SPACECRAFT WEIGHTLESS SIMULATION AT GROUND TESTS

Purpose of Zero-G Simulation Mechanism 

Zero-g simulation mechanism was developed and applied to conduct ground workout of space-purpose moving vehicles and their elements. Zero-g simulation mechanism can work in two operating modes. In the first mode, zero-g simulation mechanism is used to simulate zero-gravity conditions during ground workout of articles. Zero-gravity (weight relief) effect is provided by applying the constant vertical force equal to the article weight. In the second mode, zero-g simulation mechanism can be used with some limitations for creating the variable force which varies as per the set law.

Important feature of zero-g simulation mechanism is very short response time due to its zero-torque kinematics (Figure 1) which make it possible to exclude massive moving elements and to make force driver in the form of short light shock-absorber. As a result of that, the rated value of added mass of zero-g simulation mechanism does not exceed 0.7—0.8 kg for the article weighed 100 kg. This quality of zero-g simulation mechanism makes it possible to use it for weight relief of articles that move at great speeds and accelerations exceeding gravitational acceleration whereas other means appear unsuitable.

So, widespread zero-gravity simulation systems with counterweight can be used only in case of quasi-static motion of the article, otherwise weight relief force will decrease as acceleration increases. Use of intermediate shock-absorber in this system results in oscillating transient process and does not save the situation essentially. Systems with suspension shock-absorber do not ensure persistence of weight relief force too because of drop of this force while the article moves.

This test bench also included such conventional elements as trapping system, travel limitation system, instruments and others. Farther we will consider in more detail peculiarities and fundamentals of implementation of zero-g simulation mechanism intended for work in weight relief mode, though zero-g simulation mechanism construction principles are the same for both modes.

Composition of Zero-G Simulation Mechanism 

As shown in Figure 1, zero-g simulation mechanism consists of:

- lever OA swivelling in hinge 0;
- flexible connection input branch fixed in point A of the lever and further going to a shock-absorber through roller E; 

- flexible connection output branch fixed in point A of the lever and further going to load (article) through roller С; 

- shock-absorber connected with a winch through a dynamometer.

All elements have minimum weight. The lever, which is exposed only to compression, is made of aluminium pipe or another light material. Material for flexible connections can be thin steel rope or cord of kevlar-type material. It is good to make the shock-absorber of a braided rubber cord working in zone of large deformations i.e. when deformation is 0.6–0.7 and greater up to one.

Zero-G Simulation Mechanism Operating Principle 

Both in the weight relief mode and in the variable force mode the use is made of property zero-g simulation mechanism capability of changing transmission coefficient with a wide range depending on initial geometry of scheme.

Transmission coefficient, which is function of lever turn angle here, represents a ratio of scheme input force (from the shock-absorber) to output force (to the article) and in view of lever equilibrium condition it is equal to ratio of arms of flexible connections Н/h.
It is obvious that the weight relief mode requires selection of that initial scheme geometry which ensures decrease of transmission coefficient simultaneously with drop of shock-absorber force under the same law.


Figure 1. Kinematic Diagram of Zero-G Simulation Mechanism

Figure 1 illustrates that variation of arms of connection, where arm Н decreases and arm h increases while the lever turns.

From the physical point of view, simulation of zero-gravity conditions is caused by necessity of excess of initial shock-absorber force over article weight. So, if typical value of input flexible connection slope is 45°, the ratio of the above forces is equal to 1.41. As the article moves, accumulated ‘excess’ of potential energy of shock-absorber is used to keep weight relief force at constant level.

Implementation of Zero-G Simulation Mechanism 

Typical initial data for implementation of zero-g simulation mechanism are normally the following:

- article weight; 

- weight relief travel and permissible error at this travel; 

- article motion characteristics.

Initial data requirements are fulfilled due to application of correct initial geometry of kinematic scheme defined by parameters R, ρ0, φ0, r0 and γ0 (see Figure 1) and appropriate shock-absorber.

Generally, optimal selection of scheme parameters and shock-absorber is mathematically quite complicated, as it comes to solution of variational problem with many variables.

In practice, it is possible to use the method of successive approximations, including five phases, to implement zero-g simulation mechanism.

In the 1st phase, preliminary analysis of effect of separate initial scheme parameters on dependence of transmission coefficient on shock-absorber contraction. It was found out, for example, that initial tilt angle of output flexible connection φ0 mainly determines curvature of transmission coefficient curve, changing it from zero to positive or negative and so on.

In the 2nd phase, selection of initial scheme geometry variant and determination of transmission coefficient for this variant take place in view of initial data requirements and preliminary analysis results. Here? The use is made of geometrical relationship.

In the 3rd phase, experimental determination of rigidity characteristics of shock-absorber of selected type takes place.

In the 4th phase, theoretical and experimental curves of transmission coefficient are combined by selecting shock-absorber length and rigidity.

In the 5th phase, obtained parameters of zero-g simulation mechanism are refined in the course of development test on the test bench unit.

Correctly designed and developed zero-g simulation mechanism allows to fulfil weight relief of articles accurate to three percent and less on travel practically equal to several metres within broad range of article acceleration values. 

Use of Zero-G Simulation Mechanism 

Zero-g simulation mechanism hereof based on newly designed kinematic scheme has very small added mass and is capable of working both in constant force mode (weight relief mode) and in mode of variable force varying as per desired law.

In view of short response time, the priority area of application of zero-g simulation mechanism is weight relief of article with high accuracy on travel of up to several metres with accelerations greatly exceeding gravitational acceleration.

Based on zero-g simulation mechanism, the test bench for ground workout of separation system of Chinese YH-1 microsatellite of “Phobos-Grunt” spacecraft was designed and successfully implemented, considering that weight relief requirements were enough strict and use of other known devices would be impossible.
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