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1. INTRODUCTION

Teleoperation has been used in many applicatiamged from military, medical, biological,
industrial to space applications (Sanders, 200&p6or and Tesar, 2006), (Hainsworth, 2001), (Bharet
al, 2001), (Madani et al, 2008), (Sitti, 2003). $aeshow that the researches in teleoperation greriemt
and chalenging. However, mostly the design of tadeation systems is difficult, tasks-specific and
expensive to fabricate. However, for educationappse, benchmarking and simple tasks a cheap ayd ea
to-develop teleoperation systems are inevitablydade On the other hand, many robots operated in the
industry for instance SCARA, Stanford manipulatoticulated arm etc., do not have capability t@applied
as teleoperation system. In the industry, besidenaatically operated, robots sometimes have to ngude
operator operated, for example by using teach penda joystick for specific tasks. Based on these
situations, one may think that if we are able topose a teleoperation system using two indusilabts, a
cheap teleoperation system for industrial and latooy purposes can be constructed easily.

In a common setting, a teleoperation system asistio Fig. 1, the operator will exert force on the
master manipulator which in turn, results in a Bispment or velocity that is transmitted to thesslaide as
the order or command. In order to sense the maatigailobject, some informations have to be retufreed
the slave side to the operator side. These infeomabuld be distance measurement, velocity measmg
force measurement or their combination. A teledj@masystem as shown in Fig. 1 has to be able to
“actuating while sensing” means while exerting #8fiom its actuator, the force itself has to beuaegl and
sent to the other side either master or slave ditdortunately, a commercially fabricated robots fo
industrial purposes usually do not come with teigtfire. Thus they need to be further prototypeatdier to
have this capability.

The main objective of this proposed research warkoi design and implement such kind of
teleoperation system so that it is possible to tee commercially available robots in the market as
teleoperation system. Being its simple structureé design, since 1964 the SCARA robot has been widel
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used in the industry. Moreover, due to its impacegmmany works have been done related to the SCARA
robots especially in production and fabricationgi@r 2005). In view of the above informations, hirstwork
a pair of SCARA robot will be designed and prot@tgpn order to set up a teleoperation system.

MASTER SIDE éCOMMUNICATlON SLAVE SIDE
CHANNEL
operator visual display . slave
: . manipulator
master

g manipulator

=1 &
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Figure 1. lllustration of é teleoperation system'

2. MECHANICAL DESIGN
2.1. D-H COnvention
In this paper, the D-H convention (Denavit and Eaberg, 1955) is used especially to find the

forward and inverse kinematics of the robot. Thaigle of the manipulators with the choice of D-H
parameters is shown in Fig. 2, while the one deedoin the laboratory is shown in Fig. 3. The D-H
parameters in this paper are denoted as follows

a;= the distance frord! to Z:*1 measured along’

a;= the distance fromd’ to Zi** measured along’

d;= the distance frony:~* to X! measured along‘

6,= the distance fror¥i~! to X! measured along'.

Figure 2. Design of SCARA arm
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Figure 3. developed arm in the laboratory

The base frame as shown in Fig. 4 is placed offidbe level and the Z-axis is placed parallel with
the main support of the robot arm. On the othedh#me end effector is placed at the end and frioménk
1 and link 2 is placed in the same plan€as= 0. By doing this, the value ef, andd, can be zeroed. After
the placement of the frames, the D-H parametersshogvn in Table 1. The homogenous transformation
could be obtained based on the four parameteislasé

€1€; —$1C; —C1S, —S1¢; 0 0.24(ci¢, — s1¢5) +0.21¢; +0.16
oy = [$162t sy —sis; tec; 0 0.24(sycy + ¢15;) + 0.12s, Q)
: 0 0 1 0.27
0 0 0 1

wheredT is the transformation from"0- axis to ?-axis,cl,cz,sl_ ands, stand forcos#é,, cos8,, sinf; and
sin#,, respectively.

Figure 4. Placement of frame on the robot
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Table 1. D-H parameters

i a;_4(rad) a;_1(m) d;(m) 0;(rad)

1 0.0 0.16 0.27 6,

2 0.0 0.21 0.00 0,

3 0.0 0.24 0.00 0.0
2.2 Interfacing Circuitry

To drive the robot arm, a low cost electronic wirés built to interface the hardware and software
For angular displacement sensor, a multi-turn pgadereter is used. As the sensor is noisy, the gelta
regulator and the anti-aliasing filter are propoasghown in Fig. 5 and Fig. 6.

The voltage regulator, as shown in Figure 4, regsléhe voltage from a power supply to provide
the multi-turn potentiometer a stable voltage raggfrom 0 to 5 volts. A diode was used as a circuit
protection is the power supply terminals were teWwéched and the capacitors were placed to prosiatde
voltage output.

As shown in Figure 6, an anti-aliasing low pageffils used to filter out high frequency noiseha t
multi-turn potentiometer. Cut-off frequency of 15t8ertz is chosen for the filter. The first operatd
amplifier acts as a voltage buffer for the multirtpotentiometer. This is to prevent from voltagdes
loading effect where the voltage reading will bentimear with the rotation of the arm. The second
operational amplifier acts as an activeatder filter.

12V
IN OUT
P17 3 1 v
1N4001 Cap Cap GND Cap Cap
0.IuF | 1000uF LM7805 1000uF 0.1uF
GND  GND — GND GND
GND

Figure 5 Voltage regulator using LM7805
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Figure 6. Anti-aliasing low pass filter with voltadpuffer

For torque measurement, a current sensing sengd®724 from Allegro MicroSystems
Incorporated is proposed. Using current, usuakyttitque of the motor could be estimated by usitigear
function interpolation. Beside that the currentlddue used as a feedback loop for the controller.

For the actuator interface, a motor driver fronmBnsion Engineering, i.e., Sabertooth 2X12 driver
is used. As each driver can support two motors; onk driver is necessary to drive a single arnis @hiver
is used along with the current sensor where theentisensor is connected in series with the motBioth
sensors and actuators are then connected to théSRI-6008 to interface with LabView from National
Instruments that is used as the main controller.
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3. MODELLING IDENTIFICATION AND CONTROL
3.1 Parameter identification

In this section, the identification of electrigaarameters of the permanent magnet DC motor is
discussed. Firstly, the mechanical model is derividen the parameter identification is done usirafldb
Identification Toolbox. The permanent magnet direatrent motor model used in this work is depidied
Fig. 7.

«D
™
Va " La.s+Ra la Te J.s+B > s | theta KR
Electrical Mechanical

Ea @ omega

Figure 7. Permanent magnet direct current motoraiod

The motor resistanc&,and inductancé,are identified by giving external stimuluslgtwhile observing
the current,. If the disturbance torqug is assumed to be zero then the fitting model candrived from
the motor model as follows

_ Ktla)
Ea =K. (1% @
Iy = (Vo — E). (3)
T T T I
Input voltage, V
0.6 Measured current, A
0.4+ B
I ey 10k Lk e R e el 1PN | -
2N U]
U T
E S T e | |
o I T a
£ "\"‘||\||||‘|‘|‘||\‘H\'|l‘l‘ll
[ F ‘ [ ]l | ] L
0.2} n‘l LJ L L) \ L LI " | I/ " L "‘ B
i L
0.6 =
1 1 1 1 1
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Time(seconds)

Figure 8. Plot of the external voltage stimulus #gmelmeasured output
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Substituting (1) in (2) and rearranging we get

la _ Js+B @)
Vo  JLgS2+(JRq+BLg)s+(BRg+KeKp)'

Due to nonlinearity in the disturbance torqtg, (3) will be no longer valid and become too
complex to identify. To be easier, the motor idlath i.e., to setv = 0. Thus, the fitting model will be just

o= (5)
Va  LaS+R4

Therefore, the motor will be excited with voltagarailation to obtain the overall motor parametekier,
external stimulation is given 1§, and motor positior§ is measured. The fitting model is given by

Z = Ko (6)
Va  s(JLgs2+(JRq+BLg)s+(BRg+KeK¢))

Unfortunately, the model is not expected to peljeit due to the disturbance torqueTat Some of
the examples of disturbance torque are gravity Wwircthis case, is zero because of the arm desigah,

Coulombfriction.

3.11 Motor Electrical Characteristics
As discussed before, the motor is stalled to nméte back electromotive force. By doing so, the

motor resistance and inductance can be identifsédgua first order fitting model. Using LabView NISB
6008 to acquire the data and identified using tlaléh System Identification Toolbox for identificat, the

model for electrical characteristics is obtainedodiisws

I - 1
4 — p—0.056s (7)
Va 0.1155+2.113

where, R, =2.113 and L, = 0.115.

312 Motor Mechanical Characteristics
After obtaining the electrical characteristicsg tmotor mechanical characteristic will also be

derived as well.

Bl Model Dutput: y1 = -

File Options Style Channel Help Experiment

Measufed and simulaled model autput

g BestFits

Figure 9 Current loop best fitting value, 89.96%
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Figure 10. Fitting model for mechanical model

4 T T T T T T T
Input voltage, V
Position
A A . 1 A o . Speed
3r | / L V | 0 c s
[ |
! [} ‘ il |
| | L
i | | ‘

Amplitude
o
¥
i —
=
> ' =
===
e
| T
m———
[

0 2 4 6 8 10 12 14 16
Time(seconds)

Figure 11. Plot of the external voltage stimulud #re measured output

By using the same step, as shown in Fig. 10, ittiegf for the total motor model is found to be
unacceptable. This is due to the initial value d$ Ipeing estimated well. To solve this, the motosition
data is differentiated once using five points fitetivative central method in order to get

2= a (®)
Vo  JLaS?2+(JRg+BLg)S+(BRg+KeKt)'

Design and Experiments of Low Cost TeleoperatiateBy (Adha Cahyadi)
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Figure 12. Motor model best fit, 84.87%

After doing the similar process, the identified rabfbr the total system is given as follows

=e

w —0.049s 1458 9
Va 52+34.085+480.2 ( )

whereK; = 153.846, obtained from datashedéf, = 0.131,/ = 0.918 and B = 14.418.

|Constant
‘. ] | 1 1 . 4 1 1 _
L[ e pipgsy )1 piDy A5+ R > ToeC) o —— e 1 ]
e o _ A | den(s) | den(s) L ™
PID Quter Loop PID Inner Loop Electrical Mechanical Integrator Scope
Inner Loop )
‘f simout
= To Workspace
Ea . «.fK-" omega
=y
Quter Loop
theta

Figure 13. Proposed cascaded control for motottipasi

3.2 Robot Dynamics
From the kinematics of the arm as discussed befiloeedynamics are given as follows

M(©)6+C(6,0) =u-—r, (10)

whereu is the control input torque, is the torque due to interaction with the enviremtrand other external
forces, and
p1 + 2psc;  po +p3c;
M(@0) = 11
© P2 + P3C; P2 (1)

IJRA Vol. 1, No. 1, March2012: 1-12
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—p392 (26, + 6,)s,

C(H,é) - p391252

(12)

where
pr=L+L+ L+, +1,+ (M + My+M,)L,> + MyL3* + M,L,” + M, L,”
py =1l + I, + I, + +M,L,* + M, L,*
p3 = MyLiLy + M,L{L,

with Iy, I, 13,14, I, My, My, M3, My, Ly, Ly, L3, L, are respectively, the inertias, masses, and Ilsngththe
respective links.

3.3. Position Control

In this paper, cascade controller is demonstradezbntrol the position of the joint separatelg., ,i.
only one joint is considered and the other joints kept fixed to prevent it affected by Coriolisdan
Centrifugal terms. Cascade controller has advastagmpared to single loop design. Few of the adwm#
are better disturbance rejection and faster regpalo® to better response in the inner loop (Asté&m
Hagglund, 1995) and (Visioli, 2006).

For the cascade control, the inner loop contr¢héscurrent control loop while the outer loophs t
position control of the joint. PID controller based Ziegler-Nichols is designed based on the ifiedti
model and tuned using simulation software. LabVfesyn National Instruments is used to implement the
controller. For simplicity, only proportional gaia used in both PID controllers. The current cdfgrois
tuned to 2.3522 while the position controller ingd to 0.32264. The gains are obtained from the MXE
SISO Toolbox based on Ziegler-Nichols frequencyoase tuning. The results depicted in Fig. 14 shows
that the position can be controlled well.

T T
Desired position
Desired current
0.9 Measured current [
Measured position

0.8 .|

0.6 =

051 5

Amplitude

0.3 .

02 \ .

Time(seconds)

Figure 14. response of the motor position

4. TELEOPERATION SYSTEM DESIGN

In this section the design of teleoperation maddiscussed. We are going to consider two identical
SCARA robots (7) for both master and slave sides.dentroller design simplicity, our teleoperatigystem
either in the slave side or in the master side-aritten as follows

1 X
m [iz] - [—M(G)‘l{C(Q, ¢29')9' —u+ red}] (13)

Design and Experiments of Low Cost TeleoperatiateBy (Adha Cahyadi)
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where the external forces tenry; is coming from the direct interaction from thevieanment in the slave
side or from the human force in the master sidalsid reflects the interaction forces sent fromdtiesr side
where the subscrigt means that the information is delayed . For coatithbn control, it is necessary for the
control lawu as a function of the state from the other sidehis preliminary work, we only consider simple
PID control for both master and slave manipulaésrollows

t . .
Up = kpm(xm - xsd) + kim fo (xm(a) — Xsd (0))da + kdm(xm - xsd) (14)
t . .
us = kps (x5 — Xma) + kis fo (x5(0) = xma (0))do + kg5 (X5 — Fma)- (15)
- + feo
T > = -
! /01,8, | Slave
Manipulator:
PID
Controller
PID
\4 Controller |
fr > Master
Manipulator + -
> - T,
elm’ezrn -
Figure 15. Teleoperation scheme
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Figure 16. Tracking response of the first link

The structure of the teleoperation system canelee@ & Fig. 15. The controllers parameteysk;
and k, for both master and slave manipulators are resedgtset to 5, 1, 2 for link 1 and 8, 2, 3 forki.
As the master and slave may be located in a diste¢he User Datagram Protocol (UDP) connection with
approximately 1 second delay is implemented. Taeking results for the first and second link areven in

IJRA Vol. 1, No. 1, March2012: 1-12
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Fig. 16 and 17 respectively. From the figures iséen that in spite of position error and drifg #lave
manipulator could track the master manipulatorséatiory.

Fosition Tracking Second Link

Iaster Position
Slawe Fosition
P2+ —
=
R
=
W
£ of -
=
2
Z
L]
[
P2 —
1 1 1 1 1
] 5 10 15 20 25 30

Tirme (s)

Figure 17. Tracking response of the second link

5. CONCLUSION

In this paper, we developed cheap teleoperatiostesy consists of two identical SCARA
Manipulator using basic items like aluminium bargl &C motors. Basic circuitry was also construdted
interface the hardware with software. After modwgjliand identification, simple position control walso
performed. Finally, simple scheme for teleoperasgstem is designed and implemented. The experahent
results showed that the design and control of el@operation system is effective. In the futurejaated
scheme for teleoperation system is going to beop@dd. The analysis should be not only on the lgtabif
the teleoperation system but also deeper intoréimsparency issue. Moreover, some nonlinear teugts as
friction will be considered in the modelling.
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