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Abstract. During the construction of the space station, the cabin is driven
by the transposition manipulator in space. Because of the large mass and
volume of the cabin, which is not less than 22 tons, there will be emerge a
large moment of inertia in the transposition process, which is not less than .
Therefore, a full physical experimental method is designed to simulate the
moment of inertia of the transposition manipulator in space on the ground.
In this paper, the three-dimensional model of the whole physical loading
method is built, and the dynamic model is built by using the Lagrange
equilibrium method. The minimum values of the moment of inertia applied
by this method to the shoulder joint and the wrist joint of the space
manipulator are calculated as and respectively. The simulation through
Adams show that the error of the method to the shoulder joint and the wrist
joint of the manipulator is increased by 4.4% and 5.59% respectively
compared with that of the dynamics, that is to say no matter in numerical
value or error, all physical experiment methods meet the requirements of
ground test.

1 Introduction
China plans to build and operate the near earth space station in 2022 [1]. The space
station is a "building block" assembly structure, which is composed of core module,
experimental module I, experimental module II, cargo spacecraft and manned spacecraft
[2](see Fig. 1-1 ). The space manipulator is a two joint three-stage structure. The two joints
are respectively equipped with drive motors to control the movement of the manipulator. The
two manipulators are respectively referred to as shoulder joint and wrist joint, and their
models are shown in Figure 1-2.
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Fig. 1-1. Space station.

Fig. 1-2. Space manipulator model.

The working form of the space manipulator is as follows: during the construction of the
space station, the core cabin is launched first, and then the experimental cabin. Due to some
complex reasons, the docking between the core cabin and the experimental cabin can only be
carried out in the axial direction. After the automatic docking between the experimental
cabin and the core cabin is completed in the axial direction of the core cabin, the space
manipulator installed on the core cabin receives the motion command. The motion refers the
command will drive the motor movement installed at the shoulder joint and wrist joint of the
space mechanical arm, and the space rotation mechanical arm installed on the core cabin will
complete the capture of the experimental cabin under the corresponding command.
According to the command, the experimental cabin connected to the axial position of the
core cabin will be rotated to the radial position of the core cabin, so as to reciprocate and
finally complete the construction of the space station [3,4,5], as shown in Figure 1-3
In the process of rotation, although the experimental cabin is only subjected to small
gravity in space, its mass and volume are huge, and its mass is about 22000kg[7], as shown in
Figure 1-4, which leads to the moment of inertia of the space manipulator when it is driven to
rotate. Due to the particularity of space products, it is necessary to conduct sufficient
experiments on the ground for the space manipulator,In particular, the bearing capacity of the
moment of inertia of the driving motor at the shoulder joint and wrist joint ensures that it is
competent for the transposition task in space, and finally completes the construction of the
space station.
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Fig. 1-3. Motion of space manipulator [6].

Fig. 1-4. Cargo ship.

Because of the large volume and mass of the cabin, it is difficult to simulate such a large
moment of inertia on the ground.For this reason, Xu Huamin of Tsinghua University used the
method of weight guide to solve the problem of moment of inertia under the condition of
inertia[8]. This method proposed a new method for solving the moment of inertia, but did not
design the moment of inertia model.Shen Wenbo of AVIC uses an aerocentrifuge to realize
large inertia loading[9]. This method is suitable for smaller spacecraft, not for larger
spacecraft such as space station.Halle. Designed a two axis inertia simulation device based
on the gear train[10]. The response speed of the gear train is fast, but the generated force and
torque can not be completely applied on the space rotation manipulator.Wenhao. Designed a
kind of moment of inertia loading device based on flywheel[11]. Because of the inertia of
flywheel, the accuracy of moment of inertia in simulation value and time is poor.Wang
Wanjun . Used electric inertia to simulate the load moment of inertia[12], the torque
produced by the motor has hysteresis, and the simulated moment of inertia will have some
differences in time accuracy. Based on the comparison and analysis of the advantages and
disadvantages of the existing large moment of inertia loading methods, a full physical
experimental method is proposed for the ground experiment of the space rotation
manipulator.

2 Principle of total physical moment of inertia loading method
In the whole physical experiment method, the inertia simulation mechanism is designed to
simulate the moment of inertia of the space manipulator when it is rotated. The inertia
simulation mechanism of the experimental cabin is composed of mass blocks which are
connected by bolts and installed on the mounting plate, and finally constitute a 7000kg
inertia simulation mechanism. In this way, the inertia simulation mechanism follows the
rotation process of the manipulatorThe corresponding moment of inertia is applied to the
mechanical arm.
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For the microgravity environment of the manipulator in space, the air floatation method is
used to provide microgravity environment for the whole physical experimental device.
Different air floatation mechanisms are designed for the moment of inertia simulation
mechanism, the space rotation manipulator and the intermediate connecting beam. For the
inertia simulation mechanism with a weight of 7000kg, the air floatation plate with the
overall dimension is designed to provide microgravity for it. For the space rotation
machineryAn anti gravity mechanism based on air feet is designed to provide microgravity
environment for the arm and the middle connecting beam.
The full physical experimental device works in the ground microgravity environment
where the air flotation platform provides the whole experimental device with simulated space
gravity. The space manipulator rotates according to the orbit of rotation in space, and the
inertia simulation mechanism is at the end of the experimental device. It is connected with the
manipulator through the middle beam, and the space manipulator rotates according to the
predetermined program in space,Because the relative gravity and friction force in
microgravity environment can be ignored, the inertia simulation mechanism will follow the
manipulator to rotate. In this process, the moment of inertia of the rotating manipulator in
space is generated by simulation. In the whole experimental process, the power source of the
whole physical method is from the driving mechanism at the shoulder joint and wrist joint of
the space rotating manipulatorThere is no other power source introduced, so the data
simulated by the full physical method is full true simulation in terms of accuracy and
reliability. The model of the whole device is shown in Figure 2-1.

Fig. 2-1. Principle of full physical experiment[13].

3 Dynamic modeling of total physical moment of inertia loading
method
In the whole physical experiment device, the moment of inertia of the space rotation
manipulator mainly comes from the moment of inertia generated when the space rotation
manipulator rotates itself and the moment of inertia applied by the inertia simulation
mechanism to the manipulator when it follows the rotation
(1) the manipulator itself, because of its mass, will produce the corresponding moment of
inertia to the shoulder joint and wrist joint as long as the manipulator is rotating, whether in
outer space or in the whole physical test.
(2) inertia simulation device, this part is added artificially in this test, in order to simulate
the moment of inertia produced by the outer space experimental cabin when the mechanical
arm is rotating with it.In outer space, it is the moment of inertia of the experimental cabin,

4

MATEC Web of Conferences 309, 05004 (2020)
CSCNS2019

https://doi.org/10.1051/matecconf/202030 905004

while in this whole physical experiment, it is the moment of inertia generated by the human
external mass in the process of rotation.
3.1 Dynamic equation of manipulator
Lagrangian equilibrium method is used to model the dynamics of the space transfer
manipulator. Lagrangian function L is defined as the difference between kinetic energy k and
potential energy P of the system[14,15], namely:
(1)

L= K − P

K and P in the formula can be expressed in any convenient coordinate system.The
Lagrange equation, that is, the dynamic equation of the system, is expressed as follows:
Fi =

d ∂L ∂L
−
, i = 1, 2, , n
dt ∂qi ∂qi

(2)

In the formula, the force or moment is determined by the linear coordinate or the angle
coordinate, obviously the speed. Although the mechanical arm studied in this paper is a three
link mechanical arm, it can be simplified as a two link mechanical arm because the shoulder
joint is fixed on the core cabin[16], which can be simplified as shown in Figure 3-1. Fi

Fig. 3-1. Dynamics simplification of manipulator.

where and are the masses of connecting rod 1 and 2, and are the lengths of connecting rod 1
and 2 respectively, and are generalized coordinates, and G is the acceleration of gravity.
(1) calculate the kinetic energy and potential energy of connecting rod 1.Because:
K1 =

1
m1v12
2

P1 = m1 gh1

From Figure 3-1, we can get:
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1
m1d12θ12
2

(5)
(6)

P1 = −m1 gd1 cos θ1

(2) calculate the kinetic energy sum of connecting rod 2
K2 =

1
m2 v22
2

(7)
(8)

P2 = mgy2

According to Figure (3-1):
(9)

x2 =d1 sin θ1 + d 2 sin(θ1 + θ 2 )

(10)

y2 =
−d1 cos θ1 − d 2 cos(θ1 + θ 2 )

There are:
=
x2 d1θ1 cos θ1 + d 2 (θ1 + θ2 ) cos(θ1 + θ 2 )

(11)

 2 d1θ1 sin θ1 + d 2 (θ1 + θ2 ) sin(θ1 + θ 2 )
y=

(12)

As shown in Figure 3-1:
(13)

2
v=
x22 + y 22
2

Take formula (11) (12)into formula (13) to get:
v22 = d12θ12 + 2d1d 2θ1 (θ1 + θ2 ) cos θ 2 + d 22 (θ1 + θ2 ) 2

(14)

Take formula (11) , formula (12) and formula (14) into formula (7) and formula (8)
respectively to get:
=
K2

1
m2 (d12θ12 + 2d1d 2θ1 (θ1 + θ2 ) cos θ 2 + d 22 (θ1 + θ2 ) 2 )
2

(15)
(16)

P2 =
−mg (d1 cos θ1 + d 2 cos(θ1 + θ 2 ))

The total kinetic energy and potential energy of the two link manipulators can be obtained
as follows:
1
1
K = K1 + K 2 = m1d12θ12 + m2 d12θ12 + d 22 (θ1 + θ2 ) 2 + m2 d1d 2θ1 (θ1 + θ2 ) cos θ 2
2
2

)

(17)

P=
p1 + P2 =
−(m1 + m2 ) gd1 cos θ1 − m2 gd 2 cos(θ1 + θ 2 )

(18)

(

Here, take formula (17) and formula (18) into formula (1) to get:
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1
1
1
L = K − P = m1d12θ12 + m2 d12θ12 + m2 d 22 (θ1 + θ2 ) 2 + (m1 + m2 ) gd1 cos θ1 + m2 gd 2 cos(θ1 + θ 2 ) + m2 d1d 2θ1 (θ1 + θ2 ) cos θ 2
2
2
2

(19)

The derivative and partial derivative of formula (19) are as follows:
∂L
=
−(m1 + m2 ) gd1 sin θ1 − m2 gd 2 sin(θ1 + θ 2 )
∂θ1

(20)

∂L
=
−m2 d1d 2θ1 (θ1 + θ2 ) sin θ 2 − m2 gd 2 sin(θ1 + θ 2 )
∂θ 2

(21)

∂L
=+
(m1 m2 )d12θ1 + m2 d 22 (θ1 + θ2 ) + m2 d1d 2 (2θ1 + θ2 ) cos θ 2
∂θ1

(22)

∂L
=
m2 d1d 2θ1 cos θ 2 + m2 d 22 (θ1 + θ2 )
∂θ

(23)

2

as well as
d ∂L
=[(m1 + m2 )d12 + m2 d 22 + 2m2 d1d 2 cos θ 2 ]θ1 + (m2 d 22 + m2 d1d 2 cos θ 2 )θ2 − 2m2 d1d 2θ1θ2 sin θ 2 − m2 d1d 2θ22 sin θ 2
dt ∂θ1

d ∂L
=
m2 d1d 2 (θ1 cos θ 2 − θ1θ2 sin θ 2 )+m2 d 22 (θ1 + θ2 )
dt ∂θ2

(24)

(25)

Take the corresponding derivative into equation (2) to get:
=
T1

d ∂L ∂L
−
dt ∂θ1 ∂θ1

= [(m1 + m2 )d12 + m2 d 22 + 2m2 d1d 2 cos θ 2 ]θ1 + (m2 d 22 + m2 d1d 2 cos θ 2 )θ2 − 2m2 d1d 2θ1θ2 sin θ 2 + m2 gd 2 sin(θ1 + θ 2 ) − m2 d1d 2θ22 sin θ 2 +(m1 + m2 ) gd1 sin θ1

(26)
T=
2

d ∂L ∂L
− = m2 d 22 (θ1 + θ2 ) + m2 d1d 2 (θ1 cos θ 2 − θ1θ2 sin θ 2 ) + m2 d1d 2θ1 (θ1 + θ2 ) sin θ 2 + m2 gd 2 sin(θ1 + θ 2 )
dt ∂θ2 ∂θ 2

(27)

Here, formula (26) and formula (27) are written in the form of equation as follows:
T1 = D11θ1 + D12θ2 + D111θ12 + D122θ22 + D112θ1θ2 + D121θ2θ1 + D1

(28)

T2 = D21θ1 + D22θ2 + D211θ12 + D222θ22 + D212θ1θ2 + D221θ2θ1 + D2

(29)

It can be further written in the form of matrix:
T1   D11
  =
T2   D21

D12  θ1   D111 D122  θ12   D112 D121  θ1θ2   D1 
+ 
 +
 +

D22  θ2   D211 D222  θ22   D212 D221  θ2θ   D2 

(30)

In the formula, it is called the effective inertia of joint I, because the acceleration of joint
J will produce an inertia force equal to on joint I; it is called the coupling inertia between joint
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I and j, because the acceleration of joint I and j and will produce an inertia force equal to or
on joint I or joint J; the term is the centripetal force generated on joint I by the velocity of
joint J; it is the effect caused by the velocity of joint J and joint KCoriolis force on the joint;
represents the gravity at joint I.
The comparison formula (26) (27) (28) and (29) show that:
D11 =(m1 + m2 )d12 + m2 d 22 + 2m2 d1d 2 cos θ 2

(31)

D22 = m2 d 22

(32)

The coupling between them
=
D12 m2 d 22 + m2 d1d 2 cos θ 2

(33)

Centripetal acceleration coefficient:
D111 = 0

(34)

D122 = −m2 d1d 2 sin θ 2

(35)

D122 = −m2 d1d 2 sin θ 2

(36)

D122 = −m2 d1d 2 sin θ 2

(37)

D222 = 0

(38)

Coriolis acceleration coefficient:
D112 = −m2 d1d 2 sin θ 2

(39)

D121 = −m2 d1d 2 sin θ 2

(40)
(41)

D212 = 0

D221 = 0

(42)

D1 =
(m1 + m2 ) gd1 sin θ1 + m2 gd 2 sin(θ1 + θ 2 )

(43)

Gravity term:

=
D2 m2 gd 2 sin(θ1 + θ 2 )

3.2 The moment of inertia produced in the process of mass following
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The moment of inertia produced by the mass block in the following process is the most
important part of the moment of inertia in this test. As shown in Figure 2-4 in Chapter 2, the
mass block of the inertia simulation mechanism consists of 12 weight blocks with a total
weight of 7 tons. The length × width × height of a single weight block = 1200mm × 570mm
× 100mm. The moment of inertia at any point is as follows according to the formula:
J e = ∑ mi di2
=
=
=

 

 

∑ m r − ( er )( r e )
∑ m e r Ee − e r r e
e ∑ m  r E − r r  e
i

i

T

i

T

2

i

i

i

i

2

T

2

T
i i

i

T
i i

(45)

According to the composition of the full physical test in Figure 2-1, we can see the
position of the shoulder joint and wrist joint of the tested mechanical arm. According to the
principle of the test, we can know that the distance between the shoulder joint and the mass
block of the tested mechanical arm is always the same as the length from the middle
connecting mechanism to the end of the shoulder joint, no matter how the mechanical arm
rotates, the distance does not change, soThe moment of inertia of the shoulder joint caused by
the mass block is a constant fixed value.Compared with the fixed distance between the
shoulder joint and the mass, the distance between the mass and the wrist joint changes with
the rotation of the manipulator.Through the software, it can be analyzed that in the process of
following the rotation of the mass block, the minimum value of the rotation radius is
9800.8mm, and the maximum radius is 11451mm, so that the minimum value of the moment
of inertia at the shoulder joint of the space rotation manipulator is, and the minimum value of
the moment of inertia at the wrist joint is.

4 Simulation of total physical moment of inertia loading method
In order to further verify the feasibility of the whole physical experiment, the 3D model
established by solid works is imported into Adams to obtain the moment of inertia of the
space mechanical arm shoulder joint and wrist joint which can be loaded by the whole
physical experiment method.The distance between the following mass and the wrist joint is a
variable value for the rotation of the manipulator.Through the Adams[17] model analysis of
the whole physical experiment, the motion track of the whole following mass block is
obtained, as shown in Figure 4-1.Then import these data into Matlab[18] to analyze the
accurate values, and the results are shown in Figure 4-2.
4.1 Moment of inertia of the wrist joint of the spatial transposition mechanism
By analyzing the ADAMS simulation results, the minimum moment of inertia of the wrist
joint can be obtained, as shown in Figure 4-3.
The result of ADAMS simulation is 4.4% higher than that of dynamic modeling.
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Fig. 4-1. Adam model.

Fig. 4-2. Trajectory of manipulator.

4.2 The moment of inertia of the shoulder joint of the space transfer
manipulator
Similarly, by analyzing the ADAMS simulation results, we can get the moment of inertia
exerted by the fast mass on the shoulder joint. The minimum value is as shown in Figure 4-4.
The main reason is that the distance between the mass block and the shoulder joint
changes with the rotation of the spatial rotation manipulator. Compared with the minimum
value of the dynamic modeling of the shoulder joint, the ADAMS simulation increases the
minimum value by 5.59%.
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Fig. 4-3. Moment of inertia of wrist joint.

Fig. 4-4/ Moment of inertia caused by mass to wrist joint.

5 Summary
The super large moment of inertia of the space rotation manipulator is not less than, and it is
tested on the ground. By comparing the electric inertia loading method based on the motor,
the semi physical moment of inertia loading method based on the gear and the semi physical
moment of inertia loading method based on the flywheel, a kind of moment of inertia loading
method based on the inertia simulation mechanism is proposedIt is an all physics experiment
method.
In this paper, the three-dimensional model of the whole physical loading method is built,
and the dynamic model of the whole physical experimental device is established by using the
Lagrange method, and the theoretical moment of inertia is calculated. The minimum moment
of inertia applied to the wrist joint and the minimum moment of inertia applied to the
shoulder joint by this method are calculated. Finally, the minimum moment of inertia applied
to the wrist joint by this method is simulated by ADAMS softwareThe minimum moment of
inertia applied at.Both of them are larger than the experimental requirements in numerical
value, and the errors are 4.4% and 5.59% respectively, which can also meet the experimental
requirements, that is, the full physical experimental method is effective.
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