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Abstract : Teleoperation is the extension of a person’s
sensing and manipulation capability to a remote location
based on sufficient on-line information about the task and
environment. It is known that kinesthetic feedback from
slave to master increases the realism with which the oper-
ator interacts with the environment.

This paper presents a model for teleoperator control
system which includes human dynatmics and kinesthetic
feedback. Ths proposed model is simulated and verified
by experiments using the PUMA 560 slave robot and de-
veloped master arm.
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2.1 Master Arme] 4

2 Ao} Al A€ol A} master arm-& 912+9] @2 & slave robot
of A 83 ALY = e Bt ol A g x4
oA WA= 2 REN FAT FE L AR sl 19924
e 2% APl A4 6 AR x master armE B¢

$12] Aojul Flesle g AASAR B 2{6], o] & ATl 1 &
g wledo] 7l sled StATH7]. ¥ VdE AP master arme]
actualor 2% torque-controlled DC servo motor & A}-83}%l
. g3, $1A] &34 MM e backlash 2 1% 2218 glelr]
S8 AA master arme} 13 o] §28tsict. DC servo motor
ez & AgYol AU actuatoro]r] ol LA
Y wtel Aojol M= AlAgY ¥EE A8l T ¥ AVE F
o], master armeol ¥t g 4 A= AY F oAl 2d Yo
2718 20 Neog g3t

2.2 Slave Robotel 3+4

Slave robot 2 2% Al 822 wol Rolx gl PUMA 560
& ol &35i3tt. PUMA S &5 dej= g &332 98 &
Fof #3}9 force/torque sensori LordAbelA] A1 23 Model
75/250& AFg-stslch Ao 33 N2l 3134 28.2 Nm 2} torque &
%3¢ 4 e, &3 FusE Adg 100 Hz & 10 msejc} ¢
wy 23% 4 g1tk FT sensore) Ay < 0.261 Nojr}.
A Z & sensor Al ) st yote] VAo d¥eg Al &
T AHYE &Y 5= AR

2.3 AAZE Azl 74

Aol A48 €2 Aol Al & WA R Aoatr] g1 Mo-
torolaAlol Al 71w VMEbus AlA51 & Atg%ig. 5 CPUQ
MVME 147SA borad & °] £ 3t°] system management, pro-
gram 784, program download, Alg2tste] interface 5-& @
2817 stat, traget CPU2 MVME 147 board & A183t9]
downlad ® programe] AA|te g ¥ F 33ict. Digital
input foutput board &= AVME 9470&, analog output board
2% AVME 9210 & Ahg3ct

2+zhe] %Y A< target CPU board & & shared memory
& %3 A2 data® TRE HY AP o2A AT Al
53l d S AR Aorie g 74 249 AU R VE
& 21 o) Geht gl 3 s8¢ target CPU R 30 msalc} data
& 2ueR £9 Aol AHA At 4A AL sampling
frequency ¥ slave robot &} position 9 master arm$] torque
control & @3l target CPUS frequency?! 500 Hz& #
4 slch.
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15 5 ¥ .2 2 interpolation &9} 500 Hz 9] sampling frequency
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129 712 79 ¥ 28 %E master arm] joystick 742 9]
QA 7Y g potn, 1 o £8o A J&YHE ¢ 2
Eg 71428 master arm® 1 & 3 % Aol & gt 19
3 & A €4 o] Al2¥ 9 layout et

3 »ax)

2939 ek g s 1Y 4 o AL Sl & A29E 7
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3.1 Generalized Impedance Control

UG Alo] A2 2R FRE EAA e R ST T
A g4olch ey}, zatale] WHL g AR XY 9l
D 2 man-machine interaction | 7ide] Yo ¢ wdeol ¥4
&lt}b, Generalized impedance control(GIC) & o] 21t 2it8
I Qe R UL Qe Ao 7igog, f13] Aeis
Y Aolg A2 FAAA G& $Y8 Aoz Y (1) Al B
A1=cHS].

Md(X - Xd) + Bd(X - Xd) + Ky(X — 4\’,1)
-_—B](Fe‘*’pc)'*'l\’/(FchFc) (1)

o{71A, My, By, Kq, By, Ky & generalized impedance 8}
paramerters©] i, F,, F, &= 242} desired contact force 8 mea-
sured interaction force, Xg, Xy, KXo 212 €813 914, &
%, 7l& ol & GICE® My, By, K, Bj, 1\’j-°4 2 FH9
parameter & ©] 88}0] 1] Ajoist Y Alojrtole] AEE A
¢ Aojtt.

3.2 <A "o wddY

23t Ak7 master armel] 131 FH & F7] $lef ge] T/el ¥
& 7t ol, 2 gel Y& BE QA f14] earst P& A
AolAie] Pol 931 2 7N R el sejich g 3ol @
AT = W& 2] 23] os) BAAIF = YA Yol 3%l 9
3 A E Yog o] APt

AR 93] 2a1& ¢, Yol 238 e 8 A Fr@& human
actuating force, Bhy, Nnv, By, Kup& 9135t Yo ¢t
impedance paramertergt @ ®, F, = Fuo + Fry, Fhy =

Bhuép + 1\’;,.,6,,, Fh! = B;.fc', + 1(;./8/7} Hot F.# 97
gof 2143} interaction force, M, & human arm physical
mass, X, & master arm] $1A]e ¢ o, 17t o] &5 PN
4]-& oleli g} 3t

Fy— Fup = My X, 2)

3.3 Master Arme] 2. &
Master arme] &% 34 & ofeli g} 3t

Fr—F, = Mp X + B Xm. (3)

o{71M, F, & reflecting force, M,,, B, & master arm2]
mass 8 damping coefficient e1c}. 4] (2)& 4] (3)od hY s,
master arm3} 2219} §& 3hte] Alagiew & 4 (4)#
ol veg 4 st
Fr— Fr = (My + M) X + B Xon. (4)
Slave robotels] 1A W®(X,4,) = master arm2] $1A]e}
position scale factor(K,,) & #sloF 822 ol#i s} ).

Xis = KpeXom. (5)

3.4 Slave Robotel » =)

Slave robot 2] dynamic model & 219 5 o} Aol BAY A, &
¥ SRS ot s A,

X, = Xa—X, (6)
F, = KyppXe— KypaX, (7
F,+ KuXyw = (My +M)X, + B, X, (8)
—K,-F, = MpX, (9)
M, = Ma+ M, (10)
Fo = Ko(X,—-Xa) (11)
F, = K,,F,. (12)

oy 71X, M,, & effective mass of slave robot, M,; & effec-
tive mass of FT sensor, X, & command position error, X.,
& position of environment, X,, & deflection of I'T sensor,
B, & damping coefficient of slave robot, K, & impedance
of FT sensor, K., & inpedance of environment, K, & force
scale factor, K,;,-& position feedback gain of slave robot,
K a8 velocity feedback gain of slave robot, Fy,& com-
mand force to slave robot, F, & measured contact force o}

.
3.5 AN Alage] v

A @72 =2tA19] @, master arm, slave robot 2.8 Fi3tqf
Reyge 2d3E A& 29 6 AMY o2 Jehiict. 29
etd g 458 g3 Aol A ek Gi, = Baus+ K,
Gh] = Bh,s + I(hj, Zy = ]th2, Zym = It'Imsz + B,.s,
Ze = Key(1= X/ X,). 2328 71@ 22 #, slave robot 9]
$13] Aol Bes] master robot 9] 911 48 & #3333} open
loop controle] 31, master arm<] § wad A= 2] Ex<
o %Y g @&d] 23t wrdAlF] & open loop control o]
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E 1. AJge o]l 1§ € parameters

parameter group | parameter value

B;,[ =04 1\’;,] = 0.3

Human arm By, =15 Ky, =03
My, =10

Master arm B,, =0.05 M, =08
K,, =125
K, = 25000 K., = 45000

Slave robot Kypa =250 K, =810
AI,] = 2-5 A’!,Q = 01
B, =0.11

o aeg 919 F71A Aelrt 2348 FHLE AR AdHE
2 zaAE EUstE A A9 closed loop controle] |
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4.1 Alg@eld
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slckz iR s, Bt &Y e 5N 22 A A
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$1A estel A7Hch AR 99X B2 2AE ezt ¥
8w 9] BAstel Alwct 1125 W 9 ZE & 13 48 Xy
2 gl =¥ QIzte] Fzhe wANYR mede] 271 05 N,
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Al g el o] Mol AL4F parameter 89 gte] X 1 of v} girt.
o] & Allu Bm7 A’Imy I\,wy ]\’cu; A/]:l, A/]321 Bs“:—\: Adder @
o] slave robot gl &7 position response ¢t force response
7} simulation Z#st viREA AEH & del2 23T U
olc}h. ol & wrA4}-2 4th order Runge-Kutta ] & ¢t=2]
& & ol #3811, integral interval & sampling time3} & 2
ms® A &Rt

4.2 A3

4 vid 9 Alolgl AY & slave robot 9] end effectoro] &5
wly do g 2AAITIR A, Adoiel 24 4 mme] ABelA
AR P& e FAAINE AL & o2 83, force scale factor
(Ky,) 8 2h& 937 A Aladle] $d 842 ALt

5 A3 9 =9

Force scale factor (K ;,) 9} 2718 @A 778N simulation
# AY A%E v dehd 2dxge] 29 7- 19 12 o4
et stk Ky, o diste] w3 Alaslel BYE wad AL ¥
A 9 & &2 kinesthetic force refllectiong systemelAl &
K8l 2717} A9 ] @A) & 4%& 047 o ol e}{7].

K74 02 @ e ulad 38 & 4 E FAT ¢ 12
U K, 7H 0.3 9 W oscillation o] vehdz] Al2stm, 0.4 4

= Alago] BHAHAM AN P& KAHA RYE & 5
sttt Ky, 7t 2718l et A&Yel 371312, Ky, = 049 o
AdZ A& g FAA Rt AL Ajgecl A7 APl A4
Q 7] UM E AT AEe Boj@ch A zelX veht
% master arme] overshooto] 4% kel v 3tof Al geol ¥
o] 4h2s| =3, o] uhetA] peak contact force = AlgH
A9 ol A2s o Ak o] AL AW AE AR AR
AEE SA eAle] ALle] o] &¥ wtopd, 439 27 AA
=ME G487 Yol elez #o B8 human model
& U YAt AR, A Al I B2 EY EJANNE 2
A AN g8 % s ojcl g Aolct.
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B E=RoAE PUMA 560 23 &slave2 st 1 & 9 v o
2 Aol Al2gg P&, 2AAE XTPY A 2EF LW
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g vl & o AN A F L vixstA Jebhd human
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9 %Y 2 4 59 5 28 human modele] 2a%&
& 4 et
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