ... and ¢, are
eigenvectors and they represent n order modes of the
system (Qiu and Wang, 1994; Chijmatsu et af., 2002).

FINITE ELEMENT MODEL OF THE SPACE-ARM

The space-arm 1s stretched when it working in space,
as shown in Fig. 1 (Jeong ef al., 1999, Gibbs and Poirier,
1996; Asker, 1997). To save space, the space-arm must be
folded to be locked when launching. Figure 2 shows the
diagram of some space-arm when 1t folded.

Establish and simplified of physical model for the
space-arm: There are two kinds of methods when
establish the finite element model. They are CAD
modeling and CAE modeling. The shape of space-arm is
simple (Adams and Dutre, 2003; Mantyla, 1988). Thus,
CAFE modeling is employed here. JToints are connected by
several flexible thin tubes mn space-arm. Where the aspect
ratio of the most arm tube 1s very small, 1t 1s not suitable
for cell modeling. For this reason, solid modeling is
conducted to build the model based on Boolean
operations. Here, the small local structure 1s 1gnored and
the structure 1s simplified. Utilize the surface to represent
long thin tube and the torus to represent joints. The mass
of joints are simulated by setting the material properties.

Satellite

Space-arm -

Fig. 2: Space arm on satellite when lauching
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Cell division and connection: The space-arm is a
rigid-flexible coupled system, so solid95 and shell93 are
employed here to mesh joints and tubes, respectively.
Each node in shell93 has six degrees of freedom which are
UX, UY, UZ,ROTX, ROTY and ROTZ. And each node in
s0lid95 has three degrees of freedom which are UX, UY
and UZ. When using two different element types to mesh
the arm, node displacement of adjacent element cammot be
continuous. Solving this model cannot get correct results,
because the force and torque are unable to achieve the
correct transmission between two different elements.
Therefore, we must establish a means to ensure proper
connection between the different types of constraint
equations.

To employ transition method, a
cross-interface between the joint and tube 13 generated.
Shell element is introduced to generate transition element
which can meet the requirement of restraint conditions.
Therefore, the node freedom of adjacent elements is
coupled. Space-arm 1s mounted on the satellite by a fixed
end, Fig. 3 is the finite element model of the space-arm
when the fixed end constrained.

element

DETERMINATION OF LOCKING POSITION FOR
THE SPACE-ARM

Choice of locking positions on the space-arm: The
space-arm 15 a semi-rigid body which 13 not strong.
Support spot which has enough stiffness should be
selected to withstand a certain pre-load. Thus, attachment
between satellite and space-arm can be achieved
effecively. When selecting the locking spot. The
following questions are usually to be considered:

»  Stiftness and strength of the structure at locking
spot can withstand the preload when launching

*  Enough space 1s necessary to be provided for the
connection between attachments at locking spot

Fig. 3: Finite element model of space-arm

¢+  The connection between the locking spot and the
mounting spots should through the center of mass
and 1nertia of the space-arm as possible

»  Pre-distortion and pre-stressing caused by preload at
locking spot should be as small as possible

Determination of key locking spots for the space-arm:
Modal solving was accomplished when the fixed
end is restrained To improve the solution speed,
sub-block TLanczos method was employed Figure 4
shows the mode of four stages.

As can be seen from Fig. 4, the vibration amplitude of
joints which are far away from the fixed end is lager.
Therefore, locking spots at these locations are very
necessary. Locking positions are identified mitially as
shown in Fig. 5. It also can be seen from Fig. 4 that not
every joints need to be locked.

Determination of the auxiliary locking spot for the
space-arm: Although, most joints have been locking, it
can be seen that there are significant displacement
amplitude at the long-thin
structure, the low rigidity region exist locally will affect
the first-order natural frequency of the overall. Thus, it 1s
necessary to add locking spots at the long-thin part.

From Eq. 2, it can be seen that natural frequencies

tube. For such series

and mode shapes of space-arm are determined by its
stiffness matrix K and mass matrix M under locking
condition. The mass of the locking mechanism 1s far less
than that of the joints, so its quality may be negligible
when further determination of the locking position.
Mass-less spring element COMBIN14 1s employed here to
describe equivalent stiffness of the locking mechanism in
three directions. At this time, the combination modeling
with solid and element is proposed. The spring element
acts on the comesponding node of each locking
position. Figure 6 shows a schematic of connection
between solid element and spring element.

The stiffness definition of three springs ab, ¢d and
ce are along the launching directions X, Y and Z
respectively. Node a and ¢ are located at support spot on
the arm. Fixed constraint is applied at node b, d and e.
Relation of freedom degree at each node is achieved by
the following coupled by Eq. 6-11:

Rx, =Rx, (&)
Ry, =Ry, (7)
Rz, =Rz, (8)
[Ux,-Ux,| = 17k, (9)
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Fig. 4(a-d). Modes shape of manipulator partially constrained (a) Ist order, (b) 2nd order, (¢) 3rd order and (d) 4th order

Fixed

Fig. 5: Diagram of locking spots on space-arm

[Uy,-Uy. = 17k, (10)
|Uz,-Usz| = 1/k, (11
Where:
Rx, = Angle of rotation about the X axis ofnode
i,bi=ab
Ry, = Angle of rotation about the Y axis of node
Li=¢,d

Fig. 6 Schematic of connection between different

elements
Rz, = Angle of rotation about the Z axis of node,
1=c¢, e
Ux, = Displacement along the X axis
L,i=ab
Uy, = Displacement along the Y axis of node 1,1=c¢, d
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Uz = Displacement along the 7 axis of node
1,1 =¢, e

k.k.k = Stffness of lock mechanism m X,Y,
Z-direction

The relative position of two nodes on spring element
can be guarantee by Eq. 6-8. Namely to ensure their
connection 1s always parallel to the direction of
corresponding emission. Equivalence relation of stiffness
between locking mechanism and spring is guaranteed by
Eq. 9-11. Correctness of the spring element definition 1s
guaranteed by  these  constrained  equations.
Consequently, correctness of modal analysis of space-arm
can also be ensured.

According to the above constraints, the constrained
modal analysis of space-arm 1s achieved. Then the
specific location of auxiliary locking spot can be found
through the vibration modes according to specific lock
mechamsm.

CONCLUSION

This study builds a fimte element model for space
arm according to its locking condition in the procedure of
launching. ANSYS is used to accomplish the model
analysis of space-arm under the condition of locking to
find the appropriate locking positions based on model
theory. Through the model analysis of the space-arm,
relation between arrangement of locking position and
inherent frequency are revealed. This article provides a
new method for determination chosen of lock position for
space-arm and it also provides effective theory for the
experimental model analysis of space arm.
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