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SUMMARY

The dynamic manipulability of a manipulator refers to the capacity to generate accelerations given
the joint torques, which is an important indicator for motion planning and control. In this paper,
the dynamic manipulability analysis is extended to the multi-arm space robot, and further to the
closed-loop system composed of the space robot and the captured target. According to the dynamic
equations, the relation between the joint torques and the end-effector accelerations in the open-loop
space robot and that between the joint torques and the target accelerations in the closed-loop system
are derived. On this basis, the dynamic manipulability factor and dynamic manipulability ellipsoid
are proposed as two tools for the dynamic manipulability measure, where the effects of the bias
acceleration are considered. The influences of dynamic parameters, link lengths, joint variables, and
velocities on the dynamic manipulability measure are mainly studied.

KEYWORDS: Multi-arm space robot; Closed-loop system; Dynamic manipulability factor;
Dynamic manipulability ellipsoid.

1. Introduction

With the development of space technology, more complex space tasks will be carried out in the future.
Space robots can replace astronauts in high-risk space tasks such as capturing failure satellites, trans-
porting and assembling large space aircrafts, and cleaning up space debris, which have attracted the
attention of the world’s major space powers over the past 30 years. A series of studies have been car-
ried out like The Shuttle Remote Manipulator System, Robot Technology Experiment, Engineering
Test Satellite VII, Robonaut, etc.!™ In view of the above-mentioned facts, an increase in the number
and the capacity of robot applied in space explorations will be a foregone conclusion in the coming
future.®” Free-floating space robot exhibits some special characteristics due to the dynamic coupling
between the space manipulators and the spacecraft (base). Therefore, particular modeling, trajectory
planning and control techniques have to be developed to cope with the dynamic coupling issue of
free-floating space robot.

The manipulability measure is one of the most important indicators for the manipulator. This
concept originally evaluates the mapping from joint velocity to the reference point velocity, that is,
the ability to generate the end-effector velocities given the range of joint velocities,® which only
involves kinematic parameters of the manipulator, and can be called the kinematic manipulabil-
ity. The kinematic manipulability measure is one of the hot spots in the robot field. Vahrenkamp
et al.® used manipulability measure to build a quality distribution in workspace. They'® also pro-
posed an extension to the manipulability measure which incorporates constraining factors. Okada and
Tahara'! used manipulability measure to evaluate the output force of the end point of the manipulator.
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Tanaka et al.'> proposed a scheme for human force manipulability. The manipulability measure has
also been applied in the field of space robot. Wang et al.!3~!> used it as an optimization index and
designed different path planning methods to maximize the end-effector manipulability. Chen and
Qin'® established a cost function measurement of key performance characteristics including manip-
ulability. Yan et al.'”!® introduced it into control problems. Zhang et al.'>2° proposed a performance
index based on the manipulability measure to design and choose an optimization configuration for a
dual-arm space robot.

Yoshikawa?! took the dynamics into consideration and proposed the concept of dynamic manip-
ulability for a single fixed-base manipulator, which is defined as the capacity to generate the
end-effector accelerations given the range of joint torques. The DME is proposed to give a mea-
sure of the ability of performing end-effector accelerations in a given posture with the joint torques
constrained to belong to a unit sphere. Chiacchio?? proposed a new definition of DME for redundant
manipulators which leads to more correct results in evaluating manipulator capabilities in terms of
task-space accelerations. Rosenstein and Grupen®® derived the relationship between joint velocity
and end-effector acceleration and explored the dynamic manipulability in motion. Chiacchio et al.>*
also introduced the DME for multi-arm systems. For multiple robotic mechanisms in coordinated
manipulation, Lee and Shim? derived the bounds of task acceleration of object carried by the system.
Yokokohji et al.?® extended the concept of dynamic manipulability to evaluate the dynamic property
of multi-fingered grasping systems consisting of a multi-fingered hand and a grasped object and
explored the effects of internal force. Based on the end-effector manipulability, Cotton et al.?’ intro-
duced dynamic manipulability of the center of mass (CoM) for humanoid robots. Gu et al.® proposed
feasible CoM dynamic manipulability for planar humanoids. Azad et al.* analysed CoM dynamic
manipulability of floating base robots which have multiple contacts with the environment. In addition,
by combining dynamic manipulability and reconfiguration manipulability, Minami et al.’*3! defined
the concept of dynamic reconfiguration manipulability, which estimates dynamic ability to change
configuration by using remaining redundancy, while prior task is being controlled. Azad et al.* stud-
ied the importance of the weighting matrix included in the mapping for dynamic manipulability of
robots.

The aforementioned studies about dynamic manipulability mainly focused on ground manipula-
tor. Due to the space microgravity environment, the base of the space robot can be fixed (equal to
the ground manipulator), controlled (the free-flying mode), or free (the free-floating mode). The last
mode is mainly studied in this paper, which has six more degrees of freedom than the ground manip-
ulator. Unlike the fixed-base robot, a free-floating space robot meets the conservation of momentum,
and the movement of manipulators will alter the base. Compared with a single-arm space robot, a
multi-arm robot has much more dexterity and flexibility and is capable of carrying out more com-
plex tasks. What is more, when a multi-arm space robot captures the target, a closed-loop system
will be formed and its dynamic manipulability measure is more complicated. The study on dynamic
manipulability in above conditions is necessary for the design, planning, and control of space robots.

The main contributions of this paper lie in three aspects: (1) We study the dynamic manipulabil-
ity of the multi-arm space robot and further consider that of a closed-loop system composed of the
space robot and the capture target. (2) The spatial vector theory and the graph theory are used to
model general space robots, while the dynamic manipulability ellipsoid (DME) and dynamic manip-
ulability factor (DMF) based on singular values of the correlation matrices are presented for dynamic
manipulability measure, which take the bias acceleration under the motion state into account. (3) The
effects of mass, link lengths, joint variables, and velocities on the dynamic manipulability are mainly
studied.

The remainder of this paper is organized as follows. In Section 2, we use the spatial vector theory
and the graph theory to model space robots, and the expression of end-effector accelerations about
joint torques in the open-loop space robot and the closed-loop system is derived. Two measuring
tools, DMF and DME, are presented in Section 3. Finally, Section 4 studies the influences of different
factors on dynamic manipulability.

2. Modeling of Space Robots
To derive the kinematic and dynamic equations quickly and express them in a compact form, we use
the 6D vectors called spatial vectors,333* which combine the linear and angular aspects of motions
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and forces. Then, the graph theory is employed to model general multi-arm space robots, where
the connectivity, geometry, and joint model are completely described. The dynamic equations of the
open-loop space robot and the closed-loop system are derived as the basis of dynamic manipulability
measure and analysis.

2.1. Spatial vector theory

The velocity of body B is composed of a linear velocity v and an angular velocity @ about the axis.
The force acting on body B consists of a linear force f and a couple ny about the axis. The spatial
velocity of body B and the spatial force acting on it can be represented as

)l

A spatial velocity is the combination of angular velocity and linear velocity, while a spatial force is
the combination of couple and linear force.

The matrix E5 € R3*3 represents a rotation transform for 3D vectors from frame A to B. Let X% €
R and ¥4 € R®* be the same transforms for spatial motion and spatial force vectors, respectively,
which are related by ¥4 = (X§)~". Their forms are

b E% 0 1 0] [E; 0 5
AT B - B B @)
|0 E,||-rx 1] |-Eyx Ej;|
and
v (EZ 0 |[1 —rx]| [E5 —Efrx] )
““lo EE{lo 1 | |o EB
where 0 and 1 are zero and identity matrix, rx is the cross product operator for r = AB (expressed in
frame A)
0 —r; Ty
rx=1|r; 0 —Ty 4)

—ry Iy 0

The spatial acceleration is the time derivative of its spatial velocity

) ® ®
v=| |= (5)
Vo p — W X Vp
where p is the position of O.

If a body has the mass of m and the inertia of I € R**3 about its centroid, its spatial inertia
I € R®*® about any point O is

—mce X ml

Ic—me xex mex
I, = (6)

where ¢ = OC. The derivative of spatial inertia I is

d I=V x*I—-1IV (7
—I=V x*I—-1IVx
dt
where Vx and V x* represent the cross product operator for spatial velocity and force vectors, whose
forms are
wx 0 WX VpX
Vx = Vx*= =—(Vx)T (8)
VoX WX 0 WX
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0 0
4=[0,1,2,1,2,4] A=[0,1,1,3,2,3]

Fig. 1. Two numberings of a simple tree and their corresponding parent arrays.

Fig. 2. Coordinate frames and transforms associated with joint i.

The transform for I from frame A to B is
P =Y3'xy ©)

Finally, we can get the equation of motion by differentiating the momentum

d . .
F=—IV=IV+(Vx I-1Vx)V=IV+V x"IV (10)

2.2. Kinematic modeling
2.2.1. Connectivity. The connectivity of a robot mechanism can be represented by a kinematic tree,
where the nodes and arcs represent bodies and joints, respectively. An open-loop space robot is
composed of N joints and N + 1 bodies (including N links and the base) and has M manipulators.
The base is assigned the number 0, and the remaining bodies and joints are numbered from 1 to N,
respectively, while confirm that each body has a higher number than its parent, and joint i connects
body i and its parent. As shown in Fig. 1, the numbering for a certain robotic system is not unique.
The connectivity can be described by arrays. Let A(i) represents the parent of body i, w(i) is
the set of children of body i, « (i) is the set of joints on the path between body i and the base,
and v (i) is the set of bodies in the subtree starting at body i. For the left tree of Fig. 1, we have
A1) =0, u(1)={2,4},«(1)={1}, v(l) ={1, 2, 3,4, 5, 6} and so on. In addition, we use &(j) to
present the end number of the j manipulator, and & = {3, 5, 6} for the left tree of Fig. 1.

2.2.2. Geometry. The geometric model of a robot specifies the relative locations of the joints in each
body. As shown in Fig. 2, two coordinate frames are connected by joint i, where the body frame F; is
fixed in body i, and the transition frame F,; ; is fixed in body A(i). The base frame F) is located in
its centroid. An end frame F,(j is defined at the end-effector of the j manipulator. In general, there
are 2N + 1 + M coordinate frames on a space robotic system, consisting of N 4+ 1 body frames, N
transition frames, and M end frames.
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The transform Xi(i) from frame F) ; to F; can be divided into the transform X7 (i) from frame Fj ;)
to F;),i» and the transform X;(i) from frame F,; ; to F;. Their relationship is Xi(i) =X;)X7(>).
X, (i) is a function of the joint variable ¢;. X7 (i) depends on the relative posture and position between
Fy) and Fy; ;, which is a constant. In addition, the transform Xg(j) from end body frame F,; to
the end frame F, ;) (noticing that they are two different frames) is also a constant.

2.2.3. Joint model. A joint is a kinematic constraint between two bodies, which can be indicated by
the joint subspace S;. The frames F) ;) ; and F; have a common z axis, and coincide when ¢; = 0. For

arevolute (R) joint i, the joint subspace is §;=[001 00 O]T, meaning that frame F; can only rotate
relative to frame F) ;) ; about the common z axis, and g; is the rotation angle. For a prismatic (P) joint

i, the joint subspace is S; = [0 0000 I]T, meaning that frame F; can only translate relative to frame
F.),i along the common z axis, and g; is the translation distance.

The velocity of each body (expressed in its body frame) is composed of the velocity transmitted
from the parent body and the joint velocity

Vi=X} Vi + Sidi (11)

On the basis of Eq. (11), we can get the velocity of each body starting from the base. The end
velocities are derived by

Ve = Xe(DVei))
= Xe()DSeideiy + X5 Sacindein + -+ X5 Vo)

— Xg(/)vo + Z Xle(/)slql
i€k ()

V,
= [Jeb(j) Jem(j)] |:i10]
=Jo(jX (12)

where x € ROV is the general velocity of the space robot, and J,(;, € R+ is the end Jacobian
for the j” manipulator, which can be lined up as

V.o Jevay  Jemn
Vo Vo .
Ve=| + |=| : A=l Jm]| . |=Tex (13)
q q
Ve Jevory  Jeman

where J, € RO"*(6+N) 5 the end Jacobian of the whole robotic system.
In general, the symbols used in this paper are listed in Table I. Without special explanation, the
vectors and matrices related to body i are expressed in frame F;.

2.3. Dynamic modeling
2.3.1. Dynamic equation of the open-loop space robot. The dynamic equation of a space robotic
system using Lagrangian mechanism can be expressed as follows:

Hi+C=T-J'F, (14)

which can be decomposed into the form

H, Hy, V() C, _ F, th
[Hlm Hm:||:21'i|+|:Cm]_|:Ti|_|:JZmi|Fe (15)
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Table I. Symbols of the space robotic system.

Symbols Physical meanings

A(D) Parent of body i

(i) Set of children of body i

K (1) Set of joints that support body i

v (i) Set of bodies in subtree starting at body i

e()) End-effector of the j — th manipulator

o, Bi, Vi Euler rotation angles from Fj ;) to Fy .

r; Vector from Fj ;) to Fy(;; expressed in Fy;

C; Vector from F; ; to body i’s centroid expressed in F;
m;, 1 i Mass, rotational inertia about the centroid of body i

I, M; Spatial inertia tensor and momentum of body i

x5, ¥4 6 x 6 Transform for spatial motion and spatial force vectors
w;,v;,V; Angular, linear, and spatial velocity of body i

d)i,i),-,f/i Angular, linear, and spatial acceleration of body i

qi> 4i» Gi Variable, velocity, and acceleration of joint i

n.f.F; Couple, linear, and spatial force applied to body i

Si, T Subspace and torque of joint i

JesJevs Jem Jacobian of end-effectors and its components

H, H, H,, Inertia matrix of base and manipulators, the coupling term

H e RO+Mx(6+N) g the generalized inertia matrix consisting of the base term H),, the manipulator
term H,,, and the coupling term between base and manipulators Hy,,. Their detailed forms are

N

Hy,=1I,+ Z YOI XK

k=1
Hy)j=| D YL | XLS; (16)
kev())
H,);=S | > YLX{]|S;

kev(i)Nv(j)

where (H,,); is the j column of Hy,,, and (H,,); is the i row and j column of H,,,.
C € RSV is the generalized bias force consisting of the base term Cj, and the manipulator term

C,.. Their detailed forms are

N
Co=) Y |I) X}V, xSg;+V; x*LV))

i=1

(Cn)i=ST Y YL > (XVi x Sidic+ Vi x* Vi)

Jev (i)

where (C,,); is the i row of C,,.

Jjex (@)

a7
kek ()

T e RV is the generalized force exerted on the robotic system consisting of the spatial force
acted on the base F, (F, = 0 for a free-floating space robot) and joint torque vector 7. F, € R is
the space forces exerted on the external environment by end-effectors.

2.3.2. Dynamic equation of the closed-loop system. A closed-loop system is formed after a multi-
arm space robot captures the target. The motion equation of the target is

LV, +V,x*LV,=]'F,
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where I, is the spatial inertia of the target, V, is the spatial velocity of the target’s centroid, and
J; € ROM*6 i the target’s Jacobian consisting of transforms from the its centroid to capture points,
which is a constant.

The end-effectors of manipulators coincide with the capture points on the target, meaning that
their velocities are always the same

Jex =1V, (19)
The time derivative of Eq. (19) gives the relation of accelerations
Jok+ ok =1V, (20)

Pre-multiplying Eq. (14) by J.H !, we can obtain

Jix+JH'C=JH ' (T-J'F,) (21)
Substituting Eq. (21) into Eq. (20), we get
JVi+IH J[F.=J.H (T —C)+ ] % (22)
Finally, combining Egs. (18) and (22)
[It —J,T} [V,} _ [—V, x* I,V[} 03
-J: P F, 0

where P=—J . H 'J,Q=—J.H (T - C) — ] x.
Equation (23) is the closed-loop system dynamic equation, which solves V, and F,, and ¥ can be
obtained by Eq. (14).

3. Dynamic Manipulability Modeling and Measuring

Yoshikawa®?! proposed the manipulability measure w = \/det(JJ)T and dynamic manipulability
measure w = \/ det(J(H"H)~J)T for the fixed-base manipulator. In this section, the dynamic manip-
ulability of the effectors in the open-loop space robot and the target in the closed-loop system are
modeled. To measure the dynamic manipulability, the DME and DMF are proposed and modified
based on dynamic manipulability equations.

3.1. Dynamic manipulability modeling
3.1.1. Dynamic manipulability modeling of the open-loop space robot. The dynamic manipulability
for end-effectors of the open-loop space robot is considered first. For a free-floating space robot,

from Eq. (15), we get
Vol [Hy Hu] ' ([0 [C»
-l ] (G)-[e]) o

where F, =0 and F, = 0. The time derivative of Eq. (13) is
. \% . . 14
Ve = [Jeb Jem] [ ..0i| + [Jeb Jem] [ -Oj| (25)
q q
Substituting Eq. (25) into Eq. (24)

Vom o Jon] [szm I’Z’"]l ([ﬂ—[ﬁﬂ)ﬂjeb Jon] [YI"] (26)

Here we define the matrix

Bb Bbm Hb Hbm -
|:BZm Bm ] |:HZm Hm ] ( )
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where

B, = (H, — H,,H, 'H},)”'

By =— (H, — Hy,H;, ' H, )™ Hy,H,,' = —B,H,,H,;,' (28)
B,=H,'+H,'H, B,H,,H,'=H,' —H, 'H B,,
So we can obtain
Ve = sBom +JenB) T = Jop (ByCp + ByuCo)
—Jen (B, Co + BuCrn) +J Vo + Jemd (29)

=Ma,t + b,

where Ma, = J ;B + JonB € ROV is the dynamic manipulability matrix of the end-effectors.
be = Jemil —Jeb (Bbe + Bmem) —Jem (BZme + BmCm) +JaVo € R6M is the bias acceleration
caused by Coriolis and centrifugal forces, which will be zero if the system is at rest.

Equation (29) can be divided into the form of each manipulator

Veny| [ Maca b
: = : T+ : (30)
Veand — LMaca beon
which also consists of the angular and linear terms
Ve() | Ma, be(i)

3.1.2. Dynamic manipulability modeling of the closed-loop system. For the closed-loop system,
starting from Eq. (23)

M
Defining the matrix
—1
[0 e[ 7]
where
G=U-JP ]!
G.=U—JP'J) ' J'P' =GJ]P! (34)
G.=P'+P'JGJ'P'=P ' +P ]G,
So we can obtain
Vi =—G(JesBom + JemBum)T + GieJop(BsCp + B Cn)
+ Giedem(B}, Cy + BCo) — GreT Vo + Jeml) — GV, x* LV,
= -G, Ma,t — G;.b, — GV, x*I,V, (35)

- Ma,‘[ + bt

where Ma, = —G,.Ma, € R®*V is the dynamic manipulability matrix of the target. b, = —G,b, —
GV, x*"ILV, e RO is the bias acceleration.
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Equation (35) can also be decomposed into angular and linear terms

o el i P (36)
S T R DV L P

3.2. Dynamic manipulability measuring
3.2.1. Dynamic manipulability ellipsoid. The DME reflects the spatial distribution of dynamic
manipulability. Taking Ma;” as the example, we can get the following expression from Eq. (36):

T=Ma? " (&, — b?) (37)
where + represents the pseudo-inverse. The joint torques are normalized as T =L,T using the
weighting matrix L; = diag(| 71 |max,> |72|maxs = = * » |Tv|max), and Eq. (37) can be rewritten as

t =L 'Ma® " (&, — b?) (38)

If the normalized joint torques satisfy the unit sphere constraint |||, < 1, that is, 272 <1, the target’s
angular acceleration will satisfy the constraint

(@ — b)) (Ma? ")'L*Ma? * (&, — b?) < 1
or (& —b?) (Ma?L*Ma? ") (&, —b*) < 1 (39)

Eq. (39) expresses a 3-D ellipsoid constraint whose center is located in b7, which is called the target
angular DME. The target linear DME and end-effector DME for the open-loop space robot can be
defined in the similar way. The lengths of the three semi-axes of the ellipsoid are in proportion to the
three singular values of Ma;’, whose directions are the same with the corresponding eigenvectors.
If the matrix has less than three nonzero singular values, the ellipsoid will become an ellipse in the
plane or a pair of parallel lines.

The ellipsoidal volume (or the elliptical area) reflects the size of dynamic manipulability measure
if the bias acceleration is omitted. However, the center of DME will deviate from the manipulation
point due to the bias acceleration when the robotic system is moving, which makes the dynamic
manipulability measure reduce in some directions while increase in opposite directions. Most seri-
ously, the manipulation point can fall outside the ellipsoid and lose the ability to accelerate in
most directions. The ellipsoidal volume (or elliptical area) cannot factually measure the dynamic
manipulability under the circumstances.

3.2.2. Dynamic manipulability factor. The DMF considering the bias acceleration is proposed to
compensate the defect of DME. Ma;’ is still taken as the example, whose rank is r. Applying the
singular value decomposition to it yields

e, v|> ||V 40
a=lU Blly 4 o

where U; e R¥>", U, e R**C=0 v e RV vV, e RV*V=0 ¥ = diag(oy, 02, - - - , 0,) € R™ is the
diagonal matrix consisting of all nonzero singular values of Co},, . The target angular DMF without
offset is defined as

V0 =0y (Ma®)o,(Ma?) - - - 6,(Ma?) = det(X (Ma?)) (41)

When the robotic system is in a static state, the DMF is the product of the three (or less) singular
values of the dynamic manipulability matrix, therefore proportional to the corresponding ellip-
soidal volume (or the elliptic area). As mentioned earlier, it cannot factually reflect the dynamic
manipulability when the bias acceleration exists. So the bias factor is defined

oy N 2 oy N\ 2 o N 2
nZ\/((p,») +<<pt>y) +(@> w“)
(o8] 0 o3
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Table II. Kinematic and dynamic parameters of the dual-arm space robot.

Number 0 1 2 3 4 5 6 el e
NO) - 0 1 2 0 4 5 - -
The end No No No Yes No No Yes - -
Joint type - R R R R R R - -
m;, kg 100 10 10 10 10 10 10 - -
Lo, kg - m? 10 1 1 1 1 1 1 - -
Iy, kg-m*> 10 1 0.1 0.1 1 0.1 0. - -
L., kg - m? 10 0.1 1 1 0.1 1 1 - -
a;, rad - 0 0 0 0 0 0 0 0
Bi, rad - 0 0 0 0 0 0 0 0
¥, rad - 0 0 0 0 0 0 0 0
oo - 0 0 0 0 0 0 0 0
Ty, m - -1 -1 -1 1 1 1 —1 1
raom - 0 0 0 0 0 0 0 0
Cyr 0 0 0 0 0 0 0 - -
ey m 0 -05 —-05 —05 05 05 05 - -
c.om 0 0 0 0 0 0 0 - -

where p? = U~'b? is the bias acceleration in the ellipsoidal frame. If Ma? is rank deficit, we can
only take the first two or one terms. n measures the offset between the ellipsoidal origin and the
manipulation point. The relationship between n and the position of the manipulation point is

<1, the manipulation point is inside the ellipsoid
ny=1, the manipulation point is on the edge (43)
> 1, the manipulation point is outside the ellipsoid

when 7 > 1, the manipulation point is not inside the ellipsoid and the dynamic manipulability is lost.
The new DMF considering the offset is defined as

0= { (1 —n)det(X(Ma?)), n<l

i 0. 0> (44)

The DMF for other cases can be defined similarly.

4. Dynamic Manipulability Simulation and Analysis

In this section, the rigid bodies of robotic system are assumed to be resting firstly, that is, the bias
acceleration is ignored, where the effects of dynamic parameters, link lengths, and joint configura-
tions are considered. Then the effects of joint velocities on the dynamic manipulability measure are
explored.

4.1. Dynamic manipulability without bias acceleration

4.1.1. Effects of mass. The dynamic manipulability of the open-loop space robot is considered first.
Table II presents the initial kinematic and dynamic parameters of a dual-arm space robot, where 0 is
the base and e(1) and e(2) represent the two end-effectors. All vectors and matrices are expressed in
their fixed body frame, noticing that the Euler angles and r; are fixed with body A (i) rather than body
i. The schematic of the robotic system is shown in Fig. 3.

To analyze the effects of each body’s mass on the dynamic manipulability, we view them as inde-
pendent variables and let them increase from 1 to 100 kg, respectively (the rotational inertia increases
in the same proportion), while the mass of other bodies stays the same. The DMFs are used as depen-
dent variables. Two joint configurations (1) Case 1: ¢ = [—n/6, —7/3, —7/3, 7 /6, /3, w/3]" and
(2) Case 2: ¢ =[n/6, —27/3, —7/3, —7/6, 27 /3, w/3]T are set here. The space robot is moving
in the plane, and the base has an angular and two linear degrees of freedom. Since the joint con-
figuration is symmetrical, we just investigate the left arm’s dynamic manipulability. The simulation
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(b)

base base

The open-loop space robot before capture The closed-loop system after capture

Fig. 3. Schematic of a free-floating dual-arm space robotic system.
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Fig. 4. Left-end DMFs for the open-loop space robot with respect to mass.

results are shown in Fig. 4. The increase of the mass of rigid bodies reduces the end-effector dynamic
manipulability to varying degrees, while the DMFs are most sensitive to the mass change of link 3.
Above methods are promoted to the closed-loop system. The model is composed of the dual-arm
space robot and a captured target whose mass m;, and rotational inertia I, change in the same way.
As shown in Fig. 3, the target frame is in the same direction as the space robot base frame, and
the distances from the two capture points are 1 m. Figure 5 shows the simulation results for two
joint configuration cases. The target DMFs are negatively correlated with the mass of all rigid bodies

besides link 1. The target angular DMF increases with the increase of m; at first, and the tendency to
decrease appears when m; > 40 kg.
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m(kg)
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Fig. 5. Target DMFs for the closed-loop system with respect to mass.
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Fig. 6. Left-end DME:s for the open-loop space robot with respect to mass.

The spatial distribution of dynamic manipulability can be further illustrated by DMEs. Since the
base moves in the plane, we only consider the linear DMEs here. The weighting matrix is L, =
diag(50, 25, 10, 50, 25, 10). The simulation results for the open-loop space robot is shown in Fig. 6,
which are expressed in the base coordinate frame. The mass of the base and each link of the left arm
increases to 100 kg successively and is compared with the initial mass configuration where the mass
of each body is 10 kg. The increase of mass for all rigid bodies makes the elliptical directions biased
toward corresponding bodies. When the mass of link 1 increases to 100 kg, the corresponding linear
DME:s are not much changed from the initial mass configuration in area. The DMEs corresponding to
other conditions are smaller than the initial condition, where the DMEs for m3; = 100 kg are smallest,
which are consistent with preceding DMF analysis. The dynamic manipulability along the tangential
direction is much larger than that along the normal direction in all conditions.

As for the closed-loop system under the same joint configurations, the mass of the base, each link
of the left arm, and target is increased to 100 kg in order, the corresponding DMEs are compared with
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Fig. 7. Target DME:s for the closed-loop system with respect to mass.

the initial mass configuration. The simulation results are shown in Fig. 7, which are also expressed
in the base coordinate frame. The mass changes of the base and target have no effect on the elliptical
directions, while those of the left arm bodies make the elliptical directions biased. The elliptical areas
reduce when the mass of all bodies increases, and the closer the body to the target, the smaller the
DME is.

Overall, above simulations for the open-loop and closed-loop systems show that the dynamic
manipulability is negatively correlated with the mass of rigid bodies in most cases. From this point
of view, the weight of links close to the end should be lighten to increase its dynamic manipulability
when designing dynamics parameters. However, the end links ought to have a certain weight to avoid
damage during tasks. Both sides should be considered in practice.

4.1.2. Effects of link lengths. The dynamic manipulability is also affected by kinematic param-
eters like the lengths of links. In the previous study, the link lengths are unified as 1 m, and
we will investigate the effects of link lengths in this subsection. The simulation methods of the
open-loop space robot are similar to those for the open-loop space robot in the last subsec-
tion, where the variation tendency of DMFs with the change of link lengths will be viewed.
The mass and inertia of all bodies remain unchanged as Table II, and the length of each link
increases from 0.1 to 10 m, while its CoM is always located in the midpoint of the link. Two
joint configurations (1) Case 1: ¢ =[—n/6, —7/3, —7/3, /6, w/3, w/3]T and (2) Case 2: g =
[7/6, —2m/3, —7/3, —7/6, 27 /3, w/3]T are considered here. The simulation results are shown in
Fig. 8. It can be seen that the DMFs decrease as the links lengthen on the whole, while it may slightly
increase when the links are very short.

Based on the above performance, the dynamic manipulability degrees decline rapidly with respect
to the length of links. It is unfavorable to be too long when designing kinematic parameters. However,
the links also should not be too short to ensure adequate workspace.

4.1.3. Effects of joint variables. In this subsection, the joint variables are viewed as independent
variable to study their effects on the dynamic manipulability. The dynamic manipulability char-
acteristic can behave specially when the system is near a singular configuration, for example, the
manipulators are outstretched or contracted. They are difficult to move in some directions under
these circumstances. To view the performance of dynamic manipulability near the singular configu-
ration, we use the open-loop space robot in Table II and observe the DMFs with respect to the change
of g, and g3, respectively, while other joint variables remain zero. The results are shown in Fig. 9.
The angular DMFs rise rapidly to its maximum values when ¢, or g3 is near 0° or 180° (the manipu-
lator is outstretched or contracted), while drops rapidly to the minimum values when ¢; or g3 is near
90° or 270°. The variation tendency of the linear DMFs is completely opposite, which drop very fast
to zero when the robotic system is very close to the singular configuration.

According to the definition of the correlation matrices, let each joint variable changes from 0° to
360° successively, and the DMFs under all joint variable combinations are obtained. On this basis,
we can draw DMF maps which can visually reflect the dynamic manipulability under different joint
variables. Since the number of joint variables combinations is too large for a high-degree system
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Table III. Kinematic and dynamic parameters of the single-arm space robot.

Number 0 1 2 e
A1) - 0 1 -
The end No No Yes -
Joint type - R R -
m;, kg 10 10 10 —
ii,kg-m2 diag(1,1,1) diag(1,1,0.1) diag(1,0.1,1) -
o, Bi, is rad - [000]" [000]" [000]"
ri,m - [010]" [010]" [010]"
ciom - [00.50]" [0050]"  [0050]
(@) (b)
1 4 ............................................................. 003 ..........................................................
12 ...............................................................

(0]
e(1)

r(m) r(m)

Angular DMFs for Case 1 Linear DMFs for Case 1

Angular DMF's for Case 2 Linear DMF's for Case 2

Fig. 8. Left end DMFs for the open-loop space robot with respect to link lengths.

(link number is three or more), here we use a two-link single-arm space robot as the research model
for simplicity, whose parameters are shown in Table III.

The DMF maps are shown in Figs. 10 and 11, where the mass of each body increases to 100 kg,
and maps under different mass configurations are compared. It is shown that the increase in mass
makes DMFs reduce in varying degrees, where DMFs for the condition of m; = 100 kg are much
lower than the original state, which is consistent with foregoing research. Noticing that when ¢, is
around 0° or 360°, that is, the manipulator is outstretched, the end-effector’s angular DMFs are much
larger, while its linear DMFs are much smaller than other regions. For the area where ¢, is around
180°, that is, the manipulator is constrictive, both the angular and linear DMFs are lower.

The DMF maps under all joint variables have great significance for the trajectory planning of free-
floating space robots. From which we can visually see the joint variable area of large or small DMFs,
and let the manipulator move along the paths with larger DMF. As for systems with high degrees of
freedom, the DMF maps associated with joint variables are difficult to get, while the DMF can still be
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Fig. 11. End linear DMF maps under different mass configurations.

used as an optimization index to maximize the manipulator’s performance. The trajectory planning
problem can be stated as the following optimization problem under a list of inequality constraints
gi(q) and equality constraints /;(q):

maximize :v.(q) or v,(q)
subjectto: gi(q) <0,i=1,2,-- , njy (45)
hi(@) =0,i=1,2,--- , ng

4.2. Dynamic manipulability with bias acceleration

When the manipulators move, the manipulation point will obtain different dynamic manipulability in
opposite directions due to the bias acceleration, which depends on joint velocities. According to the
definition of bias acceleration, it has a quadratic relationship with joint velocities. Firstly, the effects
of joint velocities on DMFs are investigated. For the dual-arm space robot in Table II, the simulation
results for the changes of left-end DMFs with joint velocities under different mass configurations are
shown in Fig. 12. It can be seen that the DMFs decline quadratically with joint velocities. Noticing
that the stationary DMFs on the conditions of my = 100 kg and m; = 100 kg are larger, but fall faster
with the increase of joint velocities. On the contrary, the DMFs for m, = 100 kg and m3 = 100 kg are
lower in a static state but decline slower with joint velocities.

The effects of bias accelerations can be further illustrated by DMEs. The simulation results for the
left-end DMEs under different mass configurations are shown in Fig. 13, where all joint velocities
qgi,i=1,--- N are 1 rad/s. The arrows represent the bias acceleration vectors from the manipula-
tion point to ellipsoidal centers, which are also expressed in the base frame. Compare it to Fig. 6,
almost all DMEs are completely deviated from the manipulation point, meaning that it cannot be
accelerated in most directions. The DMEs for my = 100 kg and m; = 100 kg are larger but have far-
ther deviation distance. Meanwhile, those for m, = 100 kg and m3 = 100 kg are smaller but closer to
the manipulation point, which confirms the previous results.
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Fig. 12. Left-end DMFs for the open-loop space robot with joint velocities.
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Fig. 13. Left-end DME:s for the open-loop space robot when joint velocities are 1 rad/s.

5. Conclusions

The dynamic manipulability is one of the most important indicators for the manipulator. Previous
studies have mainly focused on the ground fixed-base manipulator, while that for the space robot has
not been investigated. The main features of this paper can be listed as follows:

1. The dynamic manipulability of the open-loop multi-arm space robot is studied and further
expanded to its combined closed-loop system with the captured target.

The spatial vector theory and the graph theory are used to model general space robots, which
are appropriate for a serial space robot with arbitrary configuration. On the basis of dynamic
manipulability modeling, the DME and DMF considering bias accelerations are proposed as two
indicators for dynamic manipulability measure.
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3. For the open-loop space robot and the closed-loop system under static state, the effects of dynamic
parameters, link lengths, and joint variables are mainly studied using above indicators. Then, the
effects of joint velocities are explored taking the bias acceleration into account.

The results can be used as an important reference for the dynamics parameters design and
trajectory planning. Joint trajectories with higher dynamic manipulability can be chosen for a
single manipulator through the DMF maps. As for high-degree systems, the proposed dynamic
manipulability measure can be used as an optimization index, which will be one of our future work.
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