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Abstract: Space robots have been playing an important role in space on-orbit operation missions.
However, the traditional configuration of space robots only has a single function and cannot meet
the requirements of different space missions, and the launch cost of space robots is very high. Thus,
the reconfigurable modular space robot system that can carry multiple loads and own mission
adaptability is of great significance. Based on the analysis of a robot space mission, combined with
the existing reconfigurable robots, this paper develops a configuration design scheme for a modular
reconfigurable space robot, and carries out the prototype design. According to the configuration
characteristics of the module, the dynamic modeling of the space robot is based on the graph theory
analysis and principle of virtual work. Related application scenarios are set up. Function and
feasibility of the dynamic modeling methods are verified through assembly experimentation and
dynamic simulation.

Keywords: space robot; reconfigurable modular robot; dynamic analysis

1. Introduction

Space robots have been playing an irreplaceable role in the field of on-orbit operations,
and almost all major countries in the world have conducted in-depth research on this
field. As is known to all, an on-orbit operation-based modular space robot is a special
hypersonic vehicle which can complete space missions around the Earth’s orbit. However,
the structure of space robots using a traditional configuration scheme cannot be changed,
since they contain specific functions. Recent years have witnessed the rapid development
of modular reconfigurable robots, which are more adaptable to missions and environments,
as they can determine the number of modules and change configurations according to
different missions. Thus, they have much more ideal application prospects in the field of
on-orbit operations.

In general, modular reconfigurable robots are divided into two types: reconfigurable
robots (RMRS) [1] and self-reconfigurable robots (SRMRS) [2], according to whether they
can complete reconstruction autonomously. In this case, self-reconfigurable robots are
divided into four types according to different unit modules: chain type, mobile type, crystal
type, and hybrid type [3]. The chain robot system forms a chain structure by connecting
unit modules in series, such as PolyBot [4], CONRO [5], YaMoR [6], etc. Mobile modular
robot modules can achieve aggregation and discreteness, such as the SWARM-bot of the
Ecole Polytechnique Fédérale de Lausanne in Switzerland [7] and the SamBot developed by
Beijing University of Aeronautics and Astronautics [8]. Crystal format robots are named due
to the fact that their unit modules are in a crystal format, such as Molecubes developed by
Zykov et al. [9,10] and Auke developed Roombots [11,12]. Furthermore, Murata developed
M-TRAN [13], and Shen developed Superbot [14], which realized autonomous connection
and reconstruction of modules, i.e., they were hybrid robots. In terms of reconfigurable
robot research, typical representatives include the RMMS developed by Carnegie Mellon
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University [15], the dexterous robotic arm developed by Harbin Institute of Technology
and MRRS American Robotics Research Corporation [16-18], DLR’s LWR-III [19], the
RMMS of Carnegie Mellon University [20], and Harbin Institute of Technology’s Modular
Reconfigurable Robot System (MRRES) [21], etc. Neubert [22] described the Soldercube
module using lattice configuration, explored the non-lattice applications of the system, and
discussed the effects of utilizing volume manufacturing processes in module production.
Odem et al. [23] developed a sliding Triangular Lattice Modular Robot (STRIMOR) and
used a rapidly exploring random tree (RRT*) algorithm to solve the self-reconfiguration
(SR) problem. Le et al. [24] proposed a Complete Tileset Energy-Aware Coverage Path
Planning (CTPP) framework for a tiling self-reconfigurable robot named hRombo with four
rhombus-shaped modules, which can enable robots to navigate from source to target in
different workspaces with the least consumed energy and time. Niu et al. [25] investigated
a self-reconfiguring robot named Ant3DBot consisting of four semicircular iron spheroid
shells, telescopic legs, and internal magnets that can rotate around the center, so as to verify
the basic ability of a single module to overcome obstacles as well as the cooperative motion
of multiple robots. Kaneishi et al. [26] presented a novel concept for a modular robot
that has the abilities of compliant actuation and self-reconfiguration to form compliant
structures named Module-W (M-W).

Stimulated by the previous discussion, this paper investigates the design and dynamic
simulation verification of a modular space robot based on on-orbit operation. Compared
with other modular robots developed in [4,9] with joints exposed to the outside, the spheri-
cal unit module proposed in this work integrates joints into the interior of the module, with
a regular spherical shape that can rotate without exposing loads, and the interior space of
the sphere can also accommodate other devices. In addition, compared with the Soldercube
module in [22], this work has a symmetrical configuration, making replacement between
modules more convenient. The entire system can achieve configuration reconstruction
through the connection and disconnection of docking surfaces, as well as the rotation of
joints. Each module has six docking surfaces, which can form both chain configurations
like PolyBot [4], CONRO [5], and YaMoR [6] and crystal configurations like Molecubes [10]
between modules and can simultaneously achieve the advantages of two configurations.
The innovative works of this paper are as follows. First, reconfigurable modular robots
greatly improve their flexibility and adaptability by modularly integrating components
and then assembling them according to mission requirements. Second, self-reconfigurable
robots are composed of modular units with consistent configurations and a certain degree
of freedom, and allosteric rules are formulated according to mission constraints, which
results in them being able to perform self-reconfiguration in real time and adapt to more
complex mission requirements.

The structure of this paper is organized as follows: in Section 2, the configuration of
reconfigurable modular space robot is designed, where the space mission is described and
the unit module with its mechanism is designed. Section 3 gives the dynamic model of the
modular space robot based on the RW method, including the motions of joints, attitude,
and position. The simulation results and analysis are carried out in Section 4, and the
conclusion of this paper is given in Section 5.

2. Configuration Design of Reconfigurable Modular Space Robot
2.1. Space Mission Description

Reconfigurable robots can be used in fields such as on-orbit service and planet explo-
ration, as they can change structures according to mission type or working environments.
The existing space robots mainly adopt traditional configurations of joint linkage modes,
which cannot achieve a self-reconstruction function. Thus, structural change is the ba-
sic function of space modular reconfigurable robots. Due to the modular docking and
transformation solution, modular space robots can achieve system upgrades, maintenance,
expansion, and other missions that are difficult to achieve with traditional space manipula-
tors through the addition and removal of modules. To deal with this problem, this work
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firstly describes the space mission parameters for the addition of modules, as well as for
removal and shape reconstruction, based on which the design principles of robot modules
are determined.

2.1.1. System Module Addition and Removal

As shown in Figure 1, each module is simplified and replaced by a cube. There are
joint connections between each module or within the module itself, so that the relative
changes in position and attitude between modules can be achieved. It is noted that every
robot system is composed of four modules, i.e., it has at least four degrees of freedom. The
robot can connect new modules through standardized docking surfaces to deal with many
conditions such as lack of degrees of freedom, system upgrades, and end-load switching.
The addition of module mission processes is as follows. The numbers on the diagram
represent the names of the modules, same as Figures 2—4.

Standardized Interface

Configuration A Configuration B
Figure 1. Addition of robot system implementation modules.

2.1.2. Position Changes between System Modules

When performing space missions, the modular space robot can realize structural
transformations according to the different requirements of specific missions on the instal-
lation location, and transform the payload to the mission location to adapt to complex
mission environments.

As shown in Figure 2, it is assumed that the robot system consists of multiple modules
and each module is equipped with different mission loads, which can be used for different
missions. For example, when module 4 is used as a working module, the working surface
of module 4 is located outside the platform axis. Then, to achieve the requirement that
the working surface of module 3 be exposed to the outside, modules 4 and 3 undergo
a configuration transformation as a whole. Through allostery, the working interface of
module 3 is exposed to the axial outside of the system and enters the working mode.

Through appropriate modular design and planned allosteric rules, the positions of
modules can be interchanged and the functions of the entire reconfigurable system can
be expanded.

Configuration A Configuration B Configuration C

Figure 2. Position exchange between modules.

2.1.3. Reconstruction Changes from Single-Arm to Multi-Arm Robot System

During the actual mission, in order to achieve coordinated operation of the load, the
robot can transform from a single-armed to double-armed or even multi-armed form. The
mission process is shown in Figure 3.
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Disconnect

Configuration A Configuration B Configuration C
Figure 3. Reconstruction changes of the robot from single-armed to multi-armed.

2.1.4. Module Design Principles

Through the analysis of space missions and combined with the characteristics of
reconstructed robots, the following design requirements are put forward, i.e.,

(1) Versatility: the system is composed of unit modules and assembled into systems with
different configurations and functions to meet different mission requirements.

(2) Interface standardization: to meet the connection and disconnection between any two
modules, the interface must adopt an isomorphic design and have a simple structure.

(8) Self-driving capability: each module is the joint of a robot system, and the module
contains a motor and a mechanical transmission system.

(4) Independence: in order to achieve rapid reconstruction of the entire system, each mod-
ule must have independent data processing capabilities, data transmission capabilities,
and independent power supplies.

(5) Platform: the robot module must have the ability to carry payloads, reserve a payload
cabin inside the module, and set up a connecting mechanism outside the module.

(6) Miniaturization: modular reconfigurable robots can use a certain number of mod-
ules to complete space missions in a limited space area and have the advantages of
flexibility and adaptability.

The above design principles can ensure the fact that modular space robots can achieve
flexible and changeable space missions, realize connection and disconnection between
modules, as well as topological changes in the overall configuration, making the entire
system highly adaptable to the environment.

2.2. Unit Module Design

In order to better verify the expansion, shift, and reconstruction missions of the module,
and to reduce the complexity of the system, the unit module only sets a single degree of
freedom.

Modules are connected through universal docking surfaces to achieve system expan-
sion. Meanwhile, in order to increase the connection reliability of the docking surfaces,
the docking mechanism only completes the locking function without setting additional
degrees of freedom of motion. Thus, the module motion joints can only be set inside the
module and based on the built-in requirements of this joint, the entire module can be
divided into two parts that can move with each other. Meanwhile, due to the complex
space environment, the functional load and basic load of the module cannot be exposed
outside of the module, which needs to set internal installation loads.

The unit module is composed of two relatively rotatable sub-modules. In order
to ensure the scalability of the system, the two sub-modules are identical and have a
symmetrical structure.

(1) The two sub-modules have a common rotation surface that is connected and perpen-
dicular to the rotation axis.
(2) Modules can be connected through the connection surfaces opened on the sub-modules.

As shown in Figure 4, once the sub-module adopts a prism configuration, when the
two sub-modules are rotated relative to each other, their rotation surfaces cannot overlap,



Appl. Sci. 2023,13, 12949

50f21

and the external contour of the module will be destroyed. Once it is in a space environment,
the internal load will also be exposed. Thus, in order to ensure that the module envelope
shape remains uniform during the rotation of the sub-module, i.e., the outer contour of the
rotation surface always coincides, it is appropriate to design the rotation surface as a circle.

SHPRSEN

(A) Triangular B) Combination of two (C) Hemi- (D) Combination of
prism trlangular prisms sphere two hemispheres

Figure 4. Comparison of sub-module solutions.

During the rotation of the entire module, the outer contours of the two sub-cavities
always coincide with each other, making the structure simpler and more compact. The
module sub-cavity can be regarded as two symmetrical planes cut out of a hemisphere, and
the attitude angle between the planes is 90°. When the structural sections in Figure 4C are
increased to three, the three faces are made perpendicular to each other, and the following
special geometry is obtained, called a quasi-tetrahedron. The resulting configuration
becomes a configuration design based on the quasi-tetrahedron.

2.3. Unit Module Mechanism Design

This scheme adopts a quasi-tetrahedral configuration design. As can be seen in
Figure 5, the sub-module is composed of two closed hemispherical shells. Each part is
composed of a hemispherical shell and a supporting plate. The supporting plate is used to
carry the transmission system, communication components, power supply system, etc. The
hemispherical shell is designed based on a tetrahedral configuration, and the cross section
can be equipped with a docking mechanism to connect other main joint modules or other
non-joint modules.

Hemispherical —— Slide rail
shell T —— N

Figure 5. Main structure design drawing.

It can be seen from Figure 6 that the hemispherical shell adopts an integrated design,
and the hemispherical shell can support the plate so that it can be connected through the
fixing hole. Each hemispherical shell has three mutually perpendicular annular surfaces,
and the docking surface can be fixed through this annular surface.

Due to the complex shape of the hemispherical shell and the difficulty of metal cutting
process, 3D printing rapid prototyping technology is used to process it. After processing
and assembling the above parts, the assembly result of the main structure is shown in
Figure 7.
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Figure 7. Main structure physical picture.

2.3.1. Drive Selection and Transmission System Design

By mutual rotation between each module, one can realize the topological change of the
overall system. For this purpose, corresponding drives and transmission mechanisms need
to be designed. The conventional drive is generally a DC motor. When selecting the motor,
try to make full use of the space inside the module and select a motor with appropriate
torque and speed. Here, the FAULHABER2642CR motor (manufactured by the German
von Haber Group, New York, NY, USA) is selected as the main motor of the module. Its
properties are shown in Table 1.

Table 1. Main motor properties.

FAULHABER2642CR Unit
Voltage 24 \%
armature resistance 5.78 Q
Maximum output power 23.2 W
Maximum efficacy 79 Y%
No-load speed 6400 rpm
No-load electric current 0.058 A

The working process is as follows: install the worm gear, pulley, synchronous belt,
motor, bearing, retaining ring, etc. on the designed support frame and then install the
support frame on the active module support plate. The worm gear is connected to the
torque output shaft and connected to the passive module through the flange. Connect
and complete the assembly of the transmission system. The actual processed object and
assembly result are shown in Figure 8.

Figure 8. Pulley transmission and worm gear transmission components.
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In addition, as shown in Figure 9, a rotating guide rail is installed between modules.
When rotation occurs between the two modules, the guide rail and the carbon fiber surface
are used to rotate, which can greatly reduce the friction.

Figure 9. Transmission slide rail.

2.3.2. Power System

Inside the module, the module is monitored and controlled by connecting the commu-
nication module to the motor servo control system. The joint modular design requires that
each module be an independent unit, so that the module is equipped with an independent
power supply. Inside the module, the motor and its drive circuit board require a 24 V DC
power supply, and the wireless module requires a 5 V DC power supply. Thus, a lithium
battery and a voltage stabilizing module are provided to supply power to each device of
the system. The wiring diagram of the entire system is shown in Figure 10.

e __ o _____L
i i
i [ i

24y | 24 |
; - | ‘
: Voltage stabilizing module A-MAX16 Motor :
| |
1 & !
i i
i i
; :
i Communication module 24VLithiumBattery !
i i
i i
i i

Figure 10. System current wiring diagram.

In order to make full use of the internal space of the module, each subsystem is
installed in two sub-cavities. The main motor and transmission system are installed in
the active sub-module of the system, that is, the wireless module and power supply are
installed in the passive sub-module. In order to solve the problem of wire winding during
rotation, the transmission shaft is designed as a hollow shaft, and the wiring is arranged
inside the shaft. The corresponding wires on the stator of the conductive slip ring are
connected to the active module motor and motor control board to achieve alignment.
Conductive slip ring and DC step-down module as shown in Figure 11 below.

Figure 11. Conductive slip ring and DC step-down module.
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2.3.3. System Assembly

In this section, the designed parts are processed and assembled, and the power supply,
motor, transmission mechanism, voltage reduction module, communication equipment, etc.
are fixed and installed inside the structure in turn. The rotation of the motor is controlled
to realize the mutual rotation of the active sub-module and the passive sub-module and
experimentally verified to ensure that there is no limit to the attitude angle. The overall
configuration is shown in Figure 12.

Figure 12. Module assembly experiment diagram.

3. Dynamic Modeling of Spatial Modular Robot Based on R-W Method
3.1. Joint Motion Model

The joint in the multi-body system is an abstraction of the constraints of adjacent rigid
bodies. The relative motion of the joint can be described by the relative motion relationship
of the reference system fixed on the two parts.

The joint in the multi-body system is an abstraction of the constraints of the adjacent
rigid bodies. The relative motion of the joint can be described by the relative motion
relationship of the reference system fixed on the two parts. One of the two parts serves as a
reference for relative motion, and the conjoined base on the part becomes the local base of
the joint, which is recorded as ¢"0. Its base point is recorded as Q and the conjoined base of
another component that moves relative to the base is called the moving base of the joint,
denoted as €. Its base point is recorded as P and vector diameter is denoted as h, which
describes the relative motion of the joint. The derivative of the vector k in local basis e

with respect to time is v,. The relative acceleration is z;), and the direction cosine matrix of
the dynamic basis relative to the bulk basis is recorded as Ah, which describes the posture
of the dynamic base relative to the noumenal base. The relative angular velocity vector of
the dynamic base relative to the body base is w;. The coordinate matrix of any vector such
as a in basis ¢/ is called the local coordinate matrix or joint coordinate matrix of the joint,

denoted as a’. The coordinate system is shown in Figure 13.

Figure 13. Joint motion model.

For the space robot module developed in this work, its joint type is a rotating joint,
which is a joint with only one relative rotational degree of freedom. Local basis e’ and
dynamic basis " are established, respectively, at the midpoint of the rotation axis in which
P coincides with Q. The basis vector e"0 = ¢! = p,, p, is the unit vector of the joint axis



Appl. Sci. 2023,13, 12949

9o0f21

and the rotation angle g; is the generalized coordinate of the rotation joint. Assume that
the initial rotation angle 19 = 0, then one has

1 0 0
A=10 ¢ -5
0 5§ (G

where S; = singy, C; = cos q;.
The relative angular velocity vector of the rotating joint is w, = p; 4. Since the vector
p; is fixed to the joint foundation, the relative angular acceleration Wy is Wy = p19;- The

local coordinate matrix of the unit vectoris p’; = (1 0 O)T, and the coordinate matrix of

o
. . . . S R Ry S P,
relative velocity and relative angular acceleration vector is w’, = p’;4;, w'; = p’;4;. Since

the two base points Q and P always coincide, the relative displacement, relative velocity,
and relative acceleration of the base point are all zero.

The base in a free-floating state and 6 degrees of freedom is regarded as the case that
is connected to the inertial reference frame through 6 degrees of freedom virtual joint.

The generalized coordinate of relative motion of joints is ¢ = (¢'7 ¢’ T)T and the

vector diameter h and generalized expressions of velocity, acceleration, angular velocity,
ohT
and angular acceleration are h = Hth, zc;, =H g, ci)r = HQTq + 1, respectively.

3.2. Attitude Motion of Each Rigid Body in the System

For a tree system composed of N rigid bodies, the adjacent rigid body associated
with joint H;(i =1, - -, N) is denoted as B;j and B; (B, is internal rigid body of B;) whose
conjoined base are e/ and ¢/, respectively. Dynamic base ¢/ of H; is fixed to point P of
the rigid body B;. The generalized coordinate matrix of this joint is recorded as 4'. In
local basis e, the constant directional matrices of ¢/ and e are written as Qj and P/. The
direction cosine matrix of the dynamic base e of joint H; with respect to the reference
base gho is recorded as A?. The direction cosine matrix of the rigid body B; relative to B i
is Al = QJAl'PI. Relative kinematics relationship between adjacent rigid bodies in tree

systems is shown in Figure 14.

Figure 14. Relative kinematics relationship between adjacent rigid bodies.

The relative attitude of the adjacent rigid body depends on the joint’s orientation
matrix, which is a function of the joint’s generalized coordinates. If the degrees of freedom
of each joint of the system are ¢;, the motion of the system will be described by the
generalized coordinate matrix of the system composed of the generalized coordinates of
each joint.

The attitude of a rigid body B;(i = 1, - -, N) with respect to the overall base of the
system can be described by its cosine matrix with respect to the overall base direction of the
system. Due to the properties of the directional cosine matrix, with the help of the inscribed
rigid body array L(i), the rigid body has the following recursive formula for the directional
cosine matrix Ai:
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where A is the cosine matrix of the root object with respect to the overall base direction of
the system. The direction cosine matrix of the local basis of joint H; is recorded as Afdo and
the direction cosine matrix is a function of the generalized coordinates of all joints on the
road, i.e., Alho = AL(i)QL(i).

The absolute angular velocity of the rigid body B;(i = 1,- - -, N) is recorded as w;.
Based on the angular velocity superposition principle, the absolute angular velocity of the
rigid body B; can be expressed as the following vector recursion formula.

wrtwy i=1
= . 2
wr {wri+wl(i) i=2...,N )

where wy is the absolute angular velocity of the root object. From another perspective, the
absolute angular velocity of B; is the vector sum of the relative angular velocities and wy of
all rigid bodies on path B; to By. According to the definition of the path matrix, considering
that the path matrix element corresponding to the joint Hy not on path B; to By is zero, the
absolute angular velocity of the rigid body B; can also be expressed as:

N
wi= Y, wptwy=-) Thwg+wy (i=1...,N) (3)
Bce(Bi) k=1

The negative sign in the formula is because for regular labels, the elements of the path
matrix are negative. The absolute angular velocity vectors of these N rigid bodies can be
combined into a vector matrix formula as follows:

w=—TTw, + wyly )

w, = HMg ()

The relationship between the absolute angular velocity vector of each rigid body in
the system and the generalized coordinate derivative is as follows:

w = —Bgwr + wply (6)
The angular velocity of the above equation is changed to:
Aw = —BAj @)

In the equation g = — (ﬂQI), H% is an N-order diagonal block vector matrix H]QT,
with the vector matrix as an element, and B is an N x N order vector block matrix in which

the vector block array in the i-th row and j-th column is —TﬁH]QT. The transpose of its
channel matrix T and vector block matrix E are as follows.

-1 0 0 0 0 0 HOT 0 0 0 0 0
-1 -1 0 0 0 0 HOT HOT 0 0 0 0
r_|-1 0 -1 0 0 0 . HT 0 H°T 0 0 0
= -1 0 -1 -1 0 o5 LT o H? HOT o0 0
-1 0 0 0 -1 0 HOT 0 0 0 HOT 0
-1 0 0 0 0 -1 HOT 0 0 0 0 HOT
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It is not difficult to see that the vector block B is a lower triangular vector block matrix,
which is consistent with the position of the transposed non-zero term of the channel matrix
T. As long as the non-zero item in the j-th column is replaced by E])T, B will be generated.

The first derivative of the angular velocity on the global coordinate base is

N
wi=-) Thwx+wy (i=1,...,N) ®
k=1

Considering w,; = (j),i + wy ;) X wyi, we can get the vector matrix formula composed
of the N rigid body absolute angular acceleration vector, i.e.,

w=-T'w, +dly - T'g ©)

where §; = wp ;) X wy;.

Considering Wy, = HT§ + 4, the above equation can be rewritten as the final expres-
sion of angular acceleration:

@ = Bij+woly — T ({ +1) (10)

3.3. Position Motion of Each Rigid Body in the System

For a multi-rigid body system connected by rotating joints such as rotary joints and
universal joints, it will become a multi-rigid body system with rotating joints. Its char-
acteristic is that the joint points on the adjacent objects of all joints coincide, and there is
only relative rotation without position motion. The robot system developed in this work
is exactly such a system. The position, angular velocity, and acceleration analysis of each
rigid body’s center of mass in the system will designate the distribution of the joint points
on the rigid body. Thus, in describing the basic parameters of a multi-rigid body system,
in addition to the topological configuration parameters of the system, it is also necessary
to give the distribution of the joints on each object. Thus, before discussing the position,
velocity, and acceleration of the center of mass of each rigid body in the system, we will
first introduce the body joint vector and pathway vectors.

For a multi-rigid body system composed of N objects, the center of mass of the rigid
body B;(i =1,- - -,N) is recorded as C;. The vector pointing from C; to a joint point on the
rigid body is defined as the body joint vector of the joint H;, which is recorded as ¢;j, where
i represents the fixed rigid body and j represents the joint pointed by this vector.

If the joint H; is not related to B;, ¢;; = 0 for a root object whose motion is known, the
starting point Cy of the body joint vector is generally taken at the joint H;. Since each joint
involves two body joint vectors, the non-zero body joint vector for the tree system is 2N —
1. Their coordinate matrix in the conjoined bases is one of the basic parameters describing
the system.

For a tree system, using the correlation matrix elements, the weighted body joint
vectors are

Cl] = Sl]Cl] (l = 1,. -, N;] = 1’ ceey, N) (11)

There are still 2N — 1 non-zero weighted body joint vectors. S;; negates ¢;j, pointing
to the inscribed joint and Cj; is in the same direction as the joint H;, deviating from
the direction of By. The weighted joint vector C;; is used to form an N-order vector
square matrix to become the body joint vector matrix C. This vector matrix describes the
distribution of joints of each object. The body joint vector matrix of the robot system is
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—c11 C12 €13 0 €15 C16
0 —C22 0 0 0 0
C— 0 0 —C33 C34 0 0
- 0 0 0 —Cy4 0 0
0 0 0 0 —C55 0
0 0 0 0 0 —Ce6

Each object has only one internal joint in the tree systems and the internal joint of the
rigid body B; is H;. The connected vector d;; from H; in B; can be defined as a pathway
vector. When k # i, this vector points to another joint on B;, which is located on the path
from B; to Bx. When k = i, this vector points to the center of mass of the object.

The N-order vector square matrix d containing dj; is called the path vector matrix,
which describes the joint distribution of each object. The path vector matrix d of the tree
system is

diy dip diz diy dis die diy dip diz diz dis die
0 dp 0 0 0 0 0 dp 0 0 0 0
|0 0 dsodw 0 0 |_|0 0 dgody 0 0
- 0 0 0 d44 0 0 0 0 0 d44 0 0
0 0 0 0 dss O 0 0 0 0 dsg 0
0 0 0 0 0 deg 0 0 0 0 0 dyg

Both the body joint vector and the path vector describe the position of the joint point
on the rigid body, but the starting point of the vector is different and their mathematical
relationship can be described as d = —CT.

The vector radius of the base point of the conjoined base with respect to the base point
of the overall base of the system is

ri= ). dy+r (12)
k:BkE(Bi)

where, k is the subscript of all rigid bodies By on the path from B; to By. The coordinate
matrix of the above formula in the overall basis e is

ri= Y, detrg= Y, Ady+rg (13)
k:Bre(B;) k:Br€(B;)

The equation only contains the direction cosine matrix A of all rigid bodies on the
path from the rigid body B; to By and constant coordinate matrix of the path matrix in the
conjoined basis. Thus, the centroid coordinate matrix of B; is a function of the generalized
coordinates of all rigid internal joints on the path from B; to By. Thus, the above equation

can be written as
r=d1y+rly (14)

The velocity of the centroid can be calculated through differentiation, i.e.,

ti= Y dg+ip (i=1,...,N) (15)
k:BkE(Bi)

Since the vector is fixed to the rigid body By, substituting élkl- = wy, X dy; into the above
equation yields
i=—d" xw+ily (16)



Appl. Sci. 2023,13, 12949 13 of 21

The relationship between the velocity of the base point of a rigid body B; and the
derivative of the generalized coordinates can be recorded as

r=aq+v 17)

The angular velocity of the above equation is changed to:

Ar = alq (18)
where .
a=—(HOT x d) (19)
v=fly —d" xwyly (20)
H,°T x dyy 0 0 0 0 0
H\ T x (dp+dn)  Hy? xdp 0 0 0 0
. H, 9T x (di3 + ds3) 0 H;OT x dss 0 0 0
T | Hy®T x (dig + das + das) 0 H3 x (dy +das) HyOT xdyy 0 0
H, T x (dy5 + dss) 0 0 0 H:T x dss 0
I;IlnT X (d16 + d66) 0 0 0 0 H6QT X dgg

The acceleration of the center of mass can be found by taking two derivatives with
respect to time:

fi= Y dg+i (i=1,...,N) (21)
k:BkE(Bi)

Since the vector is fixed to the rigid body By, substituting d = wy X dy; + wi (wy X dy)
into the above equation yields

fi=— ). duxwe+ Y, wi(wexdg)+io (22)
k:BkE(B,') k:Bke(Bi)
ie.,
P=wajtw (23)
where
w; =1y + 2 [a)k X (wy X dki) + o X dki] (24)
kBkE(Bl)

3.4. Establishment of Kinetic Equations

In the tree system composed of N rigid bodies, the mass of rigid body B; is m; and the
moment of inertia is J;. The principal vector of the external force on the rigid body and
the principal moment relative to the center of mass are F; and M, respectively. According
to the velocity variation principle, the variational form of the dynamic equation of the
system is

N
Z[Ai‘(—mi%i+P‘l?)+Awi~ (*Ii'wi*SiJrM?)] +AP =0 (25)
i=1
where AP represents the virtual power exerted by the internal forces between objects in
the system.
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The relationship between the generalized force matrix F7 of the system’s generalized
coordinates and AP is:

AP = Aj'FI (26)

where ¢; = w; X (J; - w;), and the matrix form is

AT (cF 4+ )+ Aw” - (—] @ — e+ M°) + AP =0 (27)

The differential equation of the dynamic system can be integrated into:
Zg=z (28)
where

Z=o" mu+p' ] pz=a"(F —mw)+p' - (M~] c—¢)+E
It should be mentioned that the inertial parameters of each object and the path vector
matrix in this differential equation will be inputted into the calculation module to perform
dynamic simulation analysis on specific space missions.

4. Dynamic Model Simulation Analysis

In order to verify the developed system topology and dynamic modeling method,
the following mission scenario is designed. The robot system is mounted on the space
platform to perform maintenance function on faulty targets. Each module of the robot is
equipped with an observation load, flaw detection load, communication load, and basic
load. The space platform has a functional cabin that carries capture modules, maintenance
modules, spare modules, etc. First, the robot system realizes the detection and scanning
of long-distance targets through tandem mode. Then, the robot system changes to the
multi-arm mode, where one of the robot arms is connected to the required functional
module from the platform function cabin and the other robotic arm continues to detect the
target location. That is to say, the two robotic arms collaborate with each other to perform
corresponding operation missions on the target. All simulations were conducted under
low gravity conditions. The mission flow chart is shown in Figure 15.

The robot arm detects the target in series
state

l

Dual-arm state

v '

Arml: Detect the target Amnl: finctional modules

A

Collaboration

Figure 15. Mission flow chart.

The initial state of the system is as shown in Figure 16. Each module consists of a
green hemisphere and a white hemisphere.
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Be
By
Bs
By

Hy H;
-1 1
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Function cabin Space platform Robot System

Base of Robot

Spare module

Figure 16. Mission initial state.

The topology of the robot system in the initial state is described in Figure 17.

Figure 17. Module topology description.

According to the described connection relationship between modules, one first deter-
mines the rotation axis vector of M; and then obtains the orientation vectors of all modules.

Transformed into a multi-body system problem description, the system topology is
shown in Figure 18, where B is the object composed of module one and the platform, B,-Bgy
are new objects formed by connecting adjacent modules, and By is the passive sub-module
of module 9. H; is the virtual hinge from B to the inertial coordinate system, Hy-H1g are all
rotation hinges of the module, and its constraint vector is the projection of the rotation axis
vector in the inertial system. Thus, according to the topological configuration, the system
topology description matrix is obtained.

Figure 18. System topology description.

The correlation matrix and pathway matrix are:

Hy Hs He¢ Hy Hs Hy Hyp By B, B3 By Bs Bs By Bs By By
Hq -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
H, -1 -1 -1 -1 -1 -1 -1 -1 -1
1 H; -1 -1 -1 -1 -1 -1 -1 -1
-1 1 Hy -1 -1 -1 -1 -1 -1 -1
-1 1 T— Hs -1 -1 -1 -1 -1 -1
-1 1 - Hg -1 -1 -1 -1 -1
-1 1 Hy -1 -1 -1 -1
-1 1 Hg 1 -1 -1
-1 1 Ho -1 -1
1 Hio -1

The array of internal objectsisL=(0 1 2 3 4 5 6 7 8 9).

The mass of the platform base is set to be 800 kg. According to the mission design, the
robot system reconfiguration process is as shown in the following three stages.

Reconfiguration stage 1: movement of modules No. 3, No. 4, No. 6, and No. 7. The
initial configuration of the modules is shown in Figure 19.
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B;
By
Bs
Be
By
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195}
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Figure 19. Initial position.

Rotation angles of modules No. 3, No. 4, No. 6, and No. 7 will be changed to be 240°,
120°, —120°, and 120°, respectively. The symbol indicates the direction of rotation.
The configuration in Figure 20 is obtained.

Figure 20. Reconfiguration process A.

Reconfiguration stage 2: Module 6 is disconnected from module 5 and module 6
establishes a connection relationship with module 1. The robot system changes from a
single-arm system to a dual-arm system. After that, control the movement of module
No. 6 and module No. 7, and the rotation angles are 120° and —120°, respectively. The
configuration in Figure 21 is obtained.

Figure 21. Reconfiguration process B.

The system topology is shown in Figure 22.

Figure 22. New topology.

The system topology matrix can be described as

Hs Hy Hs Hg H; Hg Hy Hjp By B, B3 By Bs Bs By Bs By By
1 Hq -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

1 H, -1 -1 -1 -1 -1 0 0 0 0
-1 1 Hs -1 -1 -1 -1 0 0 0 0
-1 1 Hy -1 -1 -1 0 0 0 0
11 r_ Hs 1 -1 0 0 0 0

-1 0 - Hg -1 0 0 0 0
-1 1 Hy -1 -1 -1 -1
11 Hg 1 -1 -1
-1 1 Ho -1 -1
1 Hio -1
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The array of internal objectsisL=(0 1 2 3 4 5 1 7 8 9).

The masses of B; and Bg have changed and need to be reacquired during the kinetic
analysis.

Reconfiguration stage 3: Module 9 is connected to the capture module in the functional
cabin, and the capture module is defined as module 10, thereby forming a new robot system
with capture function. At this time, the topology of the robot system also changes, adding a
module and a rotating hinge, which will not be elaborated here. After the docking process,
the motions of modules 6, 10, 3, and 4 are controlled. The rotation angles are -120°, 120°,
120°, —240°, —120°, respectively, and one can get the final robot configuration shown in
Figure 23.

Figure 23. Reconfiguration of Process C.

The program flow chart is shown in Figure 24.

C Start )

l

Get parameters

l

Read spatial configuration parameters and

obtain topological matrix

l

Determine joint vectors

Orientation matrix relative to the inertial frame

l

Compute the generalized mass matrix and

Generalized force vector

Set joint motion parameters

l

Integral calculation

l

Get generalized acceleration and velocity

Arrive at location

Figure 24. Simulation process.
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In the simulation, the time of each stage is set to 10 s and the rotating joint performs
uniform acceleration and deceleration motions at the beginning and end of each stage for
0.5 s. Through simulation analysis, the time response of the base and the control torque
of each hinge can be obtained. Figure 25 shows the time response of the base attitude
angle and angular velocity, from which one can see that the attitude angle is no more than
0.32° and the angular velocity converges to a region within 0.05°/s. Similarly, Figure 26
gives the time response of center for mass position and velocity and Figure 27 gives the
time response of control torque of all module joints. By adding motion constraints, this
simulation demonstrates the motion of a modular space robot during on-orbit operation,
verifies the flexibility and feasibility of the dynamic modeling method, and provides
information for the control and application of the modular space robot system.

Base attitude angle change curve
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Figure 25. Time response of base attitude angle and angular velocity.
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Figure 26. Time response of base center of mass position and velocity.
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Figure 27. Time response of control torque of all module joints.
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5. Conclusions

This paper proposes a novel space robot configuration and working mode, and the
module design implementation and dynamic modeling are analyzed. In detail, the recon-
figurable space robot mission and configuration design, reconfigurable space robot module,
system design optimization and prototype implementation, and system experimental
testing are performed and analyzed. Based on the analysis of the robot space mission, a
configuration design scheme for a modular reconfigurable space robot is developed. The
corresponding dynamic model reconstruction has also been validated through specific
space tasks. This modular robot has a rich number of structural forms and corresponding
real-time generated dynamic models, which have more obvious advantages compared to
traditional space robots. It should be mentioned that the complexity of dynamic models
requires a high computational power for computers, which poses a huge challenge based
on existing space computer technology. In addition, the numerous modules may pose
certain challenges to the fault tolerance performance of the system. The aforementioned
challenges will be the future research direction to be overcome.
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