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Abstract 

In this paper, the suspension gravity compensation system (SGCS) is modeled and the corresponding controller is 

designed. The system is a servo platform consisting of three sub-systems by which a micro-gravity environment can 

be established. Especially, a novel zero stiffness suspension sub-system and a creative unconstrained structure are 

proposed. The system model is deduced based on Lagrange equation. A PID controller is designed by using the 

feedback linearization approach. Simulation results show the effectiveness of the proposed method. 
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1. Introduction 

One of the vital differences between the space 

environment and the ground laboratory environment is 

that the space is micro-gravity. In order to represent the 

spacecraft motion in space on the ground and improve 

the fidelity of ground verification of guidance and 

control system, the micro-gravity environment should 

be built. Up to now, the gravity compensation methods 

have been developed such as weight loss, neutral 

buoyancy, air-bearing and suspension system1-5 .There 

are both advantages and disadvantages of these 

approaches. Among them the suspension method5-7 

becomes an economical, practical and reliability method. 

There are two kinds of suspension compensation 

methods passive suspension compensation5 and active 

suspension compensation.6-7 The active suspension 

method performs much better than the passive one. The 

compensation accuracy of the suspend system depends 

on the structure and controller of the vertical direction 

sub-system greatly. Usually, the wire rope is one of the 

necessary parts of the vertical direction sub-system. 

However, when a force which is opposite to or greater 

than the object gravity functions on the object, the rope 

will be invalid. To solve this problem, a spring is 

combined with rope, but the compensation accuracy is 

affected by the rope reversing. In this paper, we develop 

a new means that combines a spring buffer unit with the 
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transmission unit to avoid the shortage of the wire rope. 

Besides, there are rarely papers or researches that 

concern how to guarantee the object rotation freedoms 

when it is suspended to the compensation platform. In 

this paper, a creative mechanical structure is presented. 

2. System Design 

The platform is a servo system consisting of a level-

servo sub-system (LSS), a zero stiffness suspension sub-

system (ZSSS), an unconstrained suspension sub-system 

(USS) and a circuit control section (CCS). The LSS can 

follow the object’s horizontal movement and maintain 

the ZSSS vertically. The ZSSS could compensate the 

gravity of the object suspended to the USS and assure 

its gravity wouldn’t affect its movement. The USS holds 

the object and such that the object would rotate freely. 

Note that they work cooperatively to create a micro-

gravy environment. 

As described in Fig.1.the object connects to the 

platform through the USS. The USS is composed of 

twelve rolling bearings and their fixations, which 

guarantees the equivalent suspension point coincides 

with the object centroid. Hence, the object can keep 

balance at any random attitude. The USS links to the 

spring buffer. The spring buffer attaches to the ZSSS. 

Besides, the ZSSS includes universal joint, Z direction 

mechanism and motor 3. The dual-axis tilt sensor is 

fixed to a spring buffer through an aluminum panel. The 

spring buffer and the tension sensor are connected by 

the universal joint. Therefore, when the object moves, 

the spring buffer swings around the universal joint. The 

dual-axis tilt sensor can measure the swing angle. The 

tension sensor connects to the Z direction mechanism. Z 

direction mechanism transmits by a rack and a pinion 

driven by motor 3. The ZSSS installs on the LSS 

specifically on the Y direction mechanism. In addition, 

The LSS comprises motor 2, the X direction mechanism 

and motor 1. The Y direction mechanism mounts on the 

X direction mechanism and they are driven by motor 2 

and motor 1 respectively. The X direction mechanism 

fixes on the supporting frame.  

The USS consists of twelve bearings and their 

fixations as presented in Fig.2. The bearings are 

classified into yaw bearings, roll bearings and pitch 

bearings according to their corresponding support 

rotation of the object. 

 

Fig.1.Structure and coordinate system of SGCS 

The CCS contains the dual-axis tilt sensor, the 

tension sensor, drive control cards, an acquisition card 

and a PC. The working principle of the platform is as 

follows. When the object moves along the horizontal 

plane the dual-axis tilt sensor can measure the swing 

angles. Then the motor 1 and motor 2 can drive the X 

and Y direction mechanism to eliminate the swing angle 

to maintain the spring buffer vertically. When the object 

moves vertically the length of the spring will vary. The 

tension sensor will detect the variation and then the 

motor 3 actuates the Z direction mechanism to eliminate 

the variation. So the vertical movement of the object 

wouldn’t be affected by its own gravity. The object is in 

a micro-gravity environment. 

 

Fig.2. Structure of USS 

3. Model Building 

The SGCS coordinate system is shown in Fig.1.right. 

Among it, the spring buffer and the application of USS 

are equivalent to a spring and a rope linked to the 

centroid of the object respectively. The meaning of each 

part is as below. 

 0m , the load of LSS, 

 1m , 2m , the mass of the pinion and rack resp., 

 M , the mass of object, 

  , the rotation angle of the pinion 

 Q XYZ , static coordinate system 

 O , centroid of 0m  

 1 2 4, ,O O O , centroids of 1m , 2,m M resp., 

 3O , centroid of the universal joint, 

 ,x yF F , motor 1&2 driving forces on X&Y  

 xT , motor 3 output torque on the pinion 
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 4 4 4, ,x y zF F F , the object driving force 

 4 4 4, ,x y zT T T , the object driving torque 

  ,wing angle between spring buffer & vertical 

 ,x y  , orthogonal decomposition of   

 O xyz , coordinate moves with O , 

 , 3,4i i i iO x y z i  , coordinates move with 
3 4&O O , 

 
3 31 31 31O x y z , coordinate rotate along the buffer. 

From the definition above, the coordinates of

1 2, ,O O O are  , ,0x y ,  , ,0x y R and  , ,x y R . 

And the velocity of each point is  , ,0x y ,  , ,0x y

and  , ,x y R . 

Define 1 0 1,
Mg

l d l l l
k

     Then 4O is 

 0sin cos , sin , 0.5 cos cosx y y x yx d y d R h d        

      0h is the length of the rack. 
2&O O  coincide at the 

initial position. l is the variation length of the spring. Set

0l  , when the force of the spring is equal to Mg . 

For 5  , sin ,cos 1    , then 

 0, , 0.5x yx d y d R h d       

The velocity of
4O is 

 , ,x x y yx l d y l d R l          

The attitudes of the object will be changed when 

4 4 4, ,x y zT T T  is valid, and therefore the angular velocity is 

time-varying. But when we choose , , , , &x yx y l   as 

system generalized coordinates, they are independent of 

the object rotational kinetic energy. Hence, we could 

ignore it when we calculate the system kinetic energy.  

We define 0m as the load of LSS. The pinion and 

rack move along the X&Y direction mechanism at the 

horizontal direction, so this part of kinetic energy is 

included in 2 2

0 0 00.5 0.5x m x m y ym v m v (
0 0,x ym m the load of 

X, Y direction resp.). 

The system kinetic energy is 

2 2 2 2

1 2 0 0

2 2 2 2

0

1 1 1 1
( ) ( )

2 2 2 2

1 1
( )

2 2

x m x

m y y Mx My Mz

T m R m R m v

m v M v v v

   

   

     

Choose xOy plane as zero potential energy surface 

and the system potential energy is 

 2

2 1 00.5 ( ) 0.5V m g R k l l Mg R h d        

L T V                                (1) 

Lagrange equation 

( 1,2,......)j

d L L
Q j

dt q q

  
   

  
             (2) 

Substitute Eq. (1) into Eq. (2) and define 
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The equations deduced from Eq. (2) can be 

formatted in a compact form 
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   (3) 

We classify the system generalized coordinates into 

two parts based on their controllability that , ,x y  only 

controlled by the motors and the other ones are affected 

by the driving forces of the object simultaneously. 

Define  1 2,
TT

x yq x y q l       , and  

1 1 2 2 1 1 2 2 1 1M q M q C q C q G F                  (4) 

2 1 3 2 3 1 4 2 2 2

TM q M q C q C q G F                (5) 

Obviously, 2M is invertible 

Let    1 2 5. 4 .TM MEq Eq . And
1 3 0C C   we gain 

2 2 1 1 2 2

T

mM q Cq G F M M F                   (6) 

2 1 2 3 2 1 2 4

1 1 2 2

, ,T T

m

T

M M M M M C C M M C

G G M M G

 



   

 
 

4. Controller Design 

Since  2 4 4 4

T

z z zF F F F depends on the object 

movement requirements and is uncontrollable for SGCS, 

it’s regarded as interferences. So the model is a time-

varying coupling model with disturbances. A PID 

controller is designed by using the feedback 

linearization approach. 
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1 11 12mF F M F                                (7) 

  11 2F Cq G                                   (8) 

 12 2 2 2P I DF K q K q K q                    (9) 

,P Pz Px Py I Iz Ix Iy

D Dz Dx Dy

K K K K K K K K

K K K K

       

   

 

11F is used to counterweigh 2Cq G of Eq. (6). 

Substitute Eq. (7) in Eq. (6), and we gain 

2 12 1 2 2

T

m mM q M F M M F                  (10) 

It’s easy to verify the existence of the inverse of 

mM . Eq. (10) simplifies to  

2 12 1 2 2(t), (t) Tq F d d M M F              (11) 

Where 12F is a PID controller. PID parameters 

adjustment rules are employed to find suitable control 

parameters for the system.  

5. Simulation Results 

Firstly, the control target is 2 0q  . It means the gravity 

of the object is compensated completely. 

 

Fig.3. The object driving input and output of the system 

The object driving input is shown in Fig.3.left which 

is regarded as the system disturbance. From Fig.3.right, 

the system spring variation error is less than 0.0015 m 

which means the compensation accuracy is up to 99%. 

 

Fig.4. The system response & output error of the 0.2step input 

Then set  2 (t) 0 0
T

q u . (t)u is the reference 

input of the system which means when the spacecraft is 

not complete weightlessness and it varies according to 

the law role of the gravity effect. 

Fig.4. shows the system response and output error at 

0.2step reference input with the same disturbance as 

shown in Fig.3.left. The compensation accuracy is up to 

99%. The simulation results show that smaller of spring 

stiffness coefficient the higher compensation accuracy. 

6. Conclusions 

In this paper, a novel compensation platform reflecting 

in the ZSSS and USS is proposed and then the 

mathematic model based on Lagrange equation is 

developed. Lastly, a stable and high compensation 

accuracy controller is given. However, the existence of 

the sensor errors and modeling errors, we can’t 

compensate the nonlinear parts. Depth study should be 

conducted to find more practical controllers.  
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