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Investigation on the Effects of Ouikoop
Gains, InneiLoop Gains and Variation of
Parameters on Bilateral Teleoperation Control
System Using Geared DKJotor

L. J. Wej A. Z. Hj Shukor M. H. Jamaluddin

Abstract This paper presents on the variation of observer. Thus, it is CmIaIIy important that all four channels
parameters, bandwidth between thedisturbance observer POB) must properly use in achieving high performance and stability
and reaction torque observefreaction force observer sense of accurate transmission of remote impedances to the
(RTOB)/(RFOB), and the gains at the outedoop/performance human operator. This is where the reproducibility and
controller effects to the bilateral teleoperation control system. operationality of the bilateral teleogion control system step
Ttlwese de§ign constlraints affesct duhring tI:Ie dez?l(;:]nfdailsteral in [3].
teleoperation control system. Somehow the stability, robustness ; ; ;
and performance of the DOB and RTOB based robust motion teligi)lgielllt)i/(,)r:hii g)cbhlfztlrézssh;égc[cée]zle[rfla]t]l'c[)g] CCér;’E[rigqla(:ir;nblgafteral
control system influenced bythese design constraintsSimilarly, : . ! )

disturbance able to improve transparency and robustness of

the position and force control system also interconnectedith . . . .
the DOB and RTOB based robust motion control system. It is Pilateral control. The bandwidth of DOB is set as high as

crucial to acknowledge the design constraints in order to design POssible to estimate and suppress the disturbances in a wide
a bilateral control system. Moreover, improving the degree of range of frequency. However, there are nase robustness
reproducibility and operationality are important in bilateral ~ constraints in practicdll]. Another controller is designed at the
control system. It indicates the transparency of the bilateral outerloop to obtain performance of the system. The robustness
teleoperation control system which can be considered for further from innerloop and performance from outlerop are designed
development. Thus, the aim of this paper is to conduct jndependently from each other. This contralisture is called
expgrlments to analyze_ on the design cons_traints of the robust 54 twodegree of freedom contrg#t]. However, i practical,
motion control system in bilateral teleoperation control system. 'y, oter and inndoop are related in terms of robustness.
From these experiment results, the stability, robustness and Furthermore, (RFOB)/(RTOB) has been implemented to
performance of the DOB and RTOB based robust motion control ' ) P .
system are validated. Moreover, improvement in the degree of enat_)le force feedback without force/t(_)rque Serﬁﬁhrlt_ IS an
reproducibility and operationality of bilateral teleoperation application of DOB and used to estimate the environmental
control system by the design constraints are ana|yzed. Impedance. DOB caincrease the bandwidth of reaction force
information in wide bandwidth and the ability of the bilateral
Index Termd disturbance observer (DOB), reaction torque control is improved8]. The RTOB is designed by subtracting
observer (RTOB), parameter variation, position controller, force the external disturbances and system uncertainties from input of
controller,  stability, robustness, perbrmance, bilateral a DOB. Thus the DOB and RFOB are almost similar however,

teleoperation control system. only the latter hass model based control structure, means it
requires the exact model of plant and external disturb@jce
I. INTRODUCTION Nevertheless, good ge of touch must besalizedin the

ALTHOUGH the applicabn of DOB based motion control bilateral teleoperation control system. Thus, during the design
system has B implemented for almost threkcades, there of a bilateral teleoperation control system reproducibility and
are yet still more space to analyze and improve the desigperationality are taken into account. Reproducibility is the
control methods[1]. During the designing the DOB baseddegree of reproduction of einenmental impedance in master
motion control, parametervariation, bandwidth between the side which is the fundamental motive in bilateral teleoperation
DOB and RTOB, and the gains at the odtep/performance control system. Operationality is degree of operational force
controller influence not just robustness, but stability andhich human operator feels besides reaction force from the
performance of the motion controlstgm[1], [2]. The outer environment which desired faromfort operation for human
loop consists of performance controllendich are position operator.
controller and force controlledFurthermore, inneloop consist In the case of reproducibility, the position controller gain
of disturbance observer (DOBJnd reaction torque observer plays a big role in the sense of touch. The higher the gain, the
(RTOB). These design constraints affect during the design better the degree of reproducibilit$]. However, of course the
motion control system. Unlike in this paper, the analysis on tip@sition controller gain cannot freely increase due tise)
design constraints are investigated onto the bilatershmpling timeand so on.
teleoperation convl system.Generally, four channel bilateral In paper{3] and[9], a further study of the force controller and
controller is well known to achieve high transparency andariation of nominal inertiglaysa vital role in operationality
stability in bilateral teleoperation. ktonsists hybrid of position of bilateral teleoperation control systemspectively. It stated
and force in acceleration dimension based on disturbanteat high in force gainp or small in nominal inertiap
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improve the operationality. In addition, the parameter variatiom®ntact motion using the proposed experiments. Moreover,
affect the stability of the system. Theoretically, the stability abectionVIIl concludes the outcome of this paper and discussion
the system is analydéy root locusand as the nominal inertia, on further work.

0 increase, instability occurs in the system. In this II. SINGLE LINK PLANAR ROBOT
reproducibility and operationality section, the validation of this MANIPULATOR BILATERAL
research section is confirmed by experimental results. In brief, TELEOPERATIONCONTROL SYSTEM

these analyseare effective in impsving the performance and The haptic sensation can be realizbg implementing the

stability of bilateral teleoperation control system. , bilateral control technique. By using such method, the force

In this paper, the single link rotatory planar bilateral gensation occurs in the slave environment can be perbgive
teleoperation control systeris used. Generally, there arey he mastero6s control side and
position control and force control system in a bilatergherception of force sensation, both torque and position
teleoperation control system. Both control systsnmfluenced displacement should be transferred bidirectional. The total
by the outedoop gains, innetoop gains and variation of block diagram of bilateral motion control is summarizedFiig.
parameters. The outtop consists of performance controllers2.1[10]. TABLEIshows t he | i st of par a
which are position controlley and force controlley 8As  this paper.
usual, position controller consists of proportional, and

derivative gain, 0 . The force controller consists of. TABLE |

LIST OF PARAMETERS DEFINITION

Furthermore, inneloop consist of disturbance observer gain, Parameter Description
"QQ andreaction torque observer gait, a Link 1
In brief, to understand more deeply about the bilateral 0 Real inertia
teleoperation control system as motion control system, this o Nominal inertia
. . 1] Motor inertia
paper presents on the effects of ott&p gains, innetoop o Load inertia
gains and variation of parameters to the bilateral teleoperation 0 Gear ratio
control systm. These design constraints effect on the 0O Nominal torque constant
reproducibility and operationality of the bilateral teleoperation 0 Proportional gain
control system. The position control system of bilateral o Derivative gain
teleopeation control system is dependesht ,0 , Q = Force gain
. . . 0 Position controller
andu . Equally impotant that the force control system is 3 Force controller
depends oo ,"Q ,andu . Natural angular frequency
This paper focuses on investigating the effects of the 1 Dampingcoefficient
parameter variation, bandwidth of the DOB and RTOB, and the Q Cutoff freggseé‘r%ffd'swrbance
gains at the outdoop/performance controller to the geared o) Cutoff frequency of reaction torque
DC-motor in the bilateral teleoperation control system since observer
most of the researchers study the bilateral teleoperation contro i Torque
system by using linear motor and mrgeared D@motor. = Angu/?;g\ilocity
Somehow, these design constraints that influence the stability, — Angular acceleration
robustnessand performance of the DOB and RTOB based 60 Qi i Gl | Reference value
robust motion control system. Next, experiments are conducted| i 6 43 Qi i &di ¢ Response value
to analyze on the design constraints of the robust motion controll___i 6/ Qi i @i Disturbance value
system in bilateral teleoperation control system. From these| 1 61 Qi i oi * External value
. o i 6wi wi Qn Master system
experimental results, theability, robustness and performance o G Gl on Slave system
of the DOB and RTOB based robust motion control system are T Common mode
validated. Moreover, improvement in the degree of i 6Gi @i Q Differential mode
reproducibility and operationality of bilateral teleoperation Estimated value

control system by the design constraints ardyaed too.

This paper is organized as follows; Sectlbrntroduces the
bilateral teleoperation control system. Seciibrexplains about
the disturbance observer (DOB) and reaction torque observer
(RTOB). Section IV explains the reproducibility and
opemtionality of a bilateral teleoperation control system. Next,
SectionV explains on robustness, stabilipnd performance of
the bilateral teleoperation control system. Sectiinshows
hardware setup of proposed bilateral teleoperation control
system sigle link planar robot manipulator. Sectiovll
discusses experiments and the results of the free motion and
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In order to fulfill the bilateral control system requirement and

7?;&6'%“0” to comp!y the 'concept'in a'haptic system, this bilateral control
Mastor System system is equipped with disturbance obseryer (Dm)and
Pt Gl the reaction torque observer (RTORB]. The differential mode
Common oy ¥ Differential of the system is position controlled using DOB while the
Force + +4 | Position common mode of the system is force controlled using RTOB.
Servoing “.+ @—|Regulater This system can automaticalbalculate force disturbance and
% % external force that present in both master and slave system. The
Siave System sensorless type of motion control system provide robustness of
Accsleration Control the system. Thus, the operator at the master system can feel the
L Acceleration real sensation of the enviroemt at the slave system even
A

s though the operator is not at the environment aFég. 2.2
shows the block diagram of single link bilateral control based
on acceleration control.

Fig. 2.1. Total block diagram of bilateral motion control by acceleration
control

In order to transfer information in haptic communication, th
realization of position tracking and the law of action an
reaction between master system and slave system are import

Thet represents the torque applied by human operator to t e tf,_“L——| \

master ranipulator while thet represents the torque applied System [ 1 ‘ DOB +—
by the environment at the slave manipulator. Equation (2. K B
represents the summation of the action torque from hum 4 , —1°
operatort and reaction force from environmeht should be wT K_mJ,;;_rlO_“ Mm“f;;j;orﬂ o

zero. On the corary, (2.3) represents that the position erro ext
”_ .. M .rzxt
between master positior- and slave positior— should be I

coming to zero. R g -
Tt n (2.1)
J— —0 711 (22)
. 2.3) . RTOB .

Joint Space

Moreover, the basic concept of bilateral motion contrd

system on both master and slave system are required to Comp|y Fig. 2.2. Block diagram of single link bilateral control based on
in its total acceleration in differential mod®, and total force acceleration control

in common modet [10]. However, the common mode and the ) ) L . .
differential mode are independent to each other. In order to!n the differential mode, the system is fitted with the position

have interaction between this two modes, the second ord@ntrollero while in the common mode, it is fitted with the
Hadamard matrix;O is applied as modal decomposition adorce controlle© . The function of the positn control system
shown in Equation (2.8). Equation (2.4) to (2.7) has thié to allow the tracking position system track the desired
characteristic of the second order Hadamard matrix (quarif@jectory in the critically damp response. The position

matrix). coefficient and velocity coefficient are set based in the natural
angular frequency and a damping coefficient of the robnt
. & — &0 (2.4) system as show in Equation (2.9) and Equation (4111) The
force controller system has to maintain the contact stability
_ 6 — 50 (2.5) between force at erefffectors and the force at the contact
object[12]. They can be defined as;
— — — (2.6)
t ot (2.7) 0 (2.9)
T — p p H — v q (2.10)
L PP — 8 0 0 (2.11)
o M — (2.8) 6 0 (2.12)
H —
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Fig.2.3. Fundamental inertia and gear ratio _+(5.__ Hatonfn [+
In terms of the concept of inerter, input torque from motor _t?L sl
drives the load inertia) through gear ratio ofy 70 in Figure ;
. . .3 . rtab
2.3. Thus the total nominal inerti&, and torque output; is to RTOB o
be calculate as; gext
! i +5‘_— Grtob/n e
’ ’ 0 gres
S (2.13) _J
. Fig. 3.1. Block diagram of joint space based disturbance observer and reaction
t 1 v (2.14 torque observer
6
T 0 0 — 0 0 O O (3.1)
O— t

I1l.  DISTURBANCE OBSERVER(DOB) AND . .
REACTION TORQUE OBSERVER(RTOB) Yo— YO ¢ (3.2)

The DOB is a robust control tool that able to estimate the

external disturbanceind system uncertainties. DOB is also Yo uou (33)
designed to cancel the disturbance torque as quickly as possible YO O 0 (3.4)
which act as disturbance compensation in a motion control

system. Robust motion control is attained by using the + "0 O— + (3.5)
disturbance observer, the robust motioontroller makes a

motion system to be an acceleration control syg&jmrhat is  where;

the reason DOB is implemented in order to establish robust

acceleration controllef4]. The output of DOB is the friction "O Coulomb friction;

effect under the constant angular velocity motion in the Viscous friction;

mechanism. A robust system means that the system Vig Selfinertia variation:

insensitive to the external disturbance and parameter wmsati Yy Variation of torque coefficient;

It can obtain wider bandwidth than force sensor due to settling Load torque;

sampling time and observer gain by using DB

DOB is very effective for motion control and robust to both In Equation (31), the first term and second term are the
parameter uncertainties and unknown disturbdgh8pand also  torque pulsations due to séffertia variation and variation of
provide a DOB based robusbgition control systeft]. The the torque coefficient of the motor, respectively. The third term
feedback of estimated disturbance in imeerloop is to obtain 5nd the fourth term denoted the coulomb and the viscous
the robustness of the motion control syst¢h8]. On the friction, respectively. The last term is the reaction torque caused
contrary the outedoop is to estimatehe external forces to py external torque.
realize force servoing. Moreover, the P@ntroller is designed The disturbance torque is estimated from the current

in outerloop so that the performance requirements of thgference and a velocity response. The estimated totbuds
motion control system are satisfighB]. This kind of structure gagtimated using Equation (3.6)

is a two degree of freedom contfdl]. However, in practical,
both outer and inndpop are related in terms of robustness. Q
Fig. 3.1 shows the block diagram of joint space based TH WT (3.6)
disturbance observer and reaction torque observer to
compensate the disturbance effect within the motor plant aWf€re.
estimate the external torque from both the master and slave )
manipulators, respectively. 9 (3.7)

is the DOB lowpass filter (LPF) andQ is a
cut-off frequency.
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Q ’

H O ——— Q 0— O 5 PL
i i Q (3.8) T (4.4)
Q v— Thus, there is a perfect reproduction of environment

impedance in master side. Howewér,is not satisfied. Thus,

By using Equation (3.6), a realization of robust motioccoding to the Equation 4.4y can be close to zero by
control is attained. The bandwidth of the DOB puass filter as increasing) or using a smalley .
in Equation (3.7) is set as high as possible to estimate a widén paper{3] and[9], a further study of the force controller and
frequency range of disturbance. However, it is limited byariation of nominal inertia, respectively, pla vital role in
practical andobustness constraints]. operationality of bilateral teleoperation control system. It is
Furthermore, by subtracting the external disturbances afi@ted that high value af or small value of nominal inertia
system uncertainties from input of a DOB, it azstimatethe improves the operationality. Nevertheless, the reproducibility
reaction torque applied to the system. It is necessary importamd operationality can be improved simankously by lowering
to identify them as precisely as possible. This process is calkisd nominal inertiad less than real inertia In addition, the
as reaction torque observer (RTOB] as shown isFig. 3.1. parameter variations affect the stability of the system.
Equation (3.9) shows that the reaction torque observer Tideoretically, the stability of the system is analyzed by root
estimatedhrough firstorder LPF. RTOB can estimates externalocus, and as the nominal inertiaincreases, instability occurs
torque without torque sensor because it has many drawbacksin the system.
The study of comparison between force sensor and reaction
force observer based on force control system has been analyzes the force gain,b indicates the operationality of the

[14]. system during free motion, position controller which consists of
; 0 andu indicate the reproducibility of the system during
HU LT contact motion. Thus, a few experiments are conducted to
i Q (3.9) investigate the effect of position gains, force gaamsl nominal
where: inertia on reproducibility and operationality of the bilateral
teleoperation systn.
Q
i Q (3.10)
V. ROBUSTNESS STABILITY AND
is the DOB lowpass filter (LPF) andQ is a PERFROMANCE
cut-off frequency. In bilateral teleoperation control system, the robustness,

stability, and performance must be considered. Each gains and
parameters play an important role when designing a bilateral
teleoperation control syain. Thus in this paper, experiments
IV." REPRODUCIBILITY AND OPERATIONALOTY are conducted to investigate the effect of gains and parameters
In [3], reproducibility and operationality are definediasnd to the bilaterhteleoperation control systerithe robustnessf
0, respectively. Reprodudillty is the degree of reproduction the position control systendepends on inndoop (DOB)
of environmental impedance in master side which is thehereas the performanakepends orithe outeroop (position
fundamental motive in bilateral teleoperation control systemontroller) by using acceleration based controller. However, as
Operationality is degree of operational force which humamentioned in[1], the robustness and performance of a DOB
operator feels besides reaction force frone nvironment based motion control system are adjusted in the inner and outer
which is desired for comfortable operation for a humaloops independently, which is not true. Thebustness of a

operator. In an ideal state; position control system depends on the DOB as well as the
outer loop performance controller. By increasing the elaiep

0 p (4.1) gain, the robustness of the position control system improved,
B however, the robustness of infleop becomes more setige

0 T (4.2) to disturbance at high frequency such as noise. Besides,

) ) increasing the outdoop gain can cause vibration due to
which means there is a perfect reproduction of environmea{tracting high frequency dynamics, saturati@md energy
impedance in master side followed by zero operational for%nsumption.

However, this happens if the bandwidth of the DOB and RTOB\when a DOB is used, the system obtained a good robustness
is wide enough or infinity as the disturbance can be perfecily 3 wide range of frequency, yet its performance is limited by
suppressed with thexternal force precisely estimated. Withthe dynamic characteristics of the first order of DOB. Increasing

this condition, theé) andd have become; the bandwidth of DOB improves the robust stability. DOB
. cannot estimate high frequency disturbance precisely, so the
v p (4.3) robustness ofhe system deteriorates. Thus the disturbance can

be suppressed accurately if it stays within the bandwidth of
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DOB. Thus there is a traddf between the robustness and VI. HARDWARE SETUP OF

noise response to determine the bandwidth of OB BILATERAL TELEOPERATION
The disturbance observer gais@does not make the system CONTROL SYSTEM PLANAR RoBOT

unstable. The bandwidth of DOB supposed to set as high as MANIPULATOR

possible to compensate and estimate the disturbance in widgnere are two sets of planar robot manipulators. Each joint is
range of frequency. However, it is limited by practical angdetyated by a planetary geared -M&romotor with
robust constrainfs]. These are dependent on sampling timgcremental encoder. It has 5000ppr (pulse per revolution)
and noisg3]. before gearhead. The links are designed with a 0.12m each with

Furthermore, a DOB estimates external disturbances aadase attched to a platform to prevent any unwanted vibration.
system uncertainties in the inAeop. The robustness of the The link can be either used to operate the system by human
force control system is achieved by feeding back the estimategerator on master side or to the environmental contact on the
disturbances. However, system uncertaimti should be slave side. The links at both master and slave side are horizontal
identified as a priori to design an RTOB in the odtmp. orientated hat provided zero gravitational effects. Thus, only
Although the structures of a DOB and an RTOB are quitisturbance effect and frictional force presented in the gearhead
similar, only the latter is a model based control metogians and motor. Moreover, the main purpose of this setup is to
it requires the exact model of plant and external disturbant®estigate the operationality torque and reproducibility of this
which is the most challenging issue in its de@gjn In general, Propose gearedilateral teleoperain control system. Fig6.1
an RTOB is considered as a fefedward control structure to Shows the picture of the mepulator assembled while Fig.2
simplify the analysis. However, it is not true. shows the parts of a single manipulator.

Nevertheless, the design parameters of a DOB and an RTOB , i
change not only the performance, but also the stability of the G-/ DN "% G-’
force control system. The setting of different bandwidth of ¢ oWer L ——g
DOB and RTOB able to form ahpse leadag compensator, ¥ 4 - &’ '\

and the stability and performance of force control system can be
improve by increasing the bandwidth of RTQB.

Moreover, the stability of the force control system
significantly changes due to the imperfect identification of
inertia and torque coefficient. The torque coefficientshould :
be precisely identified in the design of RTOB to improve the §
performance. The performance of RTOB changes significantly
by the imperfect identification of torque coefficient. However, \ )
the inertia identification can be neglected due to small Fig.6.1. Ove manipulator setup
acceleration in force contr¢®]. Thus, the stability of the force
control system can improve the stability by designiing U .
However, in practice, although torque coefficient identification
can be achieved precisely, identification of inertia may not be a
simple task, e.g., the inertia of a midbdy system is quite
compkx and nodinear. Therefore, not only the performance,
but also the stability of the force control system deteriorates
significantly by the imperfect identification of inertia and torque
coefficient[1]. -

Thus, when it mentioned stability of force comtmot just the
nominal inertia, 0 affect the stability, force gaim, , and e e
bandwidth of RTOB also affect the stability of the force control ;
system. AQ) increase, the stability of the force control system
deteriorates. The design parametersttid DOB and RTOB
drastically effect the stability of the force control system.
Increase the bandwidth of RTOB increase the stability. Encoder
Moreover, if the nominal inertia is lower than inertia, the
stability improve in the design of RTOBL]. In short, the
stability of force control to estimate the reaction torque from the
environment can be improved by designing the force control

Fig.6.2. Parts of a single manipulator

system using v and’Q Q . Planetary gearhead able to provide higher torque for a low
torque DGMicromotor. Moreover, the backlash is crucial to the
haptic application where it can affect the performance of the
bilateral system. However, the backlash of this gearhead is less
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than 19 small enough to avoid degrading the performance of the
bilateral system.

The output of master and slave manipulator is position that
measured by the encoders mounted at the back of each motor
shaft. The velocity response is obtained by derivative of
position response and filter away the noisy signal by LPF within
the computer software. Within the software, the processed data
is set to analog voltage reference signal to the motor driver. The
reference value represents the desired current that the motor
driver injected to the motor. The motor torque is directly Fig. 6.4. Micro-Box 2000 x86 Based Red@ime System
proportional to the motor curreriil5]. Fig. 6.3 shows the
overall diagram of the system.

Type Specification
HOST POWER ~ aD 8channels, 10 volts 16 bits single-end
Sy “ASTEJR SI"'\VE‘ D/A 4 channels, +10 volts 16 bits,
h‘ F‘; 7 Enéoder 4 chénnelg, 24 bits, OV/5V, A;IB!Indrex
| TH DIO 16 channels(8 from parallel-port), TTL
CONTROLLER CAN 2 ports, CAN2.0b compactable, speed up to1Mbps
- Fig. 6.5. Micro-Box 2000 I/O pins
[ Mososax ] H

To Motor VII. EXPERIMENTAL RESULTS

AND DISCUSSION
At each experiment, an action 1INm torque input at each 1
second is applied at the master system. The reaction torque
from the slave system is recorded. The position response and
Fig. 6.3. Overall diagram of the system torque response from RTOB from each master and slave system
) ) are recorded andompared. During the experiments of free
Micro-Box 2000 x86 Based Redime Systemis an mgion, the human operator operates the master handle while

affordable and robust platform for rapid control prototypinghe gjave handle is not constrained by environment or object.
applications as shown in Fi§4. Itis rugged, high performance \o.¢ “quring the contact motion, the siave handle is in contact
and can fulfil reatime analysis and control system testin

From Encoder

needs. The control system for these experiments is desigr\lﬁi%q the environment or objecThe experiments are conducted
using Simulink which is integrated to the MieBox and allow ith the parameters shown in TABLE
reattime modeling and simulation of control systems which is TABLE I
important to plot real time data. Moreover, the sampling time of PARAMETERS IN EXPERIMENT 7.47.4
this Micro-Box can go up to 1ms. Parameter Description Value
a Link 1 ™® &
e . i 0 Nominal inertia T8I p Q'R
Specmcauons_ of the MlCHBox._ . o Nominal torque constant
1. Rugged, high performance industrial PC. @ X 0 670
1 Fanless, lowpower consumption design (22W typical) O O Gearratio o T
1 Support for all standard PC peripherals, includes
external floppy. A. Increment of Position Controller Gain

I Sturdy, compact size. . —_ .
2. 1/0-equipped with AD/DA, Encoder, CAN, and DI/O . In this sectionfixed paramters for the experiments are shown

modules. in TABLE Ill while experiments are conducted with four

3. Onboard Celeron@ 1GHz/256 MB DDR RAM. 64MB different cases of position controller gains,and0 as shown
compact flash RAM (expandable to 1GB). ' in TABLE IV. This section, contact motion experiment are

4. Standalone operation with xPC Target Embeddegonducted according to the casésy. 7.1 to 7.4 show the
OptionTM. Users can write the Simulink® model onto d0rque and position responses of both master and slave for each

CF card without an Internet connection. case.Fig. 7.5 shows the combination of all cases of torque
5. 1/O pins specifications in Fig.5. responses at slave system.
TABLE Il
PARAMETERS IN EXPERIMENT 7.1
Parameter Description Value
"Q Cut-off frequency of o TR
disturbance observer
Q Cut-off frequency of reaction o TR
torque observer
0 Force gain o}
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Torque

61

TABLE IV L
EXPERIMENTAL CASES INEXPERIMENT 7.1
Case AL 1
Case 1l P T[FI;[ Il 0.8
Case 2 o mhx v T
Case 3 v Ttht v % *
Case 4 p 1T Tﬁ[mU E 0.4

When the position controller gain increase, the position .
control system performance increased. This also led to increase
in performance and stability in force tracking at force control

02
0

i

f

s
time(sec)
Pasition

Reference
— Master
—Slave

|

9 0

system during contact motiort is appropriate for good N
characteristido set the gains as large as possible. However, as
mentioned in Section 5.0, the gain cannot increase freely. These
are dependent on sampling time and n{8%e

B
=
b3

[

— Master
—Slave

As mentioned above, the reproducibility is the fundamental
motive in bilateral teleoperation which means thedybitateral
system has a good reproductionasfvironment impedance at
master side. When position controller gain is set to large value,

Position(deg)
s
&

[
s

reproducibility is remarkably progressg]. In contrast, the
reproducibility deteriorated as the position gain small and -
higher positim error occurred in antact motion as shown in

Fig. 7.6. This position error between master and slave can lead

to human operator cannot feel the sense of touch right. .

2 3

H 6 7 8
time(sec)

Fig.7.2. Case 2 (Contact motion)

Torque

i
L

9 10

Thus, during the contact motion, the position and force are
almost perfectly track whette position controller gain is large

Reference
— Master
—Slave

and the reproducibility is high. Thus, the human operator can (

E

feel sharp touch sense of hard object. However, the larger the
environmental stiffness, the system becomes unsfaple

Torque(Nm)

Torque
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Fig.7.1. Case 1 (Contact motion)
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Fig. 7.3. Case 3 (Contact motion)
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torque responses at slave system.
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Fig. 7.4. Case 4 (Contact motion)
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Fig. 7.5. Torque response at slave system
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Fig. 7.6. Position error (Contact motion)

B. Increment of Force Controller Gain

In this sectim, fixed paramters for the experiments are shown »w y ' 8
in TABLE V while experiments are conducted with five

different cases of force controller gaims, as shown in TABE
VI. This section, contact and free motion experiments are

TABLE V
PARAMETERS IN EXPERIMENT 7.2
Parameter Description Value
0 Proportional gain OTTT
) Derivative gain ouv
Q Cutoff frequency of o TUTIO
disturbance observer
Q Cutoff frequency of reaction o TUTIO
torque observer
TABLE VI
EXPERIMENTAL CASES IN EXPERIMENT 7.2
Case Ly
Case 1 ®
Case 2 p
Case 3 C
Case 4 v
Case 5 p T

When the force controller gain increase during the contact
motion, the performance and stability of position and force
tracking improved. The suppression of external disturbance also
improved. However, as the force controller gain further
increase, the pfarmance and stability of position tracking
deteriorates during the contact motion, respectively. The
stability of the force control system also deteriorates)as
increaseg2]. Thus, the force control gain cannot be increased
freely due to the stability constraints. The responds of position
and force control system become underdamped. It is
appropriate for good characteristiw set the gains as large as
possible.
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Fig.7.7. Case 1 (Contact motion)

conducted according to the cases. Then, free motion experiment

was conducted according to Case 1 @aded. Fig. 7.7 to 7.12
show the torque and position responses of both masteslave
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Fig.7.9. Case 3 (Contact motion)
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Fig.7.11. Case 5 (Contact motion)

Fig. 7.12. Torque response at slave system



