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Abstract

In this paper, a prototype of the Bridge-Transported Servo Manipulator (BTSM) system is
introduced, which has been developed to do operation and maintenance jobs remotely in a hot cell.
The system consists of a telescopic transporter, a slave arm, a master arm, and a control system.
Several tests such as a positional tracking, a weight handling, reliability, and operability have been
performed and test results are presented. Based on the test results, an upgraded system which will be
used during demonstrations of the advanced spent fuel conditioning process (ACP) has been
designed.
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1. Introduction

though and

maintenances in the nuclear field are common and

Even remote operations
ordinary, those are difficult, laborious and time-
consuming. The operation and maintenance of
process equipment for radioactive materials in a hot
cell must be done remotely because high level
radiation from radioactive materials is extremely
dangerous to people. The ACP (Advanced spent
fuel Conditioning Process), which is being
developed by KAER]I, is a pre-disposal treatment
process for spent nuclear fuels, and the process is
operated in a strong radiation field [1]. So operation
and maintenance of the process equipment must be
performed remotely.

Actually, remote jobs are done by the wall-
mounted mechanical master-slave manipulators
(MSM). However, remote jobs are in need of the
cooperation with another manipulators because of
the limited workspace. The MSMs are fixed and
their handling capabilities are limited to 8 kg per one
arm. Furthermore, some graphical simulations
showed that the MSMs' workspace was decreased
for practical reasons such as joint limits, approach
directions and collisions with the process equipment
of the ACP [2]. For these reasons, a servo
manipulator system was determined to be
developed for the cooperation with the MSMs.

In this paper, the developed servo manipulator
system and the results of performance tests are
presented. The system is moved by a transporter like
an overhead crane, so it is named the bridge-

transported servo manipulator (BTSM) system. The
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whole configuration of the developed system is
described, and then the performance issues are
discussed with the test results. The results show that
the developed system has a good performance and
it is proper to the remote jobs in a hot cell.

An upgraded system (BTSM-2) based on this
prototype has been designed, fabricated, and
installed in the ACP hot cell recently [3]. After being
tuned and tested, this upgraded system will be used
during the demonstration of the ACP.

I . The Configuration of the BTSM System

The BTSM system consists of a transporter, a
slave arm, a master arm, and a main control system.

Fig. 1 shows the system installed in 2 mockup cell.

1. Transporter

The transporter looks and moves like a crane,
and it has a telescopic tube set that connects with
the slave arm. It can move the slave arm to
anywhere inside the hot cell. The telescopic tube set
has one fixed and three sliding tubes, and its stroke

7

Fig. 1. The BTSM system in a mockup cell.
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is about 1.1 m. Motions are controlled by servo

motors installed inside the trolley box.

2. Slave and master arms

The slave arm is a single arm and it has 6 joints
and one gripper to grasp an object. It has been
designed to handle 15 kg objects in any
configuration. Fig. 2 shows the slave arm and its
axis definitions.

There are two torque transmission mechanisms
as shown in Fig. 3. Axes 1, 2, and 3 adopt gear
transmission mechanisms. These axes are connected
to servo motors by gears. Axes 4, 5, 6, and the
gripper adopt steel wire transmission mechanisms. A
motor can be distant from its corresponding axis.
Due to this mechanism, all the servo motors can be
installed on the backplate of the slave arm. The wire
transmission mechanism has pros and cons. Even

though there are couplings between the axes and

modularized design is not easy [4], weight and

Fig. 2. The slave arm and its axes definitions.

Reducer Bevel gear

Motor Steel wire

(a) Gear transmission (Axis 3) (b) Wire transmission (Axis 5)

Fig. 3. The examples of torque tr:
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friction are greatly reduced.

The master arm is a replica of the slave. They
have the same configurations. So, it is easy to
design a control algorithm since it does not need to
solve the inverse kinematics. The master arm has a
force reflecting function that enables an operator to

feel interacting forces with an object.

3. Main control system

The control system includes a control computer,
three motion control boards, motor drivers, a
manual control console, etc. The manual console is
described at the following section. The GUI program
displays the status of the system, updates several
control parameters, and controls the transporter and
the slave arm (Fig. 4).

The architecture of the conirol system is shown
in Fig. 5. The master arm’ s configuration is the
command to the slave arm, and vice versa. The
master arm’ s configuration is controlled to mimic
the interacting forces. This force reflection scheme
will be introduced in the following section. The AD
board reads the joints’ absolute positional

information from the potentiometers.

4. Manual console

The manual console in Fig. 6 is a supplementary
input device. It is a small console installed by the
master arm. The operator can control the slave arm’
s axes separately using this console. There is a
joystick to control the transporter and several
switches to select parameters such as force reflection
ratio and motion amplification ratio, and buttons to

control cameras.
. Performance Issues and Tests

1. General specification

Performance issues to be tested have been
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(a) Page for parameter setting

(b) Page for status monitoring

Fig. 4. The operating program of the BTSM system.

Slave (7EA)

Transporter (3 EA)

Master (7 EA)
MMC 5
PC (inside PC) Drivers  Servo Motors Tnside the PC
Fig. 5. The architecture of the control system.
Monitoring LED

for motors’ status

Joystick
for transpoiter

Control button
for slave axes

Camera
control button

chosen from several references and categorized into
four groups: general specification, reliability,
operability, and useful functions. General

specification includes the mechanical and control

characteristics.

Fig. 6. The manual console.

(@ Joints motion and related specification
Table 1 shows each joint' s range and driving
motor s specification. Since Axes 2 and 3 require

large torques, the reducing ratios are greater than

any other axes. The upper arm’ s length is 350 mm
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Table 1. Axis definitions and joints' range (UA = upper arm, LA = lower arm).

Axis 1 2 3 4 5 6 7
Name |Body rotation| UAftilt | LA tilt rotation Wrist tilt | Wrist rotation| Gripper
Motion Yaw Pitch Pitch Yaw Pitch Roll Grip
Range(deg)| -180~180 |-45~45|-45~45|-180~180|-135~50| -180~180 | 65 mm
Power(W) 200 200 200 200 200 200 200
Reduction
ratio 32 80 64 20 37 31 3
and the lower arm’ s length is 350 mm. The length developed by Boland C+ +

between the wrist and the center of the gripper is
250 mm.

(2 Force threshold measurement

Force threshold is the minimum force to rotate
an axis backward. It is mainly related with friction
and weight balance. It is desirable to be small. If the
weight is balanced, the force threshold (F,) is
defined as the minimum force to move an axis and
its moment has to overcome a frictional torque as

F XLz Tip+ NTyp, (1)

where L is the arm length, N is the reduction
ratio, and T and Ty are the friction torques of the
joint and the motor respectively. N has to be small.
Tr of the wire mechanism is smaller than the gear
mechanism’ s friction torque. Fig. 7 shows the
master' s force thresholds. Threshold values are
satisfactory because those are within target values
which are 0.5 kg (5 % of the continuous force).
However, it is said that 1 % of the continuous force
is desirable [5]. So it is desirable to consider another
methods to reduce friction further.

(® Control characteristics

The general specification of the control system is
as follows:

- Control PC; Pentium 4, 2 GHz

- Motion control board; Samsung s 8 channel

MMC, 3EA
- Operating program; Windows 2000 based,
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- Control update frequency; 50 Hz and
- Control algorithm; PID control
z+1

Kp+ K Zzl

’z—1+KD

for independent
joints.

There are two control modes: manual and
master. For the manual mode, the operator controls
the slave arm with command buttons on the manual
console. For the master mode, the operator controls
the slave arm by the master arm. Two modes have
the same control logic as shown in Fig. 8.

The open loop transfer function of Fig. 8 is

09

Force (kg)

Fig. 7. Force threshold of the master arm.

Moter
4 &ais Integrator 0
tom + ~ € 7+l z-1 g ZH s
—— Ko+ K, —+ k) L N N
z-1 z z-b z-1

Fig. 8. The control block diagram.
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expressed by the formula

+1 -1 +1
G,,(;;):(K,,+K,§_1+KDZZ )sz o
alz+1
= (z+1) (2 +epzteg) e )

2(z—12(z—»)

Since this is a type 2 system, the steady state
error in response to the ramp input is zero
theoretically. However, the integrator windup and a
limit cycle due to friction problems are present in
practice. These are explained in the following
section.

@ Positional tracking test

Positional tracking is a basic requirement for
servo manipulator systems. The slave has to move
as the master moves. Since the configurations and
arm lengths of the slave and the master are the

same, the rotating angles of axes have been

60

~~~~~~ Master
40 Slave
20 Fa N .ﬂ ]
g, dnf A
:%‘20 10 \ ¥ 20 HHN }] 40 [
-40
-0
time (s)
(a) Axis 4
60
0 - = Slave
20 ﬂ‘f‘ ﬂ Al &
g U —
E Uw ¥ 30 40 50
o 20
-49
-60

time (s),

(b) Axis 6

Fig. 9. Rotating angles of the master and slave’ s axes.
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compared. Fig. 9 shows the time response of the
selected axes rotation {Axes 4 and 6). Tracking is
generally satisfactory. Even though there are small
errors, those are not significant in teleoperation [6].

(® Weight handling

The slave arm has been designed to handle 15
kg objects. However, the powers of Axes 2 and 3
were not sufficient. And the style of tightening a wire
at the wrist was not capable of 15 kg. The wire was
separated from its pulley when the slave arm
handled a 12 kg object. When designing the
upgraded system, these have been improved: the
powers of Axes 2 and 3 have been doubled and the
style of tightening a wire has been changed to

prevent a wire from separating.

2. Reliability

The word of reliability has been chosen to
express a qualitative property that the system does
not have any malfunctions due to logical errors and
discrepancy between the slave and the master. A
quantitative property used in the reliability
engineering is not pursued here.

@ Limit cycle

Friction is a bothersome factor hindering good
positional tracking. It may cause a limit cycle if it
combines with the integrating control. A limit
cycle is mainly due to the sticking friction. Two
options are available to avoid this problem:
compensating friction exactly and introducing a
dead band [7]. Here, the second option has been
chosen because of the simplicity and practicality.
Fig. 10 shows the limit cycle due to the sticking
friction and the improved response by a dead
band.

The integrating part of the control algorithm is
useful to reduce the effect of disturbances, but it
may cause other problems such as a limit cycle and

the windup. So, if some performance deterioration
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due to disturbances is tolerable, it may be a remedy
to exclude the integrating part [8].
(2 Discrepancy between the gripper and the

handle

Because of axes couplings and the opposite
behaviors of opening and closing, the prototype
has a discrepancy between the gripper and the
handle. The authors tried to reduce the
discrepancy by a kinematic compensation method
[9], but this method was not a proper solution.
Modified designs and tests have shown that the
discrepancy can be eliminated. For the upgraded
system, the opposite behaviors have been
corrected and the discrepancy has been
eliminated except tracking errors. Due to this
correction, a kinematic compensation is not

necessary.

=

20

jawtength (mm

—— Master
Slave

-0

20 25

time (s)

(a} A limit cycle due to friction

20

jaw fength {(mm

20 25
time (s)

(b) Improved response by a dead band

Fig. 10. The limit cycle and the improved response.
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3. Operability

The operability is a set of factors related with
easy operation. We have done remote maintenance
tests with a mock-up of the process equipment as
shown in Fig. 11. The mock-up has one lifting bail,
three captive bolts, six non-captive bolts, and two
connectors. Fig. 11 shows a series of simple remote
jobs with a crane to disassemble and move a part of
the mock-up. Many of remote maintenance jobs
may consist of such unit jobs. The test showed that
the prototype servo manipulator could do unit jobs
easily.

(DInterfaces for the operator

The interfacing devices for the operator are the
master arm, the manual console and 4 monitors.
The manual console manages and controls the
status and motions of the slave arm, the transporter,
and the cameras.

A joystick on the manual console is used to
control the transporter. The operator controls the
three motions (X, Y, Z} of the transporter with this
joystick. So the operator can control 10 DOF
simultaneously. These redundancies are very useful
to do remote jobs.

The most important thing is the visual
information of the slave and equipment. The
monitors are installed to provide the visual
information. The operator looks at remote jobs
through only the monitors. However, those are not
centralized but separated. The tests have shown that
such an arrangement was not good and the
operator could not monitor working situations
exactly. So the arrangement has to be modified. The
monitors will be centralized and the left and right
view of the slave’ s end-effector must be shown
together always (Fig. 12). Especially, a special lens
which converts 2D images to 3D images is installed
at one of cameras. The 3D display in Fig. 12
presents 3D images and this will greatly help the
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(b) Disassembling bolts

(d) Moving

Fig. 11. The mockup equip

Py

t and a test.

operator look at and do remote jobs.

@ Force reflection

Force reflection is to transmit interacting forces
between the slave and an object to an operator.
Since it is not easy for an operator to do jobs with
the visual feeling only, force reflection has been
used as an auxiliary feeling (kinesthetic feeling) for
most servo manipulators. There are several
algorithms for force reflection: position-to-position,
force-to-force, and force-to-position. For practical

reasons, we have adopted the position-to-position

20 anprang i

(a) Prototype (b) Modified

Fig. 12. Displays for te jobs.

M
ing
g I
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algorithm. The reflected force is based on positional
errors between the slave and the master (Fig. 13).

Fig. 13 is a block diagram for the bilateral
control. This is a generalized algorithm of Fig. 8. The
master s and slave’ s signals become command
signals to each other. This algorithm has proved to
be simple and practical {4, 10].

Fig. 14 shows reflected forces (Axes 2, 3, and 5)

during a free motion, a weight handling motion (6

Fig. 13. Control block diagram of the BTSM system.
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kg at the gripper of the slave), and an interacting
motion. Since a weight hinders the slave from fast
tracking, positional errors are greater than those
during free motions. Also interactions with objects
may induce large positional errors.

Since this method is based on the position error,
forces may be reflected to the master or the operator
always receives reflected forces during operations
even though there’ s no interaction with an object. It
may fatigue an operator. Three approaches have
been used to relieve the work load: balancing the
weight, adjusting the ratio of force reflection, and
cutting off slowly changing the positional errors.

There is a switch selecting the ratio of force
reflection ( Fg in Fig. 13). Three ratio values can be

selected. These values also can be adjusted in the

0.3
Free motion Weight handling
0.2 A
r Y4 N
~ 01
£
s K .
1 SR
% 0 =
= 37
01— ——aAxs2
------- AXs 3
---—-AisB
0.2 . . - ,
0 20 40 60 80 100 120 140
time (s)
{a) Reflected forces during a free motion
0.3
—Ads 2
....... Interacting

Torque (Nm)

20
time (s}

40

(b) Reflected forces during an interaction and weight
handling i

Fig. 14. Force reflection tests : reflected forces to the

master.
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operating program. Experienced operators are
inclined to select lower ratio values. The last one
means to filter off low frequency signals of the
positional errors, It is named as the relieved force
reflection and discussed in the following section.
(3 Relieved force reflection
For a conventional reflection algorithm, the force
reflection ratio is a constant value. The ratio is
replaced with a high pass filter as follows;
Fp(z)= KRQ, 0<a<l.
z—a
Then, if a constant unit force is reflected or a
constant unit positional error occurs equivalently,

the reflected positional becomes

‘lggek(t):[zi_'n}{(z—1)FH(z)—z—jT}=0, (@)

The low frequency positional errors are cut off.
Fig. 15 shows the conventional-reflected forces and
relieved reflected forces with a=0.98. Low
frequency reflections have been cut off. It means

that changes in reflected forces may be easily felt.

4. Useful functions
Useful functions for remote operations are

additional functions to ease an operation indirectly.

0.10

-=--Conventional FR)
Relieved FR

=4
o
a2}

o
=3
=

-0.05

Reflected torque (Nm)

_010 1 1 L N A
0 10 2
time (s)

50

Fig. 15. Conventional and relieved reflected forces.
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Some examples are autonomous camera tracking,
fault tolerance, telerobotic motions [11], and weight
compensation. The developed system has no
telerobotic function. The weight compensation is
done manually.

@ Camera tracking

It has been mentioned that the visual
information is the most important for remote jobs.
For the prototype system, an operator can
monitor remote jobs by 4 cameras. However, an
operator has to adjust the cameras’ attitude
manually to obtain visual information around the
slave’ s end effector. It is inconvenient and
bothersome.

The system will be modified to have a camera
tracking function as in Fig. 16. The camera’s
attitude is controlled based on the position of the
transporter and the configuration of the slave
arm.

(2 Fault tolerant control

Fault tolerance is a system' s property enduring
unanticipated faults of components. Since the radiation
from spent fuels causes faults of electric components,
fault tolerant designs have to be considered. For fault
tolerance, radiation tolerant components have been
used {12]. These include connectors and cables. The
servo motors are not radiation tolerant, but their
modules are designed to be easily maintained. Also, a
reconfiguration algorithm has been developed to
accommodate a single motor' s failure. This algorithm
aims to recover the end effector s motion despite of a
single motor’ s failure [13].

Fig. 17 represents the dynamic model of the
servo manipulator in planar motions.

The positional difference between the slave’ s
end effector and the master s handle is represented

the equation

€)= JsAQs:
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Position

Slave
Configurafion

r-L Camera l Step motor IPotentiomctu'

Control
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Computer titude
3
J’i_ r__,"f Display Monitor
=
Fig. 16. The diagram of a tracking syst

5 (Axis 3)

Slave Arm Master Arm

Fig. 17. Model of the transport, the slave, and the master.

where
€ T
e, =l — [, aQ,=[ar Az 46, A9, 40,]7
014 Blg
1 0 —Lis;— Lot —Lgsiag = Locro— L3s123 — Lysiag
Js=| 0 1 Lyey—LysygtLlgerny —LaspytLzeisy Lgomg |,
0 0 1 1 1

S = sin(0;+0;46;), ¢ = cos (8, +6;+8,).

This reconfiguration problem has been
formulated in terms of an optimization problem as

follows;

. 1
minimize -

o (e, —72Q!) e, - J{40)),

subject to AQ/ ... < AQ/ < AQ! <,

where JJ and 4Qy are the Jacobian matrix
and the control vector whose failed axis has been
excluded. This reconfiguration method has been
solved by a modified pseudo inverse redistribution
method, and it has been tested and verified [13].
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V. Conclusions

In this paper, a prototype of the bridge-
transported servo manipulator (BTSM) system has
been introduced. It is developed for the remote
operation and maintenance of the ACP
equipment. The BTSM system consists of a
telescopic transporter, a slave arm, a master arm,
and a control system. The transporter is a type of
a crane and has a telescopic tube set moving the
slave to any position. The slave and master have
the same configurations. They are driven by servo
motors.

Several performance tests have been done: a
force threshold, a positional tracking, a force
reflection and a simple remote maintenance test.
Test results have shown that the prototype satisfied
the requirements and its performance was
satisfactory.

An upgraded servo manipulator system (the
second prototype) is under tests. The upgraded
system will be used during the demonstration of the
ACP. 1t is expected that the BTSM system will be
one of the most useful devices for the ACP

demonstration.
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