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Abstract— The robot astronaut is a multi-body dynamics 

system with multi-degrees of freedom, nonlinearity and strong 

coupling. Its motion control and operation target are in 

micro-gravity environment, in which the robot is in a natural 

floating state. In space station, the dynamics of the robot is 

influenced by the internal force, contact force, inertial force and 

joint friction. At this point, the collision between the robot and 

the space station due to the movement impact will greatly 

influence the robot stability as well as cause serious damage. In 

this paper, we propose a control strategy based on dynamics and 

force compliant dual feed forward torque compensation, which 

greatly eliminates the impact force during the collision and 

realizes the smoothly motion of the robot in space station. 

Simulation results validated the effectiveness of the control 

strategy. 

I. INTRODUCTION 

Robot astronaut has a similar appearance to the astronaut 
and can replace the astronaut to complete various tasks 
without changing the environment of the space station. 
Therefore, it is of great significance to use the robot astronaut 
to assist or even replace the astronaut to perform the space 
station. The space environment is characterized by 
microgravity, astronauts are naturally floating in this 
environment. 

The robot astronaut is a highly nonlinear mechanical 
system coupled in parallel by several subsystems[1]. It is 
affected by internal forces, inertia forces, and contact stresses 
in the space station. Under this condition, when the robot 
astronaut moves in the space station, due to the microgravity 
and narrow space of the space station, uncertain dynamics 
interactions and collision forces are serious threats to control 
stability, even small disturbances may cause significant The 
movements of the robots make the robot astronaut's dynamics 
very complicated and it is difficult to maintain a stable 
movement. 

Through analyzing the robot astronaut's force impact with 
the space station during the movement of the space station, 
this paper performs a generalized multi-point impact 
dynamics modeling of the robot and divides the robot legs 
into a master leg and a slave leg. Then a torque dual feed 
forward control strategy based on force compliance 
compensation and dynamics feedforward compensation is 
proposed. This control strategy includes different control 
methods for the master leg and slave leg. To ensure the 
stability of the robot astronaut[2], the master leg is used 
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position control and the adaptive impedance controller based 
on forgetting factor function was used to control the slave leg. 
Finally the experiments were performed to verify that the 
control strategy proposed in this paper greatly reduces (or 
even eliminates) the impact force of the robot during move in 
the space station. 

II. MODELING FOR ROBOT ASTRONAUT  

A. Robot Astronaut Principle Prototype 

Essentially, the robot astronaut is a humanoid robot with 
limbs and torso, and a head that provides visual feedback. In 
order to make the movement of the robot in the working space 
more in line with the engineering principles of human 
movement, the prototype of the robot limbs is designed as a 
redundant robot arm with 7 degrees of freedom[1]. The 
existence of redundant degrees of freedom makes the 
movement of the robot more flexible and can avoid 
singularities, which are of great significance for path 
optimization and control optimization. The prototype model 
of the robot astronaut is shown in Figure 1.  
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Figure 1.  The principle prototype of robot astronaut 

B. Dynamics Modeling of Robot Astronaut 

The dynamic equation structure based on Newton-Euler 
equation[4] can be described as 

 ( ) ( , ) ( )M V G         

For a robotic astronaut with four limbs, its dynamics 
model can be seen as two parts: ‘the right leg fixed - the left 
leg swing’ and ‘the left leg fixed - the right leg swing’, and 
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their combination can fully describe the dynamics 
characteristics of the robot astronaut in motion. 

 robot left right     

The limbs of the robot are coupled and interact with each 
other. The movement of each part will affect other parts. It is 
difficult to model directly. Therefore, the model needs to be 
processed in a specific method. This paper uses the idea of 
equivalent substitution. Taking the left leg as an example, the 
robot can be seen as four arms connected in parallel on a waist 
joint. Therefore, the waist joint becomes a link connecting the 
four limbs. The movement of the waist can be forward 
recursive from the fixed base. 


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And the waist movement can be divided into three 
separate recursive paths to get the motion of other joints. 
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In reverse recursion, the robot is equivalent to a robotic 
arm, the waist is equivalent to the end link, the right leg and 
arms are equivalent to three different actuators connected in 
parallel on the end link. The forces and moments generated by 
the actuators are integrated through coordinate transformation 
into external force acting on the end link. 
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C. Master-slave leg collision mechanics modeling 

When the robot is moving along the handrail fixed on the 
space station, the robot astronaut will easily make rigid 
contact with the environment (including multi-point 
impact),as shown in Figure 2. which can resulting in a large 
contact force. 
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Figure 2.  Multipoint impact model for robot astronaut 

In the microgravity environment, even small disturbances 
have a great influence on the robot's posture. Therefore, 
establishing a multi-point impact dynamics model is one of 
the foundations of the robot astronaut's stability control in the 
space station. 

When the robot grabs the handrail of the space station, the 
robot's legs form a rigid closed chain with the space station. 
At this time, because the rigidity of the robot and the space 
station are generally different, it often generates a large 
impact force, causing the robot to oscillate or even lose stable. 
In order to solve the internal force caused by the impact, this 
paper defines the legs as the master leg and the slave leg, and 
adopt different control strategies respectively. 

Forces acting on the waist can be derived from the contact 
force and torques using a statics analysis[5]. The recursion of 

the force from the 1 thi   joint to the thi  joint is satisfied: 


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1 1

i i i

i i if R f
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 1 1 1 1

i i i i i

i i i i in R n P f       

The force applied on leg A (
AF ) is derived and projected 

onto the XOY plane; then it is decomposed into vertical and 
parallel forces: 

 sin cosA Ax A Ay AF F F     

 / / cos sinA Ax A Ay AF F F    

Similarly, the force applied on leg B (
BF ) is decomposed 

as follows: 

 sin cosB Bx B By BF F F     

 / / cos sinB Bx B By BF F F    

The Leg with large internal forces need to be adjusted 
because it create conflicting forces in the closed chain. As a 
result, leg with larger vertical forces is defined as slave leg, 
and the other is defined as the master leg. Comparing 

/ /AF with / /BF : If / /AF < / /BF , then leg A is the master and leg 

B is the slave and vice versa. 

III. TRACK PLANNING BASED ON DUAL TORQUE 

FEEDFORWARD CONTROL STRATEGY  

The existence of space microgravity makes it impossible 
for the robot to walk like a robot on the ground. Therefore, the 
robot astronaut forms a certain fixed relationship with the 
space station body through the "claw" on the foot. The 
existence of such a fixed relationship makes the robot 
astronaut's movement to have a rigid collision with the space 
station during the movement, which greatly affects the 
stability of the movement. Therefore, the robotic astronaut's 
trajectory planning also needs to be optimized to suit the 
special arrangement of the space station. 



  

A. Gait Planning under Dynamic Equilibrium Theory 

ZMP[6], full name Zero Moment Point, refers to the 
zero-moment point of the humanoid robot. As long as the 
zero-moment point of the robot falls within the range of 
supporting feet, the robot can walk stably[7]. The relationship 
between the landing point of the ZMP and the stability of the 
robot is shown in Figure 3.  
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Figure 3.  Dynamic equilibrium theory 

The robot astronaut can be seen as a humanoid robot 
formed by multiple subsystems connected in parallel on the 
body. The subsystems are coupled and interact with each 
other, so their dynamic behavior is very complicated. 
Although the robot astronaut have a fixed relationship formed 
by the claws with the space station, when the robot moves in 
an unstable posture, the robot's feet will be subject to large 
bending moments and torques, which may cause imbalance of 
movement. And this will greatly reduce the useful life of the 
robot, so it is necessary to optimize the movement of the robot 
astronaut. In combination with the gait of the human 
walking[8], we can generate the robot gait as shown in the 
figure below. 
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Figure 4.  A complete gait from S1 to S6 of robot astronaut 

As shown in the Figure 4. , our planned robot gait [9] can 
be divided into four steps. In the first step, the left leg falls in 
S2 and the right leg falls in S1. In this step, the robot legs will 
natural bend and prepare for further movement. Then comes 
to the second step, the left leg moves from S2 to S3 while the 
right leg still in S1. In the third step, the right leg moves from 
S1 to S4 and the left leg still in S3. Repeating the third step, 
the robot goes forward again and the left leg moves to S5 
while the right leg in S4. Finally is the fourth step, the right leg 
stops at S6, and the robot astronaut moves from S1, S2 to S6, 
S5. 

Analyzing from another aspect, the above four steps can 
be described as four stages: “double leg support period”, 
“right leg support period”, “left leg support period”, “double 

leg support period”. And we can get the walk mode in the 
follow Figure 5.  
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Figure 5.  Walk mode generation flow chart 

B. Master-slave Adaptive Impedance Controller 

When the robot does not grab the handrail, the legs of the 
robot are symmetrically distributed in the desired position, as 
shown in Figure 6, 
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Figure 6.  Principle of master-slave selection 

The green line (line 1) is the desired centerline line[10]. 
However, due to uncontrollable multi-point collisions and 
errors due to mechanical deformation, the robot is usually at 
the red line (line 2) in an asymmetrical state. Because the red 
line and the green line do not coincide, the distance between 
them causes internal force in the impedance controller[9]. 
This internal force is the source of the impact force in the 
closed chain of the robot. 

To solve this problem, the path planning strategy of the 
main leg is to control the robot toward a desired symmetrical 
posture. At the same time, under the premise of the stable 
movement of the robot, the equilibrium position of the virtual 
spring in the impedance control is gradually adjusted by the 
forgetting factor function, and the conflicting force is 
eliminated. 
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Figure 7.  Master-slave adaptive impedance controller law 

According to the Symmetrical configuration of the legs, 
the impedance equation of the legs can be written as[12] 

S S SM (χ χ) B (χ χ) K (χ χ) Q Qdes des des des ext        

Where Qdes
represents the expectation forces and torques 

of the slave leg, and Qext
 represents the detecting forces and 

torques by the six-dimensional force sensor at the end effector. 

Qext
 is written as 


7 7

7 7Q [ , ]T T T

ext f n  

Set e  as the error between the equilibrium position χdes
 

and the actual position χ  of the virtual spring 

 (k) χ (k) χ(k)s dese    

At the same reason 

 F(k) F (k) F (k)des ext    

Then, Eq. (12) can be rewritten as: 


S S SM (k) (k) B (k) (k) K (k) (k) F(k)s s se e e     

The spring damping system should be operated under 
critical damping conditions: 

 B (k) 2 K (k) M (k)s s s   

Substituting Eq. (17) into Eq. (16), 

 S S

S S S

K (k) K (k) F(k)
(k) 2 (k) (k)

M (k) M (k) M (k)
s s se e e


    

Further simplified 

 S

S

K (k)
H(k)

M (k)
  

And the get the impedance equation for dual legs 

 2

S

F(k)
(k) (k)H (k) 2 (k)H(k)

M (k)
s s se e e


    

C. Forgetting Factor Function for Adaptive Impedance 

Controller 

Classical impedance control methods (as described above) 
can’t eliminate the inherent internal forces of the closed chain. 
This section introduces the forgetting factor function 
[13][14][15][15] into the impedance controller; see Eq. (21). 
As the robot astronaut moves, the provided forgetting factor 
function can be used to adjust the virtual spring position to the 
expected motion state in the impedance controller, thereby 
eliminating the conflicting forces in the rigid closed chain. 


1 0 1 2

( )
( ) (1 ( )) ( ) ( ) ( ) [ ][ ]

( )

n

n n

n

e t
u t r n u t r n u t

e t
       

where ( ) [0,1)r n   describes the forgetting factor 

function, n  is the amount of iterations and ( )ne t  is the 

deviation of the controlled variable. 

Based on the forgetting factor function, Eq. (12), which 
describes the slave leg impedance control, can be written as: 

 S S SM B K Q Qs s s des exte e e     

Here, ( )se n  describes the difference between the desired 

posture and the actual posture in Eq. (14), which can be 
written as: 

 ( ) χ ( ) χ ( )s des pe n n n   

χ ( )des n  defines the expected posture using the forgetting 

factor function: 


# #χ ( 1) (1 ( ))χ ( ) ( )χ ( )des a desn r n n r n n     

Where 
#χ ( )des n  describes the expected posture of the 

slave leg, while 
#χ ( )a n  describes the posture of the slave leg 

calculated from the master leg. Here, 
#χ ( )a n  can be 

calculated by: 


# #χ ( ) ( ) χ ( )a a desn T n n   

Where 
# ( )aT n  is the coordinate transformation from the 

master leg to the slave leg. The following equation is obtained 


# #( ) (1 ( )) ( ) χ ( ) ( )χ ( ) χ ( )s a a des pe n r n T n n r n n n     

The forgetting factor function ( ) [0,1)r n   is a 

monotonically decreasing function during movement. First, 

( )r n  is closed to 1, so the equilibrium position of the virtual 

spring is closer to the expected position of the follower. Then, 

( )r n  gradually approaches 0, and the equilibrium position is 

close to the position corresponding to the main leg. When 



  

motion stops, the main leg determines the equilibrium 
position. 

The forgetting factor function is written as: 


1

( )

ln( 2.9)
10

r n
n





 

IV. DYNAMICS CO-SIMULATION EXPERIMENT 

A. Experimental System Description 

The experiments in this chapter are all based on the 
ADAMS and MATLAB co-simulation platform[16][17]. The 
following figure shows the simulation experiment system 
build in MATLAB. 
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Figure 8.  Simulation experiment system in MATLAB 

It can be seen that the simulation system receives 18 joints 
motion data and outputs robot motion and joint dynamics 
information. 
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Figure 9.  A complete experiment process from a to e in ADAMS. a: the 

robot naturally bents two legs; b: the right leg steps forward; c-d: the left leg 

steps forward; e: the right leg goes half step and align with the left leg. 

The above figure is a process diagram of the simulation 
experiment in ADAMS. It can be seen from the figure that the 
robot walks a complete course of a gait. 

B. Contact forces between end effector and handrails 

Due to mechanical deformation, accidental multi-point 
collisions, joint positioning errors and visual inaccuracies, the 
robot's actual posture and position deviate from the ideal state 
(Figure 6). These deviations create conflicting forces in the 
rigid closed chains formed by the legs, which can result in 
greater force/torque between the end effector and the handrail. 
As can be seen from Figure 10.(a) and 10.(c), the force and 
torque between the slave leg and the handrail controlled by 
the conventional position-based control method start to 
appear at the stage of grasping the handrail, reaches the 
maximum at the moment of fully grasp, and then the other leg 
starts relax the end effector, and the contact force and moment 
are then reduced to the normal value. The peak force/torque is 
very large, which causing great damage to the robot. 

(a) (b)

(c) (d)  

Figure 10.  Contact forces of dual legs by using different control method 

In order to overcome this problem, an adaptive algorithm 
is proposed to eliminate the conflicting force of the slave leg 
during the movement. It is based on the Impedance Control 
and Forgetting Factor functions. Figures 10.(b) and 10.(d) 
show the contact force and the torque of slave leg controlled 
by the adaptive impedance controller. 

TABLE I.  CONTACT FORCE/TORQUE 

Controller 
Force(N) Torque(Nm) 

xF  yF  
zF  x  y  

z  

Classical 307.56 180.69 53.01 53.00 86.82 154.97 

Adaptive 23.87 84.98 10.87 4.82 6.42 20.62 

 

It can be seen from the figure 10.(b) and 10.(d) that the 
contact force and torque are always controlled within a 
suitable size range. TABLE I. lists the maximum contact 
forces under the control of the two different methods. 
Obviously, the contact force and torque of the leg controlled 
using the classical method is much greater than the contact 



  

force and torque of the leg when using the adaptive method. 
These results show that our proposed adaptive impedance 
controller can reduce the connection force/torque between the 
end effector and the handrails and eliminate the collision 
force in the rigid closed chain. 

C. Torques of joints 

In this experiment, joints 1, 3, 5, and 6 have the highest 
output torque (excluding initial stage torque), and the rest of 
the joints have smaller output torques or no significant 
changes in output torques. Figures 11.(a) and 11.(c) show the 
joint output torques of dual legs by using the conventional 
position-based control method. Figures 11.(b) and 11.(d) 
show joint output torques of dual legs by using the adaptive 
impedance controller. 
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Figure 11.  Joint torques of dual legs by using different control method 

It can be seen from the figure that when the robot legs do 
not grasp the handrails, the output torques under different 
control methods are similar. During the process of the robot 
grabbing the handrail, the output torques under classical 
method increases sharply until it reaches the maximum 
(completely grasped). While the joint torques under adaptive 
impedance control are always controlled within a reasonable 
range in the process of grabbing the handrail. This shows that 
the adaptive impedance control method can effectively 
eliminate the impact moment during robot movement and 
improve the robot's movement stability. 

V. CONCLUSION 

Due to mechanical deformation, accidental multi-point 
collisions, joint positioning errors, the robot astronaut always 
generates internal stress during movement, which causes great 
damage to robot astronaut and space station. Through 
analyzing this problem, we carried out the dynamic modeling 
and collision mechanics modeling of the robot astronaut. On 
this basis, we proposed a dual-feedforward torque 

compensation control strategy based on dynamics and force 
impendence. In the simulation experiments, this control 
strategy greatly reduces (or even eliminates) the conflicting 
force during robot movement. It is verified that the control 
strategy has good robustness and control accuracy. It has 
certain application value for the stability control of robot 
astronaut. 
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