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Abstract : A hybrid control scheme to regulate the force and position by dual arms is proposed, where two arms are treated as one
arm in a kinematic viewpoint. Our approach is different from other hybrid control approaches which consider robot dynamics, in the
sense that we employ a purely kinematic based approach for hybrid control, with regard to the nature of position-controlled industrial
robots. The proposed scheme is applied to sawing task. In the sawing task, the trajectory of the saw grasped by dual arms is planned
in an offline fashion. When the trajectory of the saw is planned to follow a line in a horizontal plane, 3 position parameters are to be
controlled(i.¢, two translational positions and one rotational position). And a certain level of contact force has to be controlled along
the vertical direction(i.e., minus z-direction) not to loose the contact with the object to be sawn. Typical feature of sawing task is that
the contact position where the force control is to be performed is continuously changing. Therefore, the kinematic mapping between
the force controlled position and the joint actuators has to be updated continuously. The effectiveness of the proposed control
scheme is experimentally demonstrated. The proposed hybrid control scheme can be applied to arbitrary dual arm systems, regardless
of their kinematic structure and the number of actuated joints.

Keywords : Hybrid Position/Force Control, Sawing Task

1. A & 2. o|F &9 7]7E 3y g
B =AM, 2R A2 77 Tz dEglol 3 OF 22 2L 0] 2EN L UnAQ Hgaol AA
88 F e Felrle HA/Y Mol dnTEL AUGER ' (closed-chain system)®] 7] 7 &L £ ©AZ oAtk AW
o 2 B FH ololhjolE F 2Xo] 7Yoo wy A GAE 5€8d Y(independent joint se) T F&HBH 3t
2EXY Aok F, oAl Y 5 2R g2 W (dependent joint set)Ako] & W BAE vrebdth oo ik )

al
HEthE 9ddtd sty 2Rog EaAP) £ 2R q
E-o]HE] Ralg P/Ea AMZEE AAND 9§ odejs $A

7o @AE 43 AY Alole 1A JTEH T w4
oA o ojArk FuA WANNE A= olAE £F HE

#HA dFololE 2} EAl(minimum actuator coordinates)E A g 5]
a, ohAl HAAH A FololE] AlA~E FHH A(total actuator system
coordinator) 2 ¥l Erh gAlojol A, AA dFNoly HIA
dAe]l AANRAHL 2y FHAL HA NFooly HAEA
Atolel HFE P o] dojx= HA AFololEl 2 F Ao
et FEoldx MEYAE F2g o A" 99X
Aol M, =¥ AR Y d2is ZIE dzcle Yrz
FE AdER, "A dFolole Aaw HEAAAL Y3
B Axde] A7|¢ey gy 7|7 BAZ RE AN

A}

Aeke AT wye) BEdL molv] A ¥ AP o
@ solngs Aa/4 Aol APL FYP F, F 23ol
242 AndA g FABA}e Y2 APelM Y@

Y HASND, FUWFoZ FAL s AYonH AYY

743

Ak £Y B2 A Alold BAE GEG olde woAE A
WA AN Y WY 1TEE BAS shpe &4
Q1 7|7 2ol HEARORA ojuny.

2.1 R 7] Sinternal Kinematics)

O5S 3 A A FgedN FF9 BAE 23a 3
ste 5 MY AE Ador FAHY olF g R sjF g
et =9 azt ok @ Age o2 By $E hE 4
Art.

SH8E $29E(g )9 MEERA £ WE(g, )99 B
A& ofeflet Zo] Yehloj N}

¢, = [G] ba> M
o 7] 4 [G:]E olF Y Al=®le] 1A UR J)FaE g
(IKIC) ™= =1 ~= r1elnrl

¢\— ERRFNE 2 I B S TR I L S BS | Be]



Uetdciz JHRstd, SdgE A9 dAE o R Ed

= [¢f] o> @
9714 [G;]e— ot zol Hojdr.

afy]

22 39 JITE

rRA AL S BEEL BY, B BUB2 TAH)

deol st 9o go) Nxgel 5Y B Yo XYY
& 9o

¢=[§J= [-¢]s. @)

o 7] A, [ G“]% A (@2)A g0l ABHE dES FEY
oz dojzich wetd, FE B oiF &4 7
e 13 IKICE #hel Az A Adel HEFe
thg3 gol AFHoz dojATh

i=[,1],6 = [6] 4 )

[e:]=1./1[-¢¢] 6)

2ol 44 N1TE PEEL olF @& v ope
Yure oF 2RAAE 489 + Aok

714

3. 53 AdaiAe FAlo ¢ndF

EHAME olF ol digh dukAd HEHo|dx =9
¢ #E&T, §3 FgolMe dAo dueFed FHR o
= B3 Ao g A=l BA R Sleffective inertial load )

*

7', =uuds dEdndde v8e 244 T

s

T,
oA A W& TF, aum F9¢ T @n Hels
W, Aadel HeaEdM SHBH e Pt

T = [Gf]TT¢ - [G;]TT,,L + [Gg’]TTf =0. M
71M, A& AFololeiwte] TEETIL Y, TEHE

Bas RN Axdel AR WEH AH P B
Ae e 2ok

= [G:]TT,,L - [G;’]TTf. ®

Nede) 24 wRNe @9 3F FE 4,0 g8 o

sto M o3} gol B8 F UTH2L
ar,
Kaa = -—
[Ke] = -2
; slG:T
= [G:) ku)lG:] - [a¢,,] T.

%)

- [efY [V][G.,]+ J—]-

4 9) e} FuA, A¥A 29 Lﬂw Ge 77 9%
oM e Rekeh 3 FER A% F7he FHENHE

é

744

¥

bl ®=3F 4 (9 4 984 712E £ FEGIA
AA2 02 FHEA
[Caa)=[Kaa] (10)

A FZ(full actuation)?] %o, Ha dFAojE Y FIe
g Aos FEEY

:[G“,”]TT¢, an
of Aol sy BAAE che gk
T

ST, :[Gf] oT, . (12)
vag gAde A4S A @9 57t AlE BANE otds
zgon

54 =[G?) o6, (13)
A7NH 5Pt Sp, = the BAG e e £ 9o

8¢ = ~[Cys ] 0T, (14)

5, = ~[Cou] T, - (15)
A (12& A a5Ael dsm A anst A 158 S Y
(a3l oigstd, obdl Az gel HA o Foll o] E(total

actuator)$t & A ol Foll o] E}(minimum actuator) A}o] 9]
oled~ AV T

C-lelele]

duizx oz Ha AgE U FEAHHES AR AHFA

o2 Ze 931 odgdx & g dHE fLAdn. aHA,
g AMol"d Fg ANE BAstd § S gldie HIE ol
A2 AojurHo] g0 girt ey, §AZAEL A (9l
A BARE A go] 2FoA sk P(externally applied
force), % 2 (gravity load)s} ¥ ¥-3}h(joint load)oll Bl &) wi-¢ =

BES

7] W&ol(ie, 50,000 Nm o4 A (16218 S 4 Ay &
€3 T & A
c)-le el e lel - an

By AAHA $E& FAAM, §AAEY HEH Avis
g ¢ # 9tk a2AA, & RIE E=E Hgds 8383
Ko arzlg A7 AslA, B2 dFAEel 2R toly
w21} & o 312] E(adaptation algorithm)2 2 A %E Lot
W7 ¢8R wE-g AbsA

o] s oF RS 2¥ 49rM e 2ol 4F FH
gaE ZEGSCARAYFY 5 F9 AdE 3 tdd 2%
(PT200V)2. & FA AT ol2g Alxdo] 359 EAE A
13 281 YL stE ASolE A= Mobility 7} 3 ©]
Hoz Hag 4 el Yol "aste ol wpepx oA
Ao wakGwae HALE, 3Ty FALF)eE FF
& g8 4 AdE YFTNAM @A 3WFoET FHPHO
2 8L AT + Atk WA, 4 9 @ # [6r]E
Zt7t 6x1 3 6x3 9 AUE Adrt

B4 AQelMe FANEY z24dhHoE AP F&
Aojal= AL 2xe o watAd, goi sFo i
2 Aol B} (5T)H)E eH B2 BAHNOE FEH
=4



o1, =[4] oF . (18)

A7M, [1]e A @14 [Gr]o 2as, Fam, 282 4
MA oz TASE 33 498 AY: 992 dehya,
SF € 3x1 3 HEE Jelith §3 AdelMEs gaojss
# A (contact  point)7t FHEFE Fto AsHoz Wamg
E2R9 HAX o Aoss 7129 FAo Wy Algs)
Mo 2 gAojste Ax dE YT BAE Y
W 4 ADAMY Jacobian [J,] & ASHoz wpH Fojol

Bt
2zE

A

Ly

Ul o7 FaH(sT)E A ddadY AA g

HEd Atol] BAZREY A4ETh Q7)A MY = wA
B Aelzlel ARoZ 3 A BALS M 5 AUtk 4 (12)
9 d¥r e gy go] FHAT

o, = (e]') ar, + (11 (i) o] )

(e

(19)

[Gf]T 9 oA 4 3 (pseudo-inverse)

sojx, A, E4 & #Z HLE #l(mininum norm
solution)®} W& (internal load)& v}elITH,

a2 AGE Az BYMEE Jepdch. ol 4
(179 HEoids BAAl o}, AHY} =& 3 0x5}

AAED +# AEZ Addd, =% o8 Ridsn F2 9
+8E st ©&E PID 8 Ao 7 AR EL}.

ojF <t Bl W 45 =7E ¥ ZaEER zhzio
EX B &E Bad F oY YEA AME ol4dly =
AT F AT FE WAE AL AT £ g e
Arin bR old, 49 WED Welet 3y §Ae
FE AEsE WEA WY Aol AL 1¥ 12 BEH &
=59 G go] vkl 5

K
Fl [1 0 1 o]|N .
N| IS I s 1||F, 20
N,

2
G71d BE S, WA 2o @ WE Fo gyoz &
B mlAE BAE N Afolo) BAE vebao

I8 1L Uy EA BE
Fig. 1. Description of the grasped object.
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Fig.2. Block diagram of the proposed hybrid control scheme.
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