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EXTENDEDABSTRACT

1 Introduction

The construction of large space structures, such as space power stations and satellite antennas, depends on space assembly
technologies. For these structures, slender rods made of flexible materials can gain the advantages of reducing weight and
volume. However, the motion of the manipulators will cause structural vibration, especially when they are operating rapidly. In
order to suppress the residual vibration of flexible structures and improve the operating efficiency of manipulators, the
trajectories of the space manipulators need to be optimized [1, 2]. Herein, we use the absolute nodal coordinate formulation
(ANCF) method [3] to model the space structures including manipulators and flexible bases. To enforce the dynamic behavior
of flexible multibody systems approaching that of rigid multibody systems and thus reduce the vibration, the trajectory of the
manipulators are further optimized by the gradient descent method with sensitivity analysis [4]. The proposed method can
describe complex space structures, improve the operation efficiency of complex space assembly tasks, and make the
application of large flexible space structures possible.

2 Methods

The dynamic equations of space mechanisms and structures with flexible components are established by using the ANCF
method, and can be expressed as:
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The angle driving constraint equation of the motors can be written as

( , ( ))t Φ q θ 0 (2)

and the corresponding design parameters of the joint are the motor angle values at discrete time points:
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where kb is the vector of the design parameter of joint number k , and k is the angle of this motor. In order to obtain C2-
continuity to prevent infinite motor torques, motor angles are discretized by piecewise cubic polynomial interpolation. The
motor trajectory is optimized to reduce the position deviation caused by the vibration of the flexible link in the fast motion
process as well as the residual vibration after the motion. After obtaining the ideal dynamic calculation results of the multi-
rigid-body system through the target trajectory, our goal is to reduce the impact of the flexible components, and make the
dynamic behavior of the rigid-flexible coupling system similar to that of the multi-rigid-body system, so we obtain the
objective function as:
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where i i i,  ,  x y zr r r and i i i,  ,  x y zr r r   represent the actual and expected target slope vectors of thi rigid body component respectively,
and i

pw represents the weight of the thi rigid body orientation deviation. In order to make complex and flexible adjustments to
the trajectory, we have a large number of discrete design variables, which can reach hundreds. At this time, intelligent
algorithms like PSO method are inefficient, so we use the gradient descent method. Here we use the adjoint variable method to
calculate the gradient, and the adjoint DAEs can be simplified according to the characteristics of the ANCF method into:
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where ,μ ν are adjoint variables, and the matrix M and qQ at each time step can be stored during the forward integration of
the system dynamic equation (1). After the calculation of adjoint variables, the gradient b can be simplified and calculated as:
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and gradient based nonlinear optimization methods can be used to optimize the design parameters b .

3 Cases study

The deformation of slender beam made of flexible materials is beyond the range of linear vibration and cannot be accurately
described by the assumed mode method. For the flexible link manipulator with a load at the end, we give a fast moving target
trajectory, optimize the driving parameters to achieve high tracking accuracy, and significantly suppress the residual vibration
of the flexible link (Fig. 1), which shows the effectiveness of the optimization method.

Figure 1: Optimized motion of a flexible link manipulator

Considering the more complex large space structure, we have established the model of two manipulators on a flexible base
moving objects simultaneously (Fig. 2). The dynamic model can be easily established by using the ANCF method. The base
vibration caused by the operation of one manipulator will affect the motion of the other manipulator. The simultaneous
optimization of the motion of the two manipulators can suppress the residual vibration and improve the work efficiency while
completing the task quickly.

Figure 2: Optimization effect of simultaneous operation of two manipulators on flexible base

4 Conclusion

In order to reduce the vibration of the flexible base caused by the rapid operation of the manipulators, the gradient descent
method is used to optimize the joint trajectory of the manipulator. The gradients of the objective function with respect to the
design variables are calculated by the adjoint variable method. The effectiveness of the method is verified by experiments and
calculations, which can improve the operational efficiency of on-orbit assembly of complex space structures.
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