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Planar Cable-Driven Parallel Robot with Fin-Like Chains

for Water Jet Impact Acoustic Wall Inspection
— Internal Force Control by Average Cable Tension Feedback —
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oYusuke SUGAHARA, Nanato ATSUMI, Wataru TOCHIGI, Kotaro HOSHIBA,
and Yukio TAKEDA, Tokyo Institute of Technology
Katsumi YANAGITA, Ryo MIZUTANI, Satoshi MITANI, and Ryuta KATAMURA
Kajima Corporation

For the vertical planar cable-driven parallel robot for wall inspection, this paper proposes

the control system to realize the desired positioning stiffness of the end-effector by controlling

the internal force while keeping the resultant force of the tensions constant by the average

tension feedback. In this method, the integral feedback term of the average tension is added

to the commanded cable length in the computed torque method, and it is distributed to the

modification value of each cable length so as to satisfy the equilibrium equation on the end-

effector. From the stiffness evaluation experiment using the prototype, the improvement effects

of the stiffness and the accuracy of the stiffness about the axes on the motion plane, have been

confirmed.

Key Words: Cable driven parallel robots, Construction robots, Parallel mechanism

1 %E

JE S - BUL TERY - BEARRAIEFET, Hoic Kk 2K
EEE (1] Z W HEIEYIEE 2 4 Ui S R T L2 FFEHRTC
5. IKEEERIIMEYNOKEL Y TEL 2 5EOITICED
ZORMERAIT 2 FIETH D, BEMICIEEMCTRENRETH D
F LA TREI L S ORELTHETH 5.

—J7, ZO X5 RREEEDBEYINEADMERDICOWTIE
PeEREAMEm TR (2, 3], BEEAZER [4), 4T [5, 6], tT7 L
NIALXYRICKINTE S, 25 Lrv4vRIZ, BERIC
HAREBIZZDOTFED 2020, ETDOVRZ8VRnT
MEEE OB BHIRDSE L K W &, HEER I E D
T&E3Z Y, HBEREICHIRR W v, EE CHRERTRET
Hazr, BADORMMEKRICHIELZNWZ EREDEMMRD 5.

RZ LT 4 Y RUZX S IR ER L AT o 5.
HiE [7) Ko R+ CREEENE S TH 2 K, JFIRICmIM
PMEN 7z DEEIICHE L CTOEAZREE LTBD, NI U &%
ZeHE D B 2 EYIEEAN DB EE, D 5. —F5, BB
HEREND, T DD BRI 8, 9 1IN ELR YA v Fr ULy
DEDZL S WEEPEHETEH X b TH 2. SELHRA O E i
X, MEAHEM KX N TH DD, FEDSEORIMEAE N
WS RIEED D 2. 2 D4 — A TIIBEH I EE AR o & B
& FAT28E D D OREROIEIK L, & IZZoEEIIOWV
TIIKBOMBIRDHREICKRE R EL TS, NhERELT
A E L 7250, EAMICESE DI BN EE5 X
BB FELLRV. DDA VF IHICOET A YE 2
AHWV 2 HE [10] BHEREIN TV S A, 2R MEIZORA S
M2ARDT A XY DRNEMMPREL 22 EHRELH 5.

CABITH LEH BRI [11) 128 W T, se s 0w <
FULIAT A YEREICOWT, NI K & $HRENCEE AN O
EhbhoEfEREEm EXE2FEE LT, KA CES)
T OERRENE D D O B[R AT RE IR MR OHEE (7 4 > HREEH)

ENLTUAYEERT 2HGTEREL, JHuc X hESHmND
il EH H OEFREIPEA M F3 2 2 L 2R & EEIC X bR L 7=
—77, EBROHEMEZEE T, BEPICATEOMIM: 2 5EHR
TRREDD BH, BRI EGIECFTE ORIt % KB T X
BT OWTIEEE LT, FEERICE, #lEoe s itz
Y —REE, VA YORIEMFICLD, GlEFRDEY £ YoDik
1 Z AT K b E 2 HAETORIMEZFTE OMEIZ 72 5 720,
ARETIE, VRN OBES 7 4 — FAv 22k iR &E %
HEFF L o N oA Z IS 2 & v TR o I Ei o fl: % %
B2 FHERIREL, ZOTEDEREORINTEIC NIE TR E /N
DEEREE 2 AW ERICE DRI 2HN L T 5.

2 /NEUSEERE TKVCS1

AWML CEBEE YL L THWZRER ST L LY A v EREF
/NS TKVCO81 (Tokyo Tech Kajima Vertical CDPR
No. 81) OWE %X 112”3, FEROBEHME ZEE L, #E3.44
mx 1 1.43 m OEROIEEFRZH T 5 FH 3 HHEZ L L
UAYHETH S, BBEBOHEAICEW Tt m BEOE
R E R B0, Zo/NUFEBRIEZEDR S —VET AV E RS,

7 L — A DFRAEHEDOEEICIZZZN b ZFlfllE— R 7
L—3 Y —RE—XTHEIZNEZ VA VFHRREBINTED,
ISR HENEY A YIFEROFRRE S — ) 2L THN
FICE D shns. FHH T — VIR VI REI AT
BY, EUVAYORNEFHWTE 3.

HDENZ, FIRTIRR SN Bh 74 VIREEZNLTYA
YOI NBEETH B, BT, A YOIERIA 1 5 TRD
DARERE [12] MY 2720, ETF—xD 7 4 VIREHE H S
HiOMT TRASE LRI Lz, HRIE35kg TH 2.

T A YIZIEE R — T Th B XA =—~vr—7 (3 mm 1%,
FALCON ##) ZEHL T3,

HlfH S 2 7 2% INTime & EtherCAT %/ L, HIHEEN 1



Relay pulley

End-effector

Relay pulley with
built-in tension sensor

1st cable

(b) End-effector with fin-like chains

Synthetic fiber rope

Servo motor with brake

]
Tension sensor

Winch Relay pulley

(c) Winch and pulley
Fig.1 Outline of TKVCSI.

ms TH—R7 > 7, m—%& l);nj/:l‘——ﬁ; Rt e 0EE
2 T o TV 3.

3 A

T /NSRRI, CThETEEOBBECFHRE L7
N A YEREFHIEBE S I 2L — & [13] L FAEOHIERE AW T
Wiz, ZAUZH HH UDER L TH W= O HiZffuEic o
EXEHE M2 EEH O ERIEEITS D TH L. ZOFET
W&, KA BEHLED & GEE)EE W TRV A Y EXO
EHiEE 2 EHT 3 k58— RE— X HIE XN, WESE
B BB % T AT IE LSS HI OME -
ZENIHEHE BT 5.

—ZDEDRIIZOVWTIE, ZOHEHEZ5Z51U3 T2 D
DD, BEHEETFTILDOEERT 4 YOIRNEANC LD, EBRIZHT
L HEEIC—H LRV, Zo=ofEGIfEh o AEioME -«

ZEOMIMEIFTEDHEIC R 570 WS LR D 5.

3.1 dvt7*hk
DT LIV A YEREREHED HAFEICBT 5 oo G0k
FERD X 51275 [14]

wp=—-ATf (1)
AT = (w1, w2, w3, w4 (2)
= [ ) 3)

7720, wp € REHHEICDD 20 DL Y F A7 ML, f e RY:
AERDT A X DRHNRZ v v, AT HEETH, wi i HEHO YA
YDNEERTENRYZ b, b BHEIRERAD» S A2 FH
D7 4 YEUTEOME R bl

OS5, HNEOHENE - 28 ZORHZ 0 2940103
Gzl & Zheoh &394 VRNOMEEERD S Z
LWATRETH B [15]. 122 L Zh el TRANRY PLOHEE
BT H B.

HHEIDRO D EVDREICH B L &, VA ViRhOEZ T
NeohESH & TN 28bEZbDEEX LI TE
5. WE, HAHENODEVOREICHD, Ao bES Tk
NHOBZNZNBEEED & B 2385 ko Tnwb 235, Zoik
ETEYAYOIRNZEEMIC—HT 2 L5HET 2L, o4
WORDE D L7272 72D, HAENIHICODESMNBEETHE
BILTLES KV 7 FAET 3 [16].

ZhUTHL 2 2 TiE, X (3) 2k La o zdiiEs s
T, VAVRINOEGNEMFF L EFE, MIEMICNOAE
WIzrzerEZ2. NHEEEMCERRT2PERY LTV A
YOFRINCEHL, ZHOMED 7 14— Ky 712 X D PR
N HEEC RS S. 20K, vAYIRIO&EhEHHTET 3
72012, DHHEVORERITEVA YORBEEHET .

HHRD 70y 7N %E2 XK 2 1R L, 2ElE KELFBRNR 2.

3.2 TAVRHIMEDOFHECEHNT 1V EUEE

25, RO BT A4 YO RMRNITONT, VA
Y ORIMEE AW EE 2 fHE 2T 5.

T BHEHDTAYIZONWT, YA YFDTA YLD S RIK
T—VETOUAYEE lsp,;, &=V HNETRNL 7 4
Ve DEREETOUAYER [, n—& 1) > a—XDsHfE
PORIEEINS [; OFHIHEE 1, £ T 5.

ZOrE, i HHOY A YOI ki [N/m] 1, BiEZDOYA
Y ORI kw [N/m] ZHOVTHUTDO X 51ICEES ¢

ki = kW/()‘m,z + )\sp,i) (4)

72720, AmyisAspi - A XE Lm,i, Lsp,i[m] DSHNLER X OflfE 5
R TIRITHL

ZHEAV, VA YORMEDL SR 20176 Kyw 252, H
BERS) fF D078 ED Uy BELT Linemp DX IIWTHIET 5 ¢

Lnemp = bm + Ky f (5)

3.3 FHEERNODESD 71— KNvY (ATFB)

BIRT 2 X512, ZORIEIRTIEFE ML 2RI X D IRSIRT
fe ZETELTEBY, ZhreEhtrH X DL =EBROEN
fm EOEDHEDEICT A 2P T TRIDBERZEE T 3.
7272 L 2 2I2BNT, YA YORIETH e s THh 5, BRI
EBIDBELRVESBIET 5.

I3, BOIOEHOZN —Awp PO TH B L %, BHOZEL
FAfr3sy, X (3) &b,

ATAf=0 (6)
(Wi, wa, w3, wa][Af1, Afo, Afs, Afs]" =0 (7)

ORFEYH B, ZORDOWEE Afs THRLTEeDH 22, UT
HELND

[wi, w2, ws][par.1, pare, pars)’ = —wa (8)



Structure matrix AT(= T Computed torque method
computation —| (_ =/ )
Xa| I la g le N |fc | EOM of Tc Motor drivers Lol Motors b Mechanical X(0)
T + i . winches (Torque Control Mode) System |4
. . c | I
R i
Ll d I
X4 lg ~lirs .
i ’( J - K lm,Cmp - e
+ ¥+ +¥— Compensation of
Lin,cmp elongation of cable [
Kw | cable stiffness
computation fm
Static elongation compensation
Pl | Winding ratio
Algg computation fc,avg Average
computation
| | Winding angle Ki,ten,avg Afavg D _ fm,avg Average
computation s M computation

ATFB (Average tension force feedback)

Fig.2 Block diagram.
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Fig.3 Experimental results of stiffness evaluation.
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