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Abstract—Controlling a robot astronaut to move in the
same way as a human astronaut to realize a wide range of
motion in a space station is an important requirement for
the robot astronauts that are meant to assist or replace
human astronauts. However, a robot astronaut is a
nonlinear and strongly coupled multibody dynamics system
with multiple degrees of freedom, whose dynamic
characteristics are complex. Therefore, implementing a
robot astronaut with wide-ranging motion control in a
space station is a tremendous challenge for robotic
technology. This paper presents a wide-ranging stable
motion control method for robot astronauts in space
stations based on human dynamics. Focusing on the
astronauts’ parking motion in a space station, a viscoelastic
dynamic humanoid model of parking under microgravity
environment was established using a mass-spring-damper
system. The model was used as the expected model for stable
parking control of a robot astronaut, and the complex
dynamic characteristics were mapped into the robot
astronaut system to control the stable parking of the robot
astronaut in a manner similar to a human astronaut. This
provides a critical basis for implementing robots that are
capable of steady wide-ranging motion in space stations.
The method was verified on a dynamic system of a robot
astronaut that was constructed for this research. The
experimental results showed that the method is feasible and
effective and that it is a highly competitive solution for robot
astronauts with human-like moving capabilities in space
stations.

Index Terms—Robot astronaut, Motion control,
damper system, Model mapping and controlling
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I. INTRODUCTION

ECAUSE space robots are not restricted by the human

physiological conditions [1] that make the space
environment harsh on humans, their use to assist or replace
astronauts in space exploration is the probable choice for space
station development [2], [3]. Because robot astronauts have the
appearance of astronauts, there is no need to change the
structural environment of the space station. Controlling robots
to move like human astronauts in the space station environment
with a wide range of motion is an effective approach for
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assisting or replacing astronauts [4].

“Wide-ranging motion” means that the robot moves freely in
the space station that is similar to that of an astronaut, and is
used to distinguish the robot movement through a given orbit or
through the use of a climbing handrail [5], [6], [7]. However,
the issue of stable wide-ranging motion of space robots in space
stations has not been effectively solved. Currently, the main
robots used at the International Space Station are the Robonaut
series from the US [8], [9], Canadarm 2 from Canada [10], [11],
and Eurobot from the European Space Agency (ESA) [12].
Robonaut has a similar appearance to humans and thus can
carry out a specific range of motion in the space station by
crawling along special handrails. Canadarm 2 performs a wide
range of motions through the use of specific rails and fixed
electromechanical interfaces. Eurobot moves outside the space
station by firmly gripping onto the rails of the station and
alternating the motion of its arms. The Beijing Astronaut Robot
[13], which was developed autonomously by the Beijing
Institute of Technology, performs wide-ranging motion in the
space station by gripping onto handrails with three coordinated
arms and specific guiding rails. All of these space robots have
increased the requirements for the structure of the space station,
which has increased the system complexity of the space station.
In addition, the motion efficiency of the current space robots is
low, and their ranges of motion are limited. Currently, the
primary mechanism of motion for robot astronauts is gripping
onto the handrails of the space station [14], [15]. To facilitate
the motion and operation of astronauts in the space station
cabin, the rigid handrails used by robots for climbing are sparse,
which results in difficulty for robot astronauts to have a wide
range of motion for handrail climbing; therefore, the ability of
the robot to assist in the astronauts’ operations is extremely
limited. This has also limited the ability of the robots to replace
astronauts in carrying out space station duties.

Astronauts can move their bodies back and forth, turn and
park by pushing on the handrails and bulkheads, so the motion
of astronauts in the space station is free, rapid, stable and wide-
ranging. Therefore, a new wide-ranging motion mechanism is
proposed. Assuming that the basic structure of the space station
does not change, wide-ranging motion of robot astronauts in the
space station can be realized by controlling the robot astronaut
to have the dynamic characteristics of a human astronaut in the
space station. The modes of motion of astronauts in the space
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station mainly include starting, flying, and parking. Parking is
defined as the contact between the arm of the astronaut and the
space station at a certain velocity to implement stable body
docking for operations or to change the motion mode. It is an
important motion mode for astronauts in space. Parking
involves the contact dynamics between the arm and the space
station, which are more complicated than the dynamics of
starting and flying. Therefore, this paper focuses on humanoid
robot parking.

The state of the robot’s motion is sensitive to internal
structural forces, joint friction, environmental contact forces
and external disturbances under microgravity. Its dynamic
characteristics are complicated, which makes it difficult to
control robot astronauts to perform parking that resembles that
of an astronaut under microgravity. The existing control
theories of humanoid robots mainly focus on the modeling of
robotic legs, which resolves the motion control issues of robotic
feet on the ground. Shahbazi, Babuska and Lopes [16]
developed a bipedal spring-loaded inverted pendulum (SLIP)
model for humanoid robots, which performed a robotic
transformation between three motion modes (i.e., active
running, walking and walk-run). Motoi et al. [17] proposed a
bipedal model method based on a virtual linear inverted
pendulum (VLIP) to obtain the expected center of gravity (COG)
position of the robot and the foot placement. Hwang and Inohira
[18] made use of virtual spring-damping in bipedal modeling of
humanoid robotic legs, which was successful in providing
stable control of a robot climbing stairs. In the microgravity
environment, the parking of an astronaut is a process that
involves gaining stability through contact [19] between the
arms and a handrail. The dynamic modeling theory of an on-
ground humanoid robot cannot reflect the dynamic
characteristics of arms in the case of astronaut parking, so it is
difficult to control the parking of a humanoid robot astronaut.
This paper presents a stable parking control method for robot
astronauts based on human-body parking dynamics. The
method models the dynamic characteristics of human arms
under microgravity. By setting up an actual physical model, the
model parameters are actively adjusted to fit the dynamic
characteristics of the human arm during parking to obtain a
dynamic model with a similar dynamic response to that of the
human arm. The human-arm dynamic model is then applied to
the parking control of a robot astronaut to achieve high-level
stable parking by the humanoid robot astronaut.

The main idea of this paper is to propose the dynamic model
of human under microgravity as the expected control model of
the robot to realize the free movement of the robot astronaut in
the space station. The parking motion control is selected to
verify the validity and achievability of the proposed method.
The technical approach is to give a robot astronaut the same
dynamic characteristics as a human astronaut by means of
humanoid control so the rigid robotic arm can exhibit the same
flexibility as that of a human arm and perform stable and safe
parking similar to that of a human astronaut in a space station.
Specifically, a dynamic data acquisition system is established
based on the interactions between a human and the environment

when the astronaut makes wide-ranging motion under
microgravity. The dynamic data from the interactions between
the handrail and the astronaut during parking are then obtained.
By analyzing the dynamic characteristics of the astronaut
parking process, a physical model based on a spring-damper
system [20], [21] was selected to model the dynamics of the
arms [22] during parking and develop an expected model of
parking control for a robot astronaut. The complete dynamic
mapping from the expected model to the robot astronaut was
realized by normal contact force mapping and tangential
parking control and velocity mapping based on PD feedback
control. According to the equivalence law of dynamic
responses, a robot astronaut can behave like an astronaut after
complete mapping of the dynamic characteristics of the
interactions between the human arm and a handrail during
parking, which thus achieves the control of stable parking of a
humanoid robot astronaut. The core idea of the control system
is shown in Fig. 1.
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Fig. 1. Humanoid parking control process of a robot astronaut.

The structure of the remainder of this paper is as follows. In
Section II, we collect the dynamic characteristics data of
astronaut parking under microgravity and model the dynamics
of human arms to obtain the expected parking control model. In
Section III introduces the mathematical mapping from the
expected model to the robot astronaut control model, which
mainly includes normal contact force mapping, tangential
parking control and real-time velocity mapping. Section IV
provides a method for evaluating the results of robot astronaut
parking using the dynamic characteristics of astronaut parking
as the standard. In Section V, the robotic astronaut’s humanoid
parking, the control system robustness and the adaptivity of the
control system with XY initial velocities are verified
experimentally. Finally, a summary of the research and the
conclusions of the paper are given in Section VI.

II. DYNAMIC MODELING OF HUMAN BODY PARKING

The experiments of human parking under microgravity were
designed based on an experimental platform of a simulated
microgravity environment. Dynamic characteristics data were
also collected in the experiment. Through human-body data
analysis, the human arms were abstracted as a mass-spring-
damper system based on the equivalence law of dynamic
responses to develop a dynamic model of human arms.



A. Dynamic Characteristics of Human Parking under
Microgravity

One distinctive characteristic of the conditions in space is
microgravity; therefore, the human parking dynamics data must
also be obtained under microgravity, which is difficult for
general experimental acquisition systems on the ground. The
parking of the humanoid robot in this study involves many
dynamic parameters, such as the contact force, motion velocity,
joint velocity and body position, which increase the complexity
of the data acquisition system. We constructed an astronaut
parking dynamics data acquisition system that consists of a two-
dimensional air floating platform, a motion capture system and
a mechanical detection system, as shown in Fig. 2.
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Fig. 2. Framework of human parking dynamics modeling and human parking
data acquisition experiment. H indicates high similarity and L indicates low
similarity. See the equation 28 for the calculation method. High similarity
means that the absolute error of the two models is less than 10%.

The human parking experiment simulates the spatial
microgravity environment through a two-dimensional air
floating platform. The experimenter is fixed on a horizontally
placed flat plate supported by four air floating discs. The total
mass of the human and the air flotation device is 80.0 kg, where
the human mass is 71.8 kg, and the flotation device mass is 8.2
kg. The human parking experiment mainly collected velocity
and contact force data. The contact force data between the
human hand and the handrail was collected by ATI’s Omega
160 six-dimensional force sensor. The displacement of the
human torso was collected by the Motion Analysis’s Hawk-24
digital motion capture system. The torso velocity can be
obtained from the torso displacement, and the length of the arms
can be used to calculate the angle of each joint in the parking.

By analyzing the human parking movement, it is found that
human’s main velocity is perpendicular to the contact surface
during parking movement, and the velocity in other directions
is very small. The dynamic characteristics, such as contact force
and velocity, are mainly reflected in this direction (Defined as

the X direction). Therefore, mainly analyzed the human parking
data perpendicular to the contact surface. At the same time, due
to the completely symmetric distribution of the arms of the
experimenter, the dynamic characteristics in this chapter are
given by the left arm. The results of several contact force
measurements at different parking velocities are shown in Fig.
3.
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Fig. 3. Variations in the contact force at the end of the arm during parking
experiments at different velocities.
The body positions during the parking experiments are

shown in Fig. 4.
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Fig. 4. Variations of the body position during parking experiments at different
velocities. When the human body was in contact with the platform, we set the
torso position to be the system origin, so the curve starts from zero.

B. Dynamic Model of the Human Body in the Parking
Experiment

The collected dynamics data of the human body during
parking were mathematically analyzed. Fig. 3 and Fig. 4 show
that the contact force and the body position both increase at
nearly the same rate within 0.2 seconds prior to parking. The
contact force and body position data from 0 to 0.2 s are shown
in Fig. 5.

At the same order of magnitude, the body position and
contact force of the human body increase nearly the same from
0 to 0.2 s, which satisfied Hooke’s law, that is:

fcontact = ]OC (1)



where k is the equivalent stiffness of the arm, x is the
displacement of the torso. An analysis of the dynamic
characteristics shows that the human arm is equivalent to a
spring in this stage; the spring is compressed as the body moves
forward, and the kinetic energy of the human torso is
transformed into the elastic potential energy of the spring.
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Fig. 5. Position and contact force of the human body during parking. To
intuitively observe the relationship between the contact force and the body
position, the characteristics of the body position are scaled up by 1000 times in
the figure.

Fig. 3 and Fig. 4 indicate that the body velocity (Obtained by
displacement data) decreases to 0 from 0.2 to 0.8 s, and the
contact force decreases constantly during this stage. The contact
force and body velocity data are shown in Fig. 6.
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Fig. 6. Velocity and contact force of the human body during parking. To
intuitively observe the characteristics of the contact force and velocity, the
velocity data are scaled up by 100 times in the figure.

From 0.2 to 1.0 s, the velocity and contact force of the human
body had similar variation patterns. Numerically, both values
satisfied the following equation:

Feonaes =€V @
where ¢ is the equivalent damping of the arm and v is the
velocity of the torso. An analysis of the dynamic characteristics
from 0.2 to 1.0 s shows that the human arm behaves as a viscous
damper with a damping coefficient c¢. The elastic potential
energy of the spring and the kinetic energy of the body are

transformed into the internal energy through the viscous effect
[23] of damping until the body velocity becomes zero and thus
reaches a steady state.

During the parking process, the human arms exhibit some
elasticity as well as damping characteristics due to the contact
force. The astronaut parking process can be interpreted as a
dynamic coupling between a spring, damper, mass and external
force [24], [25]. The spring is responsible for buffering the
collision impact force. The damper is used to prolong the
collision time, which quickly consumes the kinetic energy of
the mass prior to the collision. The mass-spring-damper system
(Fig. 7) is applied to model the dynamics of the human body
parking process.
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c

Fig. 7. Diagram of the mass-spring-damper system. The parameter m is
equivalent to the total mass of the human body and the air floating device, k is
the spring stiffness coefficient, and ¢ is the damping coefficient.

The dynamic equation of the system [26] is as follows:
mx + Cx + kx = f;‘DI‘IlaC[ (3)

where f, is the reaction force exerted on the mass by the

contact

handrail.
Assume that the spring-damper system has an initial state

X_, =0, x_,#0, X,_, =0. At this point, the momentum of the

entire system is 71X # 0. When the system is in contact with the
handrail, according to the momentum theorem, we have the
following:

SomaaSt = 2 (my]"™ =mv) @)
where Af is the sampling interval.

The impulse of the reaction force from the handrail
eventually attenuates the momentum of the system to zero, and
% =0; at this moment, the system has reached a steady state, as
follows:

kxt:[d = f o =0 is true when x,_, =0, x,_, =0, X,_, =0,

where ¢, is the system stabilization time during the parking,
therefore, we have the following:
ko #0,k,_, =0. (5)

When ¢ =0, £,

contact

=0, according to the initial conditions,
this gives the following:
cx=0 (6)
where x#0,s0 ¢,_,=0
According to the theorem of the conservation of energy, the
spring-damper system and the human body have the same initial
and final kinetic energies, thus,

1 1 I
—mx; —— kA’ = j' cx (7
2 2 =0
where Ax=x_, —x_,, this formula is satisfied at any stage of

the parking process, so we have the following:



€y=0¢_ #0. ®)

In summary, based on the variations in the stiffness and
damping coefficient of the spring-damper system, human body
parking can be divided into two stages and simulated separately
by spring-damper systems with different characteristics. The
first stage is the elastic stage with a duration of t=0~¢_, in
which the arm mainly exhibits spring elasticity. Shown in Fig.
5, the contact force rises almost in a straight line until it reaches
a maximum, according to the following equation:

S
kt:0~tv = ©)
X
where x, is the measured torso displacement when the contact

force reaches the maximum. The system does not exhibit
damping characteristics at this stage, so c,_,, =0. From this,

the first stage values of k,c in (3) can be obtained.
The dynamical properties of the system at ¢ are transformed
from elastic to damping properties, and ¢, = 0.75¢, , where ¢, is

the moment when the contact force is at the maximum,
according to the continuity of the contact force, the damping at
time ¢, is calculated as the following equation:

¢, =—* (10)

where x, is the displacement of the human at time 7, and v,
is the velocity of the human at time 7, .

The second stage is the damping stage with a duration of
t=t ~t,, in which the arm’s elasticity is completely lost,

mainly characterized by the damping characteristics of linear
growth. The damping growth slope s, can be calculated by the

law of conservation of momentum:

Iy
my, — j c, vdt
’i
S, = (11)
[ tvdt
lx
where v is the velocity of the torso during human parking. The
stiffness of the system at this stage is zero, so k_, , =0.
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Fig. 8. Variations of the stiffness and damping coefficient in the spring-damper
system during humanoid dynamics modeling.

The values of m, ¢, k determined according to the above
method can give good modeling results. In the humanoid model,
the variations of the stiffness and damping in the spring-damper
system are shown in Fig. 8.

At this point, the characteristics of the dynamic model that
was developed from the spring-damper system are similar to
those of the human body during parking, as shown in Fig. 9 and
Fig. 10.
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Fig. 9. Comparison of the contact forces of the humanoid model that uses the
spring-damper system and a human.
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Fig. 10. Comparison of the body positions of the humanoid model that uses the
spring-damper system and a human.

The dynamics of the humanoid model that uses the spring-
damper system are similar to those of the human arm.
According to the equivalence law of dynamic responses, the
spring-damper system has achieved accurate dynamic modeling
of the human arm, so it can be used as the expected control
model for robot astronaut humanoid parking.

III. ROBOT ASTRONAUT PARKING CONTROL BASED ON
HUMAN BODY DYNAMICS

The expected control model developed in Section II is
considered to be the intermediate connector in the robot
astronaut control system; it maps the human parking dynamics
to the robot parking control, which allows the robot to perform
stable humanoid parking. This section introduces the control of
stable parking of a robot astronaut based on human dynamic
characteristics.

A. Dynamics Model of a Robot Astronaut

From its physiological and histological aspects, the astronaut
parking process is an interactive process involving the arm
muscles, ligaments and bones. In this process, the torso, upper
arm, forearm and hand make up a planar moving structure with
six linkages, including two sets of three linkages symmetrically
connected to the torso [27]. Referring to this, the robot parking
model was simplified as shown in Fig. 11.
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Fig. 11. Collision between the simplified model of a dual-arm robot and a space
station cabin handrail. In this model, the body is equivalent to the torso of the
robot astronaut, joint 1 is equivalent to the shoulder joint of the robot astronaut,

joint 2 is equivalent to the elbow joint, and joint 3 is equivalent to the wrist joint.
The total robot mass is equal to the mass of the astronaut.

The symbols used in this model are defined in TABLE 1.

TABLE I
MAIN SYMBOLS USED IN THIS PAPER

Definition Symbol
Robot rod number i=0,123
Robot’s left (right) arm coordinate system 2 E)
Robot’s body coordinate system 2,
Coordinate system of the center of mass (COM) of the

robot rod ¢
Robot’s joint coordinate system %,
Normal direction of the coordinate system X,
Tangent direction of the coordinate system 2",
Joint # angular variable 0,
Driving torque of the joint motor Tou

In the table, the subscript i represents the rod number; i =0
represents the robot body itself, and 1, 2, and 3 indicate the joint
numbers of the left (right) arm of the robot.

B. Mapping between Human Dynamics and Robot Astronaut
Dynamics
1) Dynamics Mapping Analysis

The astronaut parking process can be interpreted as a process
in which the human body’s momentum gradually decreases to
zero due to the pressure of a contact force. During this process,
the momentum of the system composed of the human and the
space station is conserved. In terms of the robot astronaut, if the
contact force on the end of the arm during parking is equal to
the contact force of the expected model, according to
momentum conservation, we have the following:

If;ontactdt = Imdv (1 1)

where m represents the total mass of the robot astronaut, the
velocity of the robot varies in real time according to the velocity
of the expected model. Therefore, after the real-time mapping
of the contact force between the human body and the robot
astronaut, the robot astronaut could theoretically perform
parking in accordance with the variation in velocity of the
astronaut during parking, and the dynamic mapping of parking
from the human body to the robot astronaut could be realized.

However, in actual parking, it is difficult for single contact-
force mapping to ensure that the robot astronaut can perform
stable parking based on the expected dynamic characteristics.
There are three main causes for this, as follows:
a) Difference in the Mass Distribution

In the expected model, the system mass is concentrated in the
mass block, and its spatial position relative to the system’s
COM does not change. The mass of the robot is distributed in
the torso, upper arm, and forearm, and the spatial mass
distribution varies in real time with the bending of the arm.
Because of the mass distribution, the robot may exhibit
dynamic characteristics of “over-stiffness” or “over-
flexibility”, which can result in a rigid collision of the robot



with the handrail or make it unable to decelerate in time, which
would lead to a collision between the body and the handrail.
b) The Influence of the Tangential Velocity

Affected by the workspace, robot motion, and environmental
disturbances, the robot often has an initial velocity in both the
X and Y directions simultaneously. A single X-direction
contact force mapping can only achieve the parking control of
the robot in the X direction. Meanwhile, the initial velocity in
the Y direction causes a tangential displacement of the center
of mass of the robot. At this time, the robot could rotate around
the center of mass under the torque of the contact force. As the
tangential displacement of the center of mass increases, the
angle of rotation could continue to increase; eventually one arm
of the robot could separate from the bulkhead, and the other arm
could have an unintended rigid collision with the bulkhead.
¢) Cumulative Effect of Small Errors in Force Mapping

The robot astronaut is affected by the internal forces of the
mechanical structure, external disturbance forces, and
multipoint collision forces on the end of the arm during parking.
Its dynamic behavior is complicated, which results in slight

deviations O between the real-time

t, dynamics dynamic
characteristics expressed by the robot and the expected dynamic

characteristics. The cumulatives of & over time leads to

t,dynamics
increasing differences between the actual and expected
dynamic characteristics of the robot.

Therefore, the complete parking control system is divided
into the following three parts: normal contact force mapping,
tangential parking control, and real-time velocity mapping. The
normal contact force mapping realizes the mapping from the
human contact force to the robot normal contact force;
tangential parking control realizes the control of the tangential
motion, force and robot orientation; real-time velocity mapping
compensates the small differences in model quality and contact
force mapping and achieves a complete mapping from the
human body to the dynamic characteristics of the robot
astronaut.

2) Normal contact force mapping

During the human parking, the dynamic characteristics of
human motion and force are concentrated in the X direction, so
the X direction is regarded as the main direction of the robot
astronaut parking. In this direction, it is assumed that the robot
is not subject to any external force other than the contact force
of the handrail. If the end contact force of the robot is equal in
value to the end contact force when the human body is parked,
then equation (11) can be rewritten as follows:

J. fx contact dt = J. mdvx N (12)

In other words, the X-direction velocity of the robot will
change with the same trend of the X-direction velocity of the
human body, and finally achieves a humanoid parking.

At time ¢ during parking, the robot’s Jacobian matrix can be
obtained according to the joint angle via sensor feedback. At
this time, the desired driving torque of the joints are as follows:

t=J'F (13)

where T represents  joint calculation torque,

F=1f, comacr S, comaet 0]" indicates the end contact force of

the robot. According to the above mapping rules, the normal
contact force mapping from the desired model to the robot is
realized. According to equation (12), the final momentum of the
robot will decay to zero.

3) Tangential parking control

In actual parking, the robot often has a tangential initial
velocity. It is difficult for one-dimensional normal contact-
force mapping to ensure that the robot astronaut can perform
stable parking. On this basis, tangential parking control is
introduced to the control system. The tangential parking control
of the robot mainly realizes the following two major functions:
tangential velocity control and robot attitude control.

When the tangential initial velocity of the robot is v, , the

end of the robot touches the handrail and generates relative
displacement. At this time, the end tangential contact force is
the sliding friction force [28] as follows:

fy, contact = /u/f f;( contact

where g, is the coefficient of dynamic friction.

(14)

Under the sliding friction force, the tangential velocity of the
end of the robot is quickly attenuated to zero. And the end
contact force of the robot becomes static friction, as follows:

f:v, contact < lu.r f.‘!c, contact (15)
where 4 is the coefficient of static friction.
Define a scaling factor k, <y, <g, , and let

Sy contaer = K7 S comace - Multiply both sides of equation (12) by
k; to obtain the followings:

(5611 comaalt = [ Ry, = [ £, el =[ v, (16)
Because the main mass of the robot is concentrated in the
torso, its tangential velocity attenuation mainly depends on the
static friction impulse. Therefore, the torso velocity is satisfied
v, =k,v, at time ¢ during parking, and the stable control of

the tangential velocity is achieved accordingly.

When the tangential velocity of the end of the robot is zero,
the robot’s torso still has a large tangential velocity. At this time,
the center of mass of the robot is no longer on the centerline of
the two arms. Under the normal contact force of the two arms,
the robot could rotate around the center of mass.

At time ¢ during parking, the robot’s torso rotation angle is
According to this, PD

feedback control is performed on the normal contact force of
the two arms.

6

, » and the angular velocity is @, .

A, =k, 0, +k,0,. (17)
Redistributing the normal contact force of the arms as
follows:

f;(, 1, contact = (18)

1
2
1
f;c, r, contact = 5

f;(, contact + Af;

f,‘\', contact Af; * (20)



The attitude control of the robot during the parking is realized
under the premise of not affecting the motion control of the
main direction of the robot.

4) Velocity Mapping

Velocity mapping is the dynamic compensation for the force
mapping. The dynamic characteristics of the robot are directly
affected by the contact force on the end of the arm and the
driving torques of the joints, the contact force on the end of the
arm is determined by the motion characteristics of the robot,
and the motion characteristics of the robot are ultimately
affected by the driving torques of the joints. Therefore, the
compensation effect of the velocity mapping should be
reflected in the driving torques of the joints; that is,

7, (1) = A7(0) (20)
where A is the compensation factor, which is generated by the
velocity mapping.

Because the force, velocity, and body position of the robot
astronaut change dynamically during parking, the
compensation factor A of the robot astronaut during parking
should be determined uniquely according to the system’s
dynamic characteristics at the current moment; that is, the
compensation factor should have a self-adaption ability that
corresponds to the characteristics of the system to ensure that
the velocity mapping can achieve an ideal compensation effect

at any time during the parking process. This paper introduces
PD control through the dynamic error between the actual
velocity of the robot and the expected velocity, which can
actively adjust A to achieve self-adapted regulation of the
compensation factor based on the dynamic characteristics of the
system.

The difference between the velocity of the expected model
v,(¢) and the actual velocity from the robot astronaut dynamic

model v(¢) is as follows:

Av(t)=v,(1)—w(1). (21)
According to the incremental PD algorithm,
AA(@E) =k, (Av(t) = Av(t = At,)) + &, (Av(£) = 2Av(¢ — At ) +
Av(t —-2At.)) (22)

where At, is the control step size.

The compensation factor is updated at that moment as
follows:
A=At —At)+ A1) . (23)
The above three control subsystems realize the contact force
mapping and velocity mapping from the expected model to the
robot system, and thus the robot astronaut humanoid parking
control system based on the human parking dynamics is
obtained as shown in Fig. 12.
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Fig. 12. Mathematical mapping from the expected model to the control system of the robot astronaut. The upper part of the figure shows the force mapping based
on human dynamics and the force control for the Y-axis, and the lower part shows the velocity mapping based on the PD feedback control. Through the two
mappings, the mapping of human dynamics to the control of robot astronaut parking is performed using the expected model.

The ideal response model of the control system in this paper
is the expected model established using the spring-damper
system. The stability of the expected model directly determines
the stability of the control system. For the variable parameter
spring damping system used in the modeling part, all the
physical parameters are positive definite, so the control system
in this paper is stable.

IV. EVALUATION METHOD OF HUMANOID ROBOT
ASTRONAUT PARKING

The dynamic characteristics of human parking under
microgravity are important criteria for evaluating humanoid
robot astronaut parking. After comprehensively considering the
key characteristics of the human and the robot during parking,

such as the contact force, stabilization time, body position and
velocity fluctuation, this paper presents a method for evaluating
humanoid robot astronaut parking.

Astronauts can protect themselves from injury when they are
parking in a space station because they can ensure that the
contact force is always within a reasonable range through the
flexibility of their arm. The original intention of adopting
humanoid control for robot parking is for the robot to exhibit
the same “flexibility” as human beings and ensure the stability
of the robot’s mechanical mechanism and safe interactions with
the space station during parking. Therefore, the contact force is
the primary evaluation index.

The analysis of the effect of the force shows that a significant
force effect is produced only when the force exceeds the safety



limit, and there is a certain action time. Therefore, during
parking, damage to the robot or the space station occurs when
the contact force is too large and lasts for a certain period of
time, so that the impulse of the contact force is much larger than
the momentum of the robot, and a rigid collision occurs
between the robot and the handrail. We select the peak force in
human parking to be f, and introduce the contact force

evaluation function as follows:

Ff —a J(r max _f;l, max
» .fh, max

where a is the weight of the contact force in the evaluation;

+ f;z, max
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/. max 1s the maximum contact force on the end of the robot arm

during parking; and f, .. is the maximum contact force on the

end of the human arm during parking.

Time is a direct evaluation of the efficiency of the robot
astronaut parking. According to the momentum theorem, it is
always possible to obtain a smaller average contact force by
extending the contact time during parking. However, a long
stabilization time does not meet the efficiency requirement of
the wide range of motion of the robot astronaut. This paper
proposes a time evaluation function for the parking of the robot
astronaut from the perspective of motion efficiency as follows:

t
r=p

- L5t 4 ~th,a)
r,d h,d

(25)
+t

r,d
where £ is the weight of time in the evaluation method, 7, , is

the stabilization time of human parking (the parking is viewed
as being in a stable state when the contact force is less than 0.01

N), and ¢, ; is the actual stabilization time of the robot parking.

When ¢, =t,, and T, =/ , the robot astronaut can be

considered an ideal humanoid robot in terms of the stabilization

time; when ¢, >1¢,, , I', increases exponentially, which

t
indicates that the efficiency of parking decreases.

In robot astronaut parking, the maximum displacement of the
body is limited by the mechanical structure and arm posture. If
the theoretical displacement of the robot body during parking is
large, the steady state of the robot might be in the position
shown in Fig. 13. The mechanical structure of the various parts
of the robot arm may cause interference. When 4 — 0, the
robot arm will reach a singular pose, which causes the robot
body to collide directly with the handrail, resulting in a failure
to park.

Elbow

[rexpuepy

Fig. 13. The final steady-state of one arm of the robot when the displacement is
too large.

A piecewise function based on the actual configuration of the
robot is introduced to evaluate the displacement characteristics
of the robot, as follows:

s
- 8, < S

I, = 7S,, T (26)
+oo s, 28

where y is the weight of the displacement in the evaluation,
s, is the robot stable state parking displacement, s, is the
human stable state parking displacement, and s __ is the

maximum theoretical displacement determined by the
configurations of the robot (in this paper, s =0.433 m).

the robot

may be in a strange position, or mechanical structural
interference may occur, and the parking is deemed to have
failed.

One of the main research focuses of this paper is to make the
robot perform more like a human during parking. The velocity
of a human during parking is even and continuous, and there are
no sudden changes in acceleration. The intensity of the change
in velocity is also an important indicator to evaluate the
humanoid robot parking. An evaluation function for the
velocity of the robot parking is introduced as follows:

When the robot parking displacement exceeds s

max ?

ul _ dv dv,
(z Vri - V”- )2 ( d - )max - (j)lﬂin
Fo=m= o Y @7
7 )2 h h
Vi =V —hy .
(Z hi hz) ( dl )max ( dt )mm
where 7 is the weight of the velocity in the evaluation system;
v, is the body velocity of the human during parking; v, is the

robot astronaut’s body velocity; and N =300 indicates that
300 samples are taken at equal intervals from the robot
astronaut parking data.

Comprehensively considering the weighting coefficients of
the different evaluation indicators in the humanoid robot stable
parking, the weight coefficients of the contact force, time, body
position and velocity are set to
a=40%, =20%, y=25%, n=15% respectively. The total
parking evaluation function is as follows:

=0+ +T +T| (28)

When the robot exhibits dynamic characteristics that are



completely consistent with those of a human during parking, T
takes the optimal value of 1. In general, the closer T" isto 1, the
better the humanoid robot parking is; the larger the difference
between T" and 1, the worse the humanoid robot parking is.
When T"[J 1 or 'Ll 1, the robot parking has failed.

V. SIMULATION EXPERIMENT VERIFICATION

Four types of parking simulations under microgravity are
carried out in this section, i.e., humanoid parking, parking with
different velocities, parking with different masses and parking
with XY initial velocity. The simulations are used to verify the
effectiveness, robustness and adaptiveness of the parking
control method.

A. Design of the Simulation Verification System

A virtual prototype model of the robot astronaut parking
simulation is designed as shown in Fig. 11. The mass of the
tester providing the parking data is 80.0 kg; based on the adult
body weight ratio [29], the torso mass of the robot astronaut is
set to 67.0 kg, the forearm mass is 3.25 kg, the combined mass
of the arm and hand is 3.25 kg, and the following assumptions
regarding the robot astronaut are made:

a) the robot is bilaterally symmetrical, and the mass of each
part is evenly distributed;

b) the robot in the parking remains in the same plane;

c) the wrist joint is a slave joint and does not participate in
torque control;

d) the shape of the hand has little effect on the parking.

The experiment is based on the simulation platform
composed of ADAMS and MATLAB. In MATLAB, the
expected contact force and the expected velocity of the torso are
obtained by the expected model. The driving torque on the joint
is calculated by normal force mapping, tangential parking
control and velocity mapping and is input into ADAMS to drive
the robot virtual prototype. The simulation verification system
is shown in Fig. 14.
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\
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" S-D System
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| Controller J
Human | ~~ T TTTT Virtual
Dynamics | : Prototype

Evaluation System

Fig. 14. Experimental verification system for humanoid robot astronaut parking.

Human Dynamics represents the dynamics of the human acquired through the
experiment, and the S-D System represents the expected model established by
the spring-damper system.

In the virtual prototype, the contact model between the end

of the robot arm and the handrail is preset in ADAMS as follows:

0 q9>4,
Seontaer = dq. 9—q (30)
contac. k _ e “q. . 0 <
(G —q) —c,( dt) 7 1%

where ¢, is the initial distance between the end of the robot arm
and the handrail; ¢ is the actual distance; k, is the stiffness

is the maximum

a

coefficient; e is the collision index; ¢

a
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damping coefficient; and 4 is the maximum mutual
penetration depth. The contact parameters are determined
according to the material properties of the robot astronaut and
the handrail and are shown in TABLE II.

TABLE II

PARAMETERS OF THE CONTACT MODEL BETWEEN ROBOT AND HANDRAIL
IN VIRTUAL PROTOTYPE.

¢, (N-s/m)

Contact objects k, (N/m) d (m) e

Robot astronaut

—4
Space station 1.0x10 1.5

2.855x10° 2.8x10*

B.  Simulation Verification of Robot Astronaut Parking

To verify the effectiveness of the parking control algorithm,
the following three types of parking simulations were designed:
humanoid parking experiments, parking experiments with
different velocities, and parking experiments with different
masses, as shown in TABLE IIl. The coordinate system
directions are defined with reference to Fig. 11 and the contact
force and velocity in the figures are all the X direction data
unless otherwise indicated.

TABLE III

SIMULATIONS VERIFICATION OF THE CONTROL THEORY OF HUMANOID
ROBOT ASTRONAUT PARKING.

Exp Name Description

Verification of the effectiveness of the
parking control theory on the humanoid
dynamics of the robot astronaut

Verification of the effectiveness of the

B.1) Humanoid parking

Parking with different

B.2) .S parking control theory for different robot
velocities L
astronaut velocities
. o1 Verification of the effectiveness of the
B.3) Parking with different parking control theory for different robot

masses
astronaut masses

Verification of the effectiveness of the
parking control theory for the robot with
XY initial velocity

Parking with initial
B.4) velocities in both the
X and Y directions

1) Verification Simulation of Humanoid Parking

To verify the effectiveness of the control theory of humanoid
robot astronaut parking, this paper conducts a parking
simulation with a robot astronaut with the same velocity and
mass as a human. The initial velocity of the robot astronaut is
set to 1.0716 m/s based on the observed initial velocity of the
tester before the parking. Based on the parking time of the tester,
the simulation time is set to 1.0 s. The joint driving torque of
the left arm of the robot astronaut is shown in Fig. 15.

Under this control torque, the robot astronaut parked
successfully in simulation. The characteristics of the contact
force of the robot astronaut with the handrail during this process
are shown in Fig. 16.
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Fig. 15. Driving torques of the shoulder and elbow joints of the left arm of the
robot astronaut under the humanoid parking model.
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Fig. 16. Comparison of the contact forces of the human, expected model, and
robot astronaut when parking with the same velocity.

The curve of the robot body’s position is shown in Fig. 17.
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Fig. 17. Comparison of the body positions of the human, the expected model,
and the robot astronaut when parking with the same velocity.

The three curves in Fig. 16 have highly similar trends, and
the dynamics can be divided into two phases. In the elastic
phase, the contact force gradually increases from zero to a peak.
During the damping phase, the contact force decrease to zero.
The system reaches a steady state, which conforms to the idea
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of humanoid stable parking. In Fig. 17, the trends of the body
positions of the human, the expected model and the robot
astronaut are identical, which indicates that the control system
achieved good stable humanoid parking.

The control of the humanoid robot astronaut parking is not
only consistent in terms of the dynamics, but the consistency of
the changes in the arm orientation between the human and the
robot is also an important manifestation. The changes in the
joint angle of the human arm and the robot arm are shown in
Fig. 18.
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Fig. 18. Comparison of the changes in the joint angles of the human and robot
astronaut during parking. Jointl represents the shoulder joint, and Joint2
represents the elbow joint. Due to the unique configuration of the robot, the
angles of the shoulder joint and the wrist joint are nearly identical during the
parking. Only the shoulder and elbow angles are shown in the figure.

By further extracting the simulation data related to the
evaluation function, the evaluation of each indicator of the

parking is obtained, as shown in TABLE IV.
TABLE IV

ANALYSIS OF THE KEY DATA OF THE ROBOT ASTRONAUT UNDER THE
CONTROL OF THE HUMANOID MODEL.

Evaluation method Human Expected model Robot
Contact force (N) 247.0 246.8 246.5
Stabilization time (s) 0.785 0.924 0916
Velocity fluctuation (m/s?) -3.238 -3.321 -3.32
Parking distance (m) 0.3373 0.3311 0.3101
Parking effect (I') 1.0 1.034 1.016

The results presented in the table show that the evaluations
of the parking of the expected model and the robot astronaut are
very close to the optimal value of 1.0, which indicates that the
humanoid control theory enables the robot astronaut to achieve
a highly stable humanoid parking.

2) Parking Simulation with Different Velocities

To verify that the control system can achieve stable parking
of robots with different velocities, a robot parking simulation
with different velocities is designed. Because the range of the
robot’s motion in the cabin is limited, for the sake of safety, this
paper assumes that the velocity of the robot astronaut in a single
direction in the cabin does not exceed 3.5 m/s. The low, medium
and high velocities are 0.8, 2.0, and 3.5 m/s, respectively, which



are the initial velocities before the parking occurs. The
mechanical structure, mass distribution, and joint configuration
of the robot remained unchanged during the simulation. The
corresponding characteristic parameters of the expected model
are obtained based on the initial velocity of the robot astronaut,
as shown in TABLE V, in which £ is the initial spring stiffness,
c is the final system damping coefficient, and ¢ is the time when
the mixing phase begins.
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TABLE V
EXPECTED MODEL PARAMETERS OF ROBOT ASTRONAUT AT DIFFERENT
INITIAL VELOCITIES.
Total
Mass Yo k I “ s,
(kg) (m/s) (N/m) (s) (N-s/m)
80.0 0.8 1440 0.14 227.12 1.50
80.0 2.0 3600 0.05 183.04 427
80.0 3.5 6300 0.03 186.84 13.07
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The attributes of the robot astronaut, such as the mass
distribution and joint configuration, do not change with changes
in the initial velocity. In the velocity mapping the PD
parameters are set according to the difference in the mass
distribution between the expected model and the robot model,
so the control system uses the same set of PD parameter, where
k,=20.0, k, =0.01.

The contact forces of the parking simulation with different
initial velocities are shown in Fig. 19.
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Fig. 19. Comparison of the contact forces between the expected model and the
end of the robot astronaut’s arm during parking with initial velocities of 0.8,
2.0, and 3.5 m/s. When the initial velocity of the robot astronaut increases, the
contact force between the robot and the handrail also increases; this is because
of higher the velocity is, the greater the robot’s momentum is, and thus the
greater the contact force is.

The body position of the robot astronaut during parking with
different initial velocities are shown in Fig. 20.

In the simulation, the robot astronaut achieved stable and
rapid parking at different initial velocities, which indicates that
the control system has the ability to adapt to the different initial
velocities of the robot and verifies the robustness of the control
system when the initial velocity of the robot changes.

Fig. 20. Comparison of the body positions of the expected model and the robot
astronaut at different initial velocities (0.8, 2.0, and 3.5 m/s).

3) Parking Simulation with Different Masses

To verify that the proposed control theory can achieve the
ideal parking control for robots with different masses, robot
parking simulations with different masses are designed. Masses
of 60, 80, and 100 kg were used for the robot astronaut, and
virtual prototype models of the robots with different total
masses and moments of inertia were obtained. The control
system obtains the corresponding characteristic parameters
according to the different masses of the robot astronaut, as
shown in TABLE VI.

TABLE VI
EXPECTED MODEL PARAMETERS OF ROBOT ASTRONAUTS WITH
DIFFERENT MASSES
Total Mass ) k t c,
k '\ Se
(kg) (m/s) (N/m) (s) (N-s/m)
60.0 2.0 2700 0.05 137.28 3.42
80.0 2.0 3600 0.05 183.04 4.57
100.0 2.0 4500 0.05 228.80 5.71

The contact forces of the robot astronauts with different
masses during parking are shown in Fig. 21.
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Fig. 21. Contact forces of the end of the robot arm during parking with different
astronaut masses (60, 80, and 100 kg). At the same initial velocity, as the mass
of the robot astronaut increases, the momentum also increases; therefore, under
the same contact conditions, the impulse of the contact force also increases,



which is reflected in the curve as the overall increase in magnitude of the
contact force.

The body positions and body velocities are shown in Fig. 22.
Although the masses and moments of inertia of the robot
astronaut in the figure are different, the velocities of the
astronauts in the simulation gradually attenuate to zero with the
same trend and achieve stable and rapid parking. This shows
that the control system has the ability to adapt to different robot
masses, which verifies the robustness of the control system
when the robot mass is disturbed.
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Fig. 22. Body positions of robot astronauts with different masses (60, 80, and
100 kg) during parking.

4) Simulation of Parking with Initial Velocities in the X and Y
Directions

This simulation is used to verify that the control system can
achieve stable humanoid parking for robots with initial
velocities in both the X and Y directions. Limited by the length
of the robot arm and the friction coefficient between the arm
and the handrail contact surface, the velocity in the Y direction
that can be controlled by the control system is approximately
30% of the velocity in the X direction. The experimental
specific parameters are set as follows:

The design mass of the robot virtual prototype is 67.0 kg, the
initial velocity in the X direction is 1.0716 m/s, and the initial
velocity in the Y direction is 0.3 m/s. The material properties of
the contact between rubber and steel are used for the contact
between the end of the robot and the handrail, including the
static friction coefficient g =0.8 and the dynamic friction

coefficient g, =0.76. The control expected model used in the
X direction is shown as TABLE VIL

TABLE VII
EXPECTED MODEL PARAMETERS OF ROBOT ASTRONAUT WITH X AND Y
INITIAL VELOCITIES
Total Mass vy k t, (5
k ‘ S
(kg) (m/s) (N/m) ) (N-s/m)
67.0 1.0716 1615 0.13 241.60 1.5

The robot astronaut successfully realized stable humanoid
parking with initial velocities in the X and Y directions. The
driving torques on the left and right arm joints are shown in Fig.
23.
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Fig. 23. The driving torque of left and right arms joints 1 and 2. Jointl is the
shoulder joint, Joint2 is the elbow joint, L represents the left arm, and R
represents the right arm. Due to the Y-direction velocity and friction, the
torques on the arms are no longer equal.

The left and right arm contact forces in the main parking

direction —X direction are shown in Fig. 24.
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Fig. 24. The contact forces of the left and right extremities of the robot. Because
of the velocity in the Y direction, the robot has a movement toward the center
of mass and the left arm, so the left arm contact force is significantly larger than
the right arm contact force.

Variation of the torso velocity in the X and Y directions

during the parking simulation are shown in Fig. 25.
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Fig. 25. The variation curve of robot velocities in the X, Y directions. Under
the action of the control system, the attention of the X and Y velocities of the
robot follows the velocity change curve of the human astronaut during parking,
which reflects the continuity and stability of the stable parking.



The orientation angle of the robot torso is shown in Fig. 26.
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Fig. 26. Variation of the torso’s orientation angle. At the initial moment, the
velocity in the Y direction is relatively large, and at this time the distribution of
the contact force of the arms in the X direction is relatively small, and the
suppression effect on the rotation of the robot is weak. As time increases, the
anti-rotation torque generated by the contact force of the arms gradually
increases, and finally the robot’s orientation is controlled to the expected
positive direction.

5) Discussion of Three-Dimensional Parking

Human parking is mainly the movement process of the
human under the action of the X-direction contact force and the
YZ direction friction force. Therefore, this study mainly
considers the contact force and friction between a human and
the handrail, and does not consider the torsional moment
generated by the human hand while grasping the handrail. For
the three-dimensional parking, the Z-direction control is in the
same as the Y-direction control method. However, the absence
of torsional moment can only achieve the Z-direction velocity
control, and the attitude control cannot be realized. The real
robot system can provide a torsional moment by grasping the
handrail, thus enabling a stable stop of the robot with an initial
velocity in the Z direction. In the future, we will develop an
experimental robot platform where the robot can grasp the
handrail of the space station, which will be used to verify the
parking results.

In summary, the parking control system in this paper not only
enables the robot astronaut to exhibit highly humanoid dynamic
characteristics during parking, and simulation achieves the
stable and fast parking of robot astronauts with different initial
velocities and different masses, which validates the stability and
robustness of the control system. The parking control system
also realizes a stable humanoid parking for the robot astronaut
with initial velocities in both the X and Y directions, reflecting
the adaptability of the control system.

VI. CONCLUSION

This paper proposed a novel wide-ranging spatial motion
mode for a robot astronaut. By not changing the basic structure
of the space station and using the wide-ranging motion of a
human astronaut in the space station as a reference, this method
realizes the wide-ranging motion of a robot astronaut through
humanoid control. Focusing on the parking mode, which is a
relatively complicated mode of motion, a robot astronaut
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parking control method based on human body parking
dynamics is proposed. First, a mass-spring-damper system is
used to model the dynamics of the human arms, and an expected
model that is equivalent to the human dynamic response is
obtained. Using the expected model as a bridge, the dynamic
characteristics of the human arms during parking are then
applied to the robot astronaut through normal contact force
mapping, tangential parking control, and real-time velocity
mapping. The control of highly humanoid and stable parking in
the XY plane of the robot astronaut is realized. The simulation
verifies the effectiveness, robustness and adaptiveness of the
proposed humanoid parking control method.
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