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Abstract

In this paper, an effective control strategy of a ma-
nipulator system, which will be mounted on Japanese
Experimental Module, is discussed based on the cou-
pled and un-coupled dynamics. Space manipulator
systems mounted on the International Space Sta-
tion (ISS) are expected to perform fine manipulation
for maintenance of ISS or assistance of experiments.
Such manipulator systems are subject to vibrations
due to flexibility, which cause degradation of the op-
erational accuracy.

Paying attention to the reaction dynamics, how-
ever, it is possible to carry out the manipulation to
suppress such vibrations or generate minimum, or
zero, vibrations in the system.

The JEMRMS is a manipulator system to be
mounted on Japanese Experimental Module (JEM)
of ISS, comprising 6DOF macro part and 6DOF mi-
cro part. By coordinating macro and micro parts,
a control to suppress the vibrations immediately,
termed coupled vibration suppression, and a manip-
ulation that yields minimum vibrations, named reac-
tionless manipulation, are developed. The validity of
the proposed manipulations are presented with nu-
merical simulations.

If the payload with unknown inertia is handled,
however, the vibration suppression and the reaction-
less manipulation may not work correctly due to the
model error of the system. Such a case is also sim-
ulated to demonstrate the necessity of a method to
correct the model error.

1 Introduction

For the International Space Station (ISS), long-reach
and dexterous manipulator systems have been devel-
oped. The SSRMS, called Canadarm 2 [1], is already
operational on ISS. At the endtip of this long-reach
arm, a dexterous mini-arm, called SPDM will be at-
tached [2]. Japan will also have a manipulator sys-
tem, named JEMRMS, which will be mounted on
Japanese Experimental Module [3]. Such space ma-
nipulator systems are expected to perform dexterous
and fine manipulation for construction, maintenance
of ISS, and assistance of experiments and scientific
observation. But a drawback is that a long-reach
manipulator is subject to vibrations due to flexibil-
ity.

The JEMRMS takes the form of a macro-micro
manipulator system, which consists of a 6 DOF
macro part and a 6 DOF micro part. Its nomi-
nal operation consists of two manipulation modes:
a rough positioning (coarse manipulation) mode by
the macro part and a fine manipulation mode by the
micro part. In each mode, either the macro or micro
part is operated and the joints of the residual part
are servo-locked.

Due to the nature of a space long-reach arm, the
macro part is subject to vibrations. The vibrations
can be excited during the rough positioning, and last
for a long while after the operation. Also in the fine
manipulation mode, the macro part behaves as a pas-
sive flexible structure, then it can be vibrated by the
reaction from the micro part. Such vibrations de-
grade the operational accuracy and settling time of
the end point of the arm.

In this paper, advanced control strategies of JEM-
RMS are discussed with paying attention to this
vibration issues. The motion between the micro
and macro parts is coupled based on the action-to-
reaction principle. By making use of this principle,
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we investigate the following two strategies:

(1) Vibration suppression control achieved by the
reaction from the micro part,

(2) Reactionless manipulation to yield zero vibra-
tions on the macro part during the fine manip-
ulation by the micro part.

In order to achieve the vibration suppression control,
the coupled dynamics between the macro and micro
parts is effectively used. We call such control “Cou-
pled Vibration Suppression.” On the other hand, the
de-coupled dynamics is achieved by using a concept
called “Reaction Null-Space [4].” The reaction null-
space is a solution space for the micro arm motion
which is orthogonal to the maximum dynamic cou-
pling solutions. The joint motion belong to this null-
space yield no vibrations on the base. Such motion
is referred to as “Reactionless Manipulation [5].”

Both the coupled vibration suppression con-
trol and reactionless manipulation can be properly
achieved when the inertial characteristics of the sys-
tem is well identified. If those parameters have error,
the vibrations may not be damped out, or even ex-
cited. Such a situation can happen when handling an
object with unknown inertia property. In this paper,
the performance degradation due to model error is
also illustrated by simulation.

This paper makes following three focuses: 1) mod-
eling of the dynamic characteristics of JEMRMS, 2)
application of the vibration suppression control and
the reactionless manipulation to JEMRMS by reor-
ganizing it with passive part and coordinated part,
and 3) evaluation of their performance by numerical
simulation.

This paper is organized as follows: In Section 2,
a model of JEMRMS is presented paying attention
to the vibrational characteristics. In Section 3, the
formulation of dynamics is briefly reviewed to derive
the vibration suppression control and the reaction-
less manipulation laws. In Section 4, the vibration
suppression control and the reactionless manipula-
tion are applied to JEMRMS. Then, the validity of
the proposed methods is studied with numerical sim-
ulations. In Section 5, the performance degradation
due to the parameter error is discussed.

2 Model of the JEMRMS

The JEMRMS is currently at the final phase of
the development, and its performance tests and pa-
rameter identification are underway using the on-
ground verification facility at Tsukuba Space Center
of NASDA, Japan[6].

Table 1: Major specification of the JEMRMS

Main Arm Small Fine Arm
DOF 6 6
total length 10 m 2.2 m
total mass 780 kg 190 kg
P/L handling
capability

mass 7,000 kg 300 kg
inertia 20,000 kg m2 30 kg m2

dimension 4.5 mφ× 6 m 0.8 mφ× 0.6 m
position ± 50 mm ± 10 mm
accuracy ± 1.0 deg ± 1.0 deg
tip 60 mm/s 50 mm/s
velocity 2.5 deg/s 7.5 deg/s
force
capability

force ≥ 30 N ≥ 30 N
bending torque ≥ 60 Nm ≥ 4.5 Nm
torsion ≥ 90 Nm ≥ 6 Nm

Table 2: Inertial parameters of the Main Arm
Joint m Ixx Iyy Izz

[kg] [kg m2]
1 120 7.08 7.08 1.35
2 180 2.03 184.8 184.8
3 180 2.03 184.8 184.8
4 80 4.72 4.72 0.90
5 80 1.52 1.52 0.90
6 120 4.80 4.80 2.40

Table 3: Inertial parameters of the Small Fine Arm
Joint m Ixx Iyy Izz

[kg] [kg m2]
1 80 0.72 0.72 0.90
2 20 0.26 0.47 0.47
3 20 0.26 0.47 0.47
4 15 0.13 0.13 0.17
5 15 0.13 0.13 0.17
6 30 0.26 0.26 0.34

2.1 Physical characteristics

The specification of the JEMRMS is listed in Table
1. The macro part, called Main Arm, is a 10 meter-
long arm with 6 revolute joints. The micro part that
works for fine manipulation, called Small Fine Arm,
is a 2 meter-long arm with 6 revolute joints.

Table 2 and 3 show the inertial property of each
link that is used in this paper.

2.2 Natural vibrations of the arm

A space long-reach manipulator has been generally
considered flexible because of the low-stiffness of the



arm structure. However, the ground tests show that
long-reach structures such as booms are stiff enough,
but the vibrations occur due to the low-stiffness, and
also backlash, of the joints [6]. Since the Main Arm
uses a planetary gear-train with high reduction ratio
(1400:1), there are non-negligible amount of backlash
and flexibility. Figure 1 shows a schematic diagram
of the joint characteristics of the Main Arm, even
when the joint is servo-locked. The graph is approx-
imated from the data reported in [6].

Here, the vibrational characteristics is examined
by numerical simulation. The simulation model is
depicted in Figure 2. This simulation covers two op-
eration modes, which are the coarse positioning with
the macro arm and the fine manipulation with the
micro arm. In the coarse positioning, the macro arm
is operated to move to a specific point while the mi-
cro arm is servo-locked. In the fine manipulation,
the micro arm is operated to reach a specific target
while the macro arm is servo-locked, then performs
as a passive base.

Figure 3 and 4 depict the vibrations in a typi-
cal case of the nominal coarse positioning. In this
simulation, the macro arm was operated toward +x

direction at 0.05 [m/s]. In the graphs, t = 0 is the
time when the operation ended. Figure 3 shows the
remaining vibrations of the macro arm observed at
the base of the micro arm, and Figure 4 shows the
vibrations observed at the end tip of the micro arm.
As shown in both figures, the vibrations last for a
long duration after the positioning operation. The
amplitude of the vibration is observed less than ± 50
[mm] at the end point of the macro arm, which value
is within the design specification of the macro arm.

Here, the micro arm has any motion or vibrations
though, the vibrational amplitude at the end point
of the micro arm becomes more than ± 50[mm], and
which value does not meet the specification for the
end point positioning that is required within ± 10
[mm] (see Table 1). This result suggests that we
cannot achieve the positioning and subsequent fine
manipulation by the micro arm until the vibrations
of the macro arm will be damped out.

Figures 5, 6 and 7 depict a typical example of the
nominal fine manipulation by the micro arm. Figure
5 shows the motion history of the micro arm. Fig-
ure 6 shows the vibrations of the end point of the
macro arm which is excited by the reaction from this
micro arm manipulation. Figure 7 shows the vibra-
tions observed at the end point of the macro arm in
Cartesian space. The amplitude of the vibrations ob-
served at the end point of the micro arm is more than
± 10[mm], which does not meet the specification for
the end point positioning. This result suggests that
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Figure 1: Joint characteristics of the Main Arm
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Figure 2: Simulation model of the JEMRMS

dedicated control methods are needed for the micro
arm not to excite and also damp out the vibrations
of the macro arm.

3 Dynamics and Control of
Macro-Micro Manipulator

System

A macro-micro manipulator system, especially that
is used in space, shows unique characteristics in the
motion dynamics. The motion between the micro
and macro parts is coupled based on the action-to-
reaction principle. Due to this coupling, even during
the fine manipulation, the motion of the micro part
induces the vibrations of the macro part. Such vibra-
tions degrade the operational accuracy and settling
time of the end point of the arm.

Paying attention to the reaction dynamics, how-
ever, control methods to suppress such vibrations or
yield minimum vibrations onto the flexible base are
obtained.
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Figure 3: Vibrations of the macro arm at its end
point (coarse manipulation)
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Figure 4: Vibrations of the macro arm observed at
the end point of the micro arm (coarse manipulation)

3.1 Control mode

As shown in Figure 8, JEMRMS comprises the macro
arm (Main Arm, MA) with 6 joints and the micro
arm (Small Fine Arm, SFA) with 6 joints. The nom-
inal operation is designed to control one of MA or
SFA at the same time. This means that only MA is
operated for coarse positioning, while SFA is servo-
locked. On the other hand, only SFA is operated for
fine manipulation, while MA is servo-locked.

In the coarse positioning, as shown in the previous
section, the vibrations are excited after the opera-
tion, then degrade the settling time. Also, in the fine
manipulation, the reaction from SFA can oscillate
the vibrations of MA, then the operational accuracy
of the end point is degraded.

In these modes, if the number of joints in SFA
is greater than 6, multiple tasks can be executed si-
multaneously, including end point control, vibration
suppression, and reaction compensation. Ideally if
the number is 12, arbitrary positioning at the end
point and complete zero reaction maneuver at the
base point can be achieved simultaneously. But the
number of joints is limited in a real system.

Therefore, we herein propose to control the macro
and micro parts coordinately. Since the wrist 3 joints
of MA can be suitable for dexterous operation, we
propose to combine them with SFA. Figure 9 de-
picts the proposed operational composition, in which
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Figure 5: Motion history of the micro arm (fine ma-
nipulation)
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Figure 6: Vibrations of the macro arm excited by the
reaction (fine manipulation)
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Figure 7: Vibrations at the end point of the macro
arm displayed in Cartesian frame

9 DOF comprising the wrist of MA and all joints
of SFA are coordinately operated as a “coordinated
part,” while 3 DOF comprising the shoulder and el-
bow joints of MA is left to perform as a passive flex-
ible base.

The vibrations of the passive part is evaluated at
the “Wrist Point” which is depicted in Figure 9.

3.2 Basic equations

The equation of motion of the system is expressed in
the following form, by dividing into the passive part
and active coordinated part:
[

Hb Hbm

HT
bm Hm

] [
ẍb

φ̈

]
+

[
Kbxb

0

]
+

[
cb

cm

]

=
[ Fb

τ

]
+

[
JT

b

JT
m

]
Fh (1)

where, the generalized coordinates are defined with
the linear and angular velocity of the end point of the
passive base, ẋb = (vT

b , ωT
b )T ∈ R6, and the motion

rate of the active joints, φ̇ ∈ Rn. The formulation is
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Figure 8: Model for nominal operation
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Figure 9: Model for proposed control method

not limited to a single, serial-link manipulator arm,
but in this paper, we suppose one serial manipulator
system with n Degrees-Of-Freedom (DOF) [7]. The
symbols used here are defined as follows:

Hb ∈ R6×6 : inertia matrix of the passive part

Hm ∈ Rn×n : inertia matrix of the active part

Hbm ∈ R6×n : coupling inertia matrix

cb ∈ R6 : velocity dependent non-linear term of the
passive part

cm ∈ Rn : velocity dependent non-linear term of the
active part

Fb ∈ R6 : force and moment exerted on the end-
point of the passive part

Fh ∈ R6 : force and moment exerted on the end-
point of the active part

τ ∈ Rn : torque on the active joints.

Kb ∈ R6 : stiffness of the passive part.

The coupling motion between the passive and ac-
tive parts is governed by momentum equation. The
momentum equation is determined the velocity of the
passive part ẋb = (vT

b , ωT
b )T , and that of the active

part φ̇, and linear and angular momentum of the
system (PT ,LT )T [8].

[ P
L

]
= Hbẋb + Hbmφ̇ (2)

3.3 Control method for the macro-
micro manipulator system

3.3.1 Coupled vibration suppression

In order to achieve the vibration suppression of the
passive part, the coupled dynamics between the pas-
sive and active parts is effectively used. Here, the
motion command of the active part to suppress the
vibrations is determined with a feedback of the linear
and angular velocity of the passive part:

φ̈ = H+
bmHbGbẋb (3)

where (·)+ denotes pseudoinverse and Gb is a con-
stant gain matrix.

When the coordinated active part is operated ac-
cording to the equation (3), the equation of motion
of the passive part can be expressed by the following
equation:

Hbẍb + HbGbẋb + Kbxb + cb = Fb + JT
b Fh (4)

Here, we obtain a damped vibrational system. With
no force input, i.e. Fb = Fh = 0, the vibrations
converge to zero with a proper selection of the gain
matrix Gb

This vibration suppression control, however, has
a practical drawback. That is the end point of the
active part is not guaranteed to converge to an ar-
bitrary position and orientation as a result of the
operation. To cope with this issue, Equation (3) is
extended to have a null-space component:

φ̈ = H+
bmHbGbẋb + (I − H+

bmHbm)ζ (5)

where ζ is n DOF arbitrary vector. As far as n > 6 is
hold true, the null space of the coupling matrix Hbm

exists. The input torque of the active joints are then
determined as follows:

τ = HmH+
bmHbGbẋb + Hm(I − H+

bmHbm)ζ (6)

Here, in order to specify the arbitrary vector ζ, the
position feedback of the end point of the coordinated
part is considered.

τ = JT {Kp(xd
ee − xee) − Kdẋee} (7)

where xee is the end point position of the arm and
J ∈ R3×n is a corresponding Jacobian matrix. The
rank of this equation is 3 and, since n > 3, it is ill-
defined. The vector ζ is determined by substituting
from Equation (7) into Equation (6).

Equation (6) with thus determined ζ achieves the
control of both the vibration suppression of the pas-
sive part and the end point positioning of the coor-
dinated part.



3.3.2 Manipulation with zero disturbance on
the base

In the fine manipulation by Small Fine Arm, vibra-
tions of the flexible base (or passive part) due to the
reaction of the micro part (or coordinated part) cause
the degradation of the operational accuracy on the
end point. Then a motion control method of the mi-
cro part to have minimum disturbance on the base
is desired. An ultimate goal of this approach is com-
pletely zero disturbance. Such operation is found
from the momentum equation (2).

The momentum equation with zero initial con-
stant (PT ,LT )T = 0 and zero disturbance on the
base (vT

b , ωT
b )T = 0:

Hbmφ̇ = 0 (8)

yields the following null-space solution:

φ̇ = (I − H+
bmHbm)ξ (9)

The joint motion given by this equation is guar-
anteed to make zero disturbance on the flexible base.
Here, the vector ξ is arbitrary and the null-space
of the inertia matrix Hbm is referred to as “Reac-
tion Null-Space” (RNS) [4]. In above equations, the
number of the reactionless constraint is denoted by
m, which is the rank of Equation (8). On the other
hand, the number of active joints is n. Then the
rank of the reaction null-space becomes (n−m), and
Equation (9) allows (n − m) additional criterion to
specify ξ. The number of the reactionless constraint
can be chosen less than 6. In case m is less than 6,
a subset of the matrix Hbm should be used.

As an additional constraint to determine ξ, the
motion of the manipulator end point ẋh = (vT

h , ωT
h )T

are introduced. [
vh

ωh

]
=

[
Jv

Jω

]
φ̇ (10)

where Jv, Jω are conventional Jacobian matrices. If
(n − m) of independent constraints are given from
Equation (10), the solution of φ̇ is uniquely deter-
mined in Equation (9).

Equation (9) is, therefore, subject to both the re-
actionless constraint (8) and the constraint on the
manipulator end-point (10). Here, we have options
among these constraints. If we take m = 6, full re-
actionless constraint, i.e. zero vibration on the base
is generated. On the other hand, if (n−m) = 6, full
end-point constraint, the arbitrary motion of the end
point is possible [9].

4 Verification By Simulation

In this section, the coupled vibration suppression and
the reactionless manipulation derived in the previous

section are applied to JEMRMS. The validity of the
application of the proposed manipulations is verified
with numerical simulations.

4.1 Vibration Suppression Control of
the JEMRMS

In this subsection, numerical simulations are exe-
cuted to evaluate the performance of the vibration
suppression control. The manipulator arm is con-
trolled by Equation (6).

Simulation results for the vibration suppression
control are illustrated in Figures 10 and 11. In each
simulation, the Main Arm was operated toward +x

direction with the end point velocity of 0.05 [m/s],
with carrying an 80 [kg] payload at the end point.
t = 0 is the time when the coarse positioning opera-
tion ended. Figure 10 shows the vibration of the pas-
sive part with respect to the Cartesian frame. Figure
11 shows the motion profile of the end point of the
coordinated part. In each figure, the curves marked
as “w/o CVS” show the case of without vibration
suppression and the curves marked as “with CVS”
show the case of with “Coupled Vibration Suppres-
sion.” The vibration suppression control started at
t = 2 [s].

From the simulation results, it is observed that
the vibrations of the passive part last for a long while
after the coarse positioning, and the end point of the
coordinated part was vibrated with the amplitude
more than ±50 [mm] in the case of without vibration
suppression control. On the other hand, in the case of
with the vibration suppression control, the vibration
was rapidly damped out and, in addition, the end
point of the coordinated part converged to a desired
position.

4.2 Reactionless Manipulation of the
JEMRMS

In this subsection, numerical simulations are exe-
cuted to evaluate the performance of the reactionless
manipulation. The manipulator arm is controlled by
Equation (9).

Simulation results for the reactionless manipula-
tion are illustrated in Figures 12, 13 and 14. Figure
12 depicts a motion profile of the end point in the
fine manipulation. Figure 13 depicts a typical vibra-
tional characteristics of the passive part. In the fig-
ures, the curves marked as “w/o RNS” shows the case
of without reactionless manipulation, and the curves
marked as “with RNS” shows the case of with “Reac-
tionless Manipulation.” In each simulation, the end
point of Small Fine Arm, or the coordicated part,
was operated toward +x direction with the velocity



-0.10

-0.05

0.00

0.05

0.10

D
e

fle
ct

io
n

 [
m

]

6050403020100
Time [s]

x 
a
xi

s
 w/o CVS  with CVS

Figure 10: Vibrational characteristics of the passive
part (Vibration Suppression)
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Figure 11: Motion profile of the end tip (Vibration
Suppression)

of approximately 0.06 [m/s]. As shown in Figure 13,
vibrations were excited in the passive part due to the
reaction of SFA in the case of without the reactionless
manipulation. On the other hand, approximately no
vibrations were excited in the case of with the re-
actionless manipulation. The results are compared
in the Cartesian frame in Figure 14. If without the
reactionless manipulation, the end point position is
waggled more than ±10 [mm], which value does not
satisfy the specification for the end point positioning
accuracy of SFA. In contrast, with the reactionless
manipulation, the end point position has almost no
waggling and the positioning with high accuracy will
be achieved.

5 Discussion of the influence of

the parameter error

The coupled vibration suppression control and the re-
actionless manipulation which are presented in previ-
ous sections were simulated under the condition that
all model parameters were correct. But in real situa-
tions, the model parameters are not always correctly
identified. Particularly the inertia parameters are
relatively difficult to identify.

Figure 15 shows an example of the vibrational
characteristics of the passive part under the reac-
tionless manipulation. In this case, the simulation
was executed to carry an 80 [kg] payload, however,
the control was carried out with a model of a 50 [kg]
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Figure 12: motion profile of the end tip (Reactionless
Manipulation)
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Figure 13: Vibrational characteristics of the passive
part (Reactionless Manipulation)
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Cartesian frame (Reactionless Manipulation)
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Figure 15: Vibrational characteristics when handling
the unknown payload

payload attached at the end point. The result shows
that a several millimeter of vibrations were excited
due to the model error. Such error will become more
serious when handling more massive payload.

Investigation of the on-line method to identify the
parameter error, or a type of adaptive control, is a
suggested issue for further discussion.



6 Conclusions

In this paper, we have investigated the vibration sup-
pression control and the reactionless manipulation of
JEMRMS, a macro-micro manipulator system to be
mounted on the JEM of the ISS.

The vibrational characteristics of JEMRMS is
modeled and examined by numerical simulation for
the case of the nominal control, which comprises
coarse positioning control by Main Arm and fine ma-
nipulation by Small Fine Arm.

In order to achieve advanced control such as effec-
tive vibration suppression and reactionless manipu-
lation under the given manipulator design, a coor-
dinated control to combine the wrist joints of Main
Arm with Small Fine Arm was proposed.

Using the redundant capability of the coordinated
part, coupled vibration suppression control was de-
rived from the characteristics of dynamic coupling
between the passive part (flexible base) and the co-
ordinated part. With the vibration suppression con-
trol, the time to suppress the vibrations was remark-
ably improved. In addition, the end point of the
coordinated part converged the desired position si-
multaneously.

In order to yield no vibrations during the fine
manipulation, the reactionless manipulation was ap-
plied. This manipulation is derived from the con-
cept of the reaction null-space. Numerical simula-
tions suggest that the specification for the end point
accuracy may not be satisfied due to the base vibra-
tion under the nominal fine manipulation, however,
with the reactionless manipulation, zero vibrations
were confirmed to yield on the flexible base.

Finally, the influence of model error was exam-
ined. Model error can happen in the inertia param-
eter of a payload. In the simulation, the excited vi-
brations due to the model error was not so serious
in case of with a small payload. But it can be seri-
ous when handling a massive payload. Investigation
on a type of adaptive control is suggested for further
discussion.
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