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Mechanism analyses and control on parallel mechanisms
Kiyoshi Maeda

Abstract

Chapter 1  Introduction

Parallel mechanisms have excellent characteristics, such as high accuracy, high speed, high rigidity, and high
output power. The research target is to clarify methods for mechanism design and control by using proper
evaluation standards, considering the tasks which parallel mechanisms perform because of applying advantages
of parallel mechanisms.

The collision between an end-effector and its environment has become an important issue in the tasks which
robots contact on its environment such as assembling works. The mechanism analyses considering dynamic
characteristics are needed in the tasks which robots contact on its environment. In this study, the properties of
equivalent mass, equivalent viscosity and equivalent stiffness are analyzed by using Generalized Inertia
Ellipsoids (GIE), Generalized Damping Ellipsoids (GDE) and Generalized Stiffness Ellipsoids (GSE) at a
contact point, because of designing mechanisms considering dynamic characteristics of parallel mechanisms.
Consequently, the dynamic characteristics on parallel mechanisms of the moment when the external impact force
acts on a contact point are revealed.

Parallel mechanisms are suitable for the accurate position control because of high rigidity. But the nonlinear
dynamical characteristics on parallel mechanisms need to be compensated for controlling the position precisely.
It took much time to compute the inverse dynamics of parallel mechanisms because they include closed-loop
mechanisms. It was difficult to control them using dynamic control by computers in those days. In this study,
Parallel mechanisms are controlled by using Time Delay Control (TDC) which robust control is. The nonlinear
dynamic characteristics on parallel mechanisms are compensated as the disturbance.

Parallel mechanisms can move the end-effector in high speed because end-effector and links are possible to be
manufactured lightweight. Parallel mechanisms become more high speed by wire driven. In this study, parallel
mechanisms having 8 redundant driving wires are proposed. This parallel mechanism has complete redundancy
kinematically and dynamically by using 8 driving wires. Simultaneous control such as setting equivalent mass
and equivalent stiffness for external force is possible in addition to position control of traveling plate for
redundant actuation. In this study, the optimal configurations of a class of parallel mechanisms having 8
redundant driving wire are derived from the viewpoint which working space become larger. Even a small parallel
mechanisms having 8 redundant driving wire can achieve several works efficiently because of having large
working space.

The inverse dynamics of a Cable driven balloon robot are derived. Attitude stability is discussed
experimentally.

Chapter 2 An analysis of passive impedance of a Stewart platform

The collision between an end-effector and its environment has become an important issue in robot tasks. At
the moment when an end-effector contacts with stiff environment, external impact force acts on it. A
phenomenon that a robot is passively forced to change its configuration occurs by external impact force. Active
impedance control schemes for robots cannot control this momentary motion.

In this chapter 2, at first, the equation of motion of a contact point between the end-effector of a Stewart
platform and environment was expressed. Linear relationship which is satisfied between the external impact
force and the displacement of a contact point was derived. This equation shows that a contact point moves as if it
were a spring-damper-mass system at the moment when external impact force acts on the end-effector. An
ellipsoid which is given by inertia matrix is called Generalized Inertia Ellipsoid (GIE). The length of axes of GIE



means equivalent mass property of dynamic motion at the moment of the external impact force. The equivalent
mass property has maximum value in the direction of the short axis. Similar ellipsoids, which are called
Generalized Damping Ellipsoid (GDE) and Generalized Stiffness Ellipsoid (GSE), are considered by the
viscosity matrix and the stiffness matrix. These two ellipsoids express properties of equivalent viscosity and
equivalent stiffness. The changes of the ellipsoids were revealed by changing mechanism parameters. Simulation
results showed that GIEs become almost sphere, but GDEs and GSEs change its shapes by changing mechanism
parameters.

The each ellipsoid is expected to be a sphere, because prediction of motion of the contact point is easy. The
acceleration is in the same direction as the external impact force. However, if GIE is almost sphere although
GDE and GSE are ellipsoids, motion is not linear because the contact point moves in the direction of the external
impact force at the moment although it moves in a different direction according to the stiffness characteristic
after that. Relation of ellipsoids to Stewart platform configurations was revealed under the condition which each
ellipsoid became almost spheres. Consequently, it was proved that the GIEs always become spheres in entire
working space and GDEs and GSEs become spheres at the center of working space, but they become ellipsoids
at the skirts of working space. This result shows that a Stewart platform is advantageous to the tasks which an
end-effector contacts with environment. Applications considering the characteristics of each ellipsoid were
showed.

Chapter 3 Time delay control of a Stewart platform using pneumatic actuators

It took much time to compute the inverse dynamics of parallel manipulators because they include closed-loop
mechanisms. It was difficult to control them using computed torque methods by computers in those days. On the
other hand, robust control against parameter changes of controlled systems is another solution. Complicated
dynamics of parallel mechanisms can dealt with as disturbance. They are controlled by the robustness.

In this chapter 3, a Stewart platform which is driven by pneumatic actuators is controlled by using Time Delay
Control (TDC). TDC is based on an idea that influence of unknown parameters and disturbance are estimated
from known characteristics of systems. Considering time delay of estimated values, the disturbance and the
unknown parameters are compensated by direct cancellation. It is expected to obtain higher control performance
by applying TDC to parallel mechanisms.

The dynamic model of a Stewart platform was approximated on some assumptions. The model of pneumatic
system was approximated by using constant values of the standard position. A transfer function of each actuator
of a Stewart platform was expressed by a 3rd order system using the approximated dynamic model and the
linearized model of pneumatic system. A reference model which the controlled system should track was designed
according to the structure of the approximated plant model, and an error model was designed using an error
feedback gain. The error model converges to zero by selecting an error feedback gain appropriately. Time delay,
parameters of the reference model and the error model, estimation of input gain of the plant, which are
parameters in TDC design, were designed so as to satisfy conditions of trackability and stability of the reference
model.

Experimental results showed that TDC estimated and compensated changes of parameters by nonlinearity of
pneumatic actuators, changes of inertia and gravity by platform motion, and dynamic interference between
actuators as the disturbance. Good trajectory was achieved by TDC.

Chapter 4 Fundamental design of wire configurations of wire driven parallel manipulator with redundancy
There are needs of ultra high speed transfer of lightweight objects such as food. Present industrial robots
cannot provide any effective solution to this problem. The largest cause is the serial-link mechanism, which most
present robots have. Their cantilever structure having heavy actuators in moving part is not appropriate for
high-speed motion. Parallel mechanisms are appropriate for motion and works in high speed by nature.
In order to increase the speed of parallel manipulators more, mass of moving parts such as links should be
minimized. Therefore, a mechanism where a traveling plate is suspended by wire from many directions is



appropriate for high-speed motion. Parallel mechanisms have serious defects that the working space is small and
that singular points are sometimes located at center of the working space. Wire driven parallel robots have the
same problem. Moreover, because wires cannot push the plate but only pull it, the problem becomes more
serious. Redundant actuations are effective in order to solve these problems. The robot mechanisms have not
only the minimum sufficient number of wires but also surplus ones. When it becomes a singular point if there are
only the minimum numbers of wires, the redundant actuation avoids the singularity because the surplus wires
effectively apply forces on the traveling plate. Moreover, redundant actuation is effective for enhancing working
space including rotation.

In this chapter 4, the optimal wire configurations were derived within a class of mechanisms redundantly
driven by 8 wires from the viewpoint of working space. The working space was determined by conditions that
the traveling plate must be able to generate arbitrary acceleration and that the wire must not contact. Heuristics
on wire configuration were obtained through optimizing and analyzing isotropic configuration of actuator units.
Classification and comparison of all the symmetric configurations derived the 2 optimal configurations:
Rod-type and T-type. Simulation result proved that Rod type was suitable for larger translational working space
and T-type was suitable for wider rotation working space.

Chapter 5 Design of a redundant wire driven parallel robot WARP manipulator

A redundant wire-driven parallel robot WARP (Wirepuller-Arm-driven Redundant Parallel) manipulator is a
new robot mechanism which is suitable especially for ultra high speed transfer of lightweight objects such as
food. An ultra high speed robot FALCON using wire drive system has several problems, such as position error
and friction caused by the pulley mechanism, and disarray of wires. A WARP manipulator solved these problems.
A WARP manipulator is redundantly driven by 8 wires connected with the tips of motor-driven arms without
pulley and was designed to have an optimum wire configuration T-type. A WARP manipulator is able to move
with 6 degrees of freedom by controlling the rotation angles of arms.

In this chapter 5, a WARP manipulator was designed from the view point of working space by considering
conditions that the traveling plate can generate arbitrary acceleration, the wires do not contact, rotation angles of
arms are within the limit and wire tension does not exceed the limit. Fundamental wire configuration and the
shapes of traveling plate of WARP manipulator use T-type. Although the arm length of prototype is 5cm, WARP
manipulator has the large working space. This demonstrates the merit of T-type.

In order to compensate the machining and assembling errors of the prototype, kinematic parameters were
experimentally calibrated for position control.

Chapter 6  Attitude stability of a cable driven balloon robot

At the time of a large-scale urban earthquake disaster, human search activities and information collection are
the most important processes of rescue operations. Robots for search and rescue (e.g., aero-robots, crawler type
robots) have been studied extensively recently.

A cable driven balloon robot for information acquisition from the sky during disaster rescue and recovery
operations has been developed. The balloon uses a natural shape balloon. Several sensors for information
collection are put on the Sensor Unit (SU). The SU is hung from balloon. Three cables from Actuator Unit (AU)
which are installed on the ground are connected the SU, and the SU position is controlled by expanding and
contracting the three cables length respectively. The SU can move over the afflicted area. The robot is operated
remotely from the Operation Unit (OU) on the distant place from the afflicted area. A camera and several sensors
or a wireless relay are loaded onto the SU. The attitude stability of the SU is required to eliminate camera
shaking resulting from wind. Such attitude stability is necessary for high-precision information collection.

In this chapter 6, the attitude stability of an SU was verified experimentally by using two cable arrangements
(three cables and one cable) between the balloon and the SU in the open air. Consequently, the attitude stability
of one cable case was good performance.



Chapter 7 Conclusion

The methods for mechanism design and control on parallel mechanisms was clarified by using proper

evaluation standards, considering the tasks which parallel mechanisms perform because of applying advantages
of parallel mechanisms.

1.

The properties of equivalent mass, equivalent viscosity and equivalent stiffness were analyzed by using
GIE, GDE and GSE at a contact point in the tasks which parallel mechanisms contact on its environment.
Consequently, the dynamic characteristics on parallel mechanisms of the moment when the external impact
force acts on a contact point were revealed.

TDC estimated and compensated changes of parameters by nonlinearity of pneumatic actuators, changes of
inertia and gravity by platform motion, and dynamic interference between actuators as the disturbance.
Good trajectory was achieved by TDC.

The optimal wire configurations: Rod-type and T-type were derived within a class of parallel mechanisms
redundantly driven by 8 wires from the viewpoint of working space. A WARP manipulator was designed to
have an optimum wire configuration T-type which working space become larger. In order to compensate the
machining and assembling errors of the prototype, kinematic parameters were experimentally calibrated for
position control.

The attitude stability of an SU was verified experimentally by using two cable arrangements (three cables
and one cable) between the balloon and the SU in the open air. Consequently, the attitude stability of one
cable case was good performance.
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Fig. 2.1: Stewart platform
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2l | Platform

Fig. 2.2: Kinematic analysis model for stewart platform
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R B, (i =1,...,6) Z NEFIR MR TRld U 72 LB~ 7 bVIdp,,; & BRI EAHE
B, NHSFBEHERR TRU 72 IR OEO DA E N MVILp,,. LIPS
RUP, & TEPRIERER TR UIALE RS MV E bp,, . & 51T EIFTREER D LH %
N HBEER TR U2 LBTHEZ 'R, L T2 & EIHBOMNEZS ® = [1,y,2,0,0,1]
MEZSNEZHDO) VI DES L (i=1,...,6) 1%, ROBEIZKD 2 HBHK S,
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0 Sy CyCy
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rHL Y, LHHABROfAEESRZ ML bw, I
‘w, = RO (2.13)

5,

K22 E2BEHSEDB L,

bza,ili = bppyb + bRpppap,p,i - bpa,b,i (214)

L%, Wil R THD T 5 &,

jt(bza’iyﬁbza,z‘jt(li) = jt(”pp,b)+jt(bRp)”pap,p,frbRpCZ(ppap,p,z-) —i("pa,b,i) (2.15)

PPappi = "Paps =0 TH DD T,
Paili + P20l = "By + 'wp X "RYPD,, (2.16)
XS bz, L ONFARD S &, AR MVOWE LD vz, 0%, =0 BDT,
[, = bzaﬁibv,, + 0204 (bwp X bpapm) (2.17)
= bz, lv, + (bpap’m X bzm) bw, (2.18)
X (2.17) X7 bV EfTHDORERNIZEEZHSTDD L,

I =J;'d (2.19)

(bza,l)T (bpap,p,l X bza,1>TR
J=1 5 (2.20)

a

(bzaﬁ)T (bpap,p,ﬁ X bza,G)TR

ZIZTJ NE. EEHBOEE® LT/ FaT—ROHE [ L OBFRERT Y AT
HB, =L, FH RIZ. EHABOAEERY ML bw, & EEFE O ZE ORI
O LDoMFEELRL, (212) RATERINS,

X 5 EE MO E R OHEER T ML Ay REREROMEE R OFEER Y MLy
DEFRIE. N R EBHBICEES N T WS 2D,

o = Y, (2.21)
vy, = v, + Pw, x (bRppphvp) (2.22)
INe~R7 PV ETHIDRRIZEEH SD B L,
bvh _ I _[bphpx] bvp (2 23)
bwy, 0 I bw,
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Y avEsl g, ik,

M:%Iﬁ%ﬁq

2.24
0 ; (2.24)
2720, Gl (e x| ld FERED=ZRIERT ML a = [ag, ay, a.] (T U T,
0 —a, ay
lax] =|a 0 -a (2.25)
—Qy Ay 0

B FERT B (5,

2.4 Stewart 77 v N7 A —LDEEHAERADEH 314

2.4.1 Stewart oY N7+ —LDREFETIL

Platform
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Lower |actuator
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Fig. 2.3: Dynamic analysis model for Stewart platform

Fig. 2.3 IZ Stewart 77 v b 7 4 — LADQEJF DN ET IV ZRT, Stewart 77 v b
Tx—Lb%, NUR, EHMAK, NEARS L6 RKROEHRT 7 F 2 —XIZH5HELT
fRfr g %, 5T, BER 7 7 FaT—RIET 7 F 2T —XOMHEIZ L > TEHIK Loy
R ETFMHERE R EDL D ICEERZIT T2 FRay FIZaT5 28RN TE5, £/, NUF
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T BRI EE X T WS, Fig. 2.1 @ Stewart 77 v b 7 & — A& b - FEBFIAET S
WHEE3HHEOR =LY as Yy bE2HWTWEZd, T27Fa2a1—RDOETH D DH
MRZEHIRT 2 Z BN TERWVA, Fig 2.3 TRULZMBITET NV TIET 7 F 2= — X DKl
FHOOOMEEEIZELRVWEDLET B,

Fig. 2.3 HOEREERICE L THHT 2, BER X, (FHEELUICTEE S 307z H0E R
R, FEIER By 1 R O EOMC EE X vz REBFAR A R, FEAER 8, 1k BB D
HOMZ[EE S 7z B R, HEEER B, 1EN Y R OEMMIERE S vz KRR
B PEER Y, 1k i BHOT 7 F 2T — RO NI AU [ E X 7z 0P A s
RRERU, 2HlE. TO/F a2 ORMAME T D, HBER D, 1E i FHOL
ey N OEOMIERE S vz EET Y REEESR, BEIER Sa, 13 i FHO TEBT Y NOH
DMZEE I N FEa Yy NEERZ2R L, EBay REER S, BEOTFHT Y R R
R Yo DA FEREEE T S M SR B, D& e —3d 5.,

2.4.2 Z£Stewart 7oY N7+ —LEBRERDMAE. FESLUVAREE

Fig. 2.4: The Coordinate systems and the vectors for analyzing the several parts which

constitute the stewart platform

Fig. 2.4 1245 Stewart 77 v b 7 & — AR R DORNTIZ BB R EERE K OR T b
ZRd, ZIT, 5, DN, T BLiER °p,, THRU. By D X, 12T B AEE% ‘w, T
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Y, IHITYS, DY, ITNT BL874% °R, THRT, TORRIZNT MILDEEAMNEDT
W7 7Ry M, BHEELLEERZRL, AMIEOT V7 7Ry MME, RINTW5
JERER & HHE L R B ERER, R i FEHDT 7 F a2z —R%2RTED LT 5,

F7-, A ED ki, & Stewart 77y b7 A —LHEREETH S FEHMHE L=0. L
W E=p. N Nk=h, 72F2T—XOEHTY Nk =gau. FEE Y Nk = gal
X

ZT I CHRMERERER Y, 1B U TR U724 Stewart 77 v b 7 o — AFERRERE O E X,

Do = ‘Do + "R"Dyy (2.26)
L5,
7o, BEEREIER Y, IZBLUTELUZE Stewart 77w b 7 4 — LKA 2 O Wfi ff 13H
FE I,
‘v, = “vp + "Ry i + "wy X ("R ) (2.27)
L5,
T/, HHERAER B, 1T L TR UL Stewart 77 b7 o — LRERR TSR O fH T 1X,

Owk = "wb + oRbbwk (228)

AN

24.3 S5V aKICLBZEFAHREADEY
B CRD 7z Stewart 77 v b 7 4+ — LAWK EREOMNE, L2, EEB L OAEE %
WTT7 7T Taikiz LD Stewart 77y b7+ —L0OEH HERE2E TS,
S5V alilE L. —BALEES g=[q q2 ... . |7 FAUTHHIET B — it/
MV2%& f=[fifo... fo]Fe&TBe, 7770 Yaikc&kd—BibERHRERE
d (OL oL
f= dt(@q) _ 3 (2.29)

Iz 52503 [5][6]

SOVl L E MEOES T ALY —% K, fiETxLV¥—% P &d5L,
L=K—-PTXINd, ULIzho>T, HEARRERNIRXRATERETE 3,

r-5()-(2)- (3

X5z, EHZAILFX — K IZAKOELOWHEEIC L5 =2 V¥ — K, KDz
HEENZ L2 R LF— K, ONTH 506, EFHAERIRO IS 2H5,

d (0K, d (0K, 0K, 0K, OP
1=l ) il 5e) (%) (5)+ () 230
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Stewart 77 v b 7 4 — A% Fig. 2.3 TREIND L5112, EEAK, FHMAK, N> R,
E#ay RBLOFEHE Yy NFIZL DRI TWD, Stewart 77 N7 4 — AR ESE
k DWEEENZ LD T ANT—% K,po FHGEEICEIDTANVTF—% K, MEIZRIL
¥—% P, e UT, — M bR E U T FEBMAREERELR 5, B L TR U 72 BRI DAL E
LEERTRT MLV & = 1,y,2,0,0,0]T. TNZHILT ML/ MLvoxd F &5
&, Stewart 77 v b7+ —LOEFH HFENIT

- pa) TR T TR e

0d -

LB,

Stewart 77 v b7 A —LKEER E OBEREZ my. EEEER Y, IZBELUTELAZ
Stewart 77 v N7+ —LWERERZ kK OEERT MLV & v, £ T 5L, Stewart 7T v b
7 x —LWRER E OWEEHIC LD TRV F— K, &

1
Kv,k = §mk(°vk)T°'vk (233)

TRIND, HEREER D, (2L THRKUK Stewart 77 v b7 4 — LREKEE kL OEM
T YUY IIE T, FEEEREER Y IZBA L TR U Stewart 77y b7+ —LMEEEE E D
AEBERT MLE w, 3 5&, Stewart 77 v b7 4 — AREREE L DR ESBIZ X
BIANF— K, 1

1
Kw,k = §(Owk)T°Ik"wk (234)

Elnb, HHEREER S, ICBEUTRUAZEIDO LMY MLz °og | FERMERERER 3, 12
UCTHRUZEEEER X, DFENDS Stewart 77 b 7+ — LHKESE kF OELETOD
fLENY MLE °p,, £ 5 &, Stewart 77 v b7 4 — LAMEKESR E OET V¥ —
P, 1%

Py = —my,(°9)" P (2.35)

5,
R (2.33). (2.34), (2.35) &R (2.32) ITRA LT, BHY 3 & Stewart 7T v b 7 4 — 24
D EH) RN

8bvk Td b
r - S (GgE) Gte
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+ Cwy X {Owb X (ORbbpk,b)H

+Z {Ow X °R, <8bvk>}T"v
my b b ; k
k 8<I>T

Owi\ " d
;) (ORb)T {Owb X OIk: + ORb%(bIk) (ORb)T + (Owb % OIk)T} Owkz

T T
abpk b
+ mp () (OR(,)TD’Uk + my ["wb X {OR(, ( - >}1 O'l)k
2"\ et % 927

abpk;b ! op \To
2 mi| i | CR)'’g (2.36)
k

ta%o
2T EHMBONMERSE &, FEMBOMNERSEZ U L LT, X (2.36) 28HT
&,

F=M(®)®+ M,(®,9)¥ + H(® & ¥, T+ G, 0) (2.37)

CRTHENTES, 2E L, FR7Z7Fax—X 5 BHBICMAShEH, 2L T,
A0 1H M (®)® 13 BB OESNC & > THE U BEM . 05 2 My (&, )W 1%
TEHAEOEBIC & > TEL ZEMES, AUE3EH(@,®, ¥, ¥) 13m0, kvtay

Sy, AU AT G(®, W) IXE S % KT
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2.5 —RICIEMEEFE

ORy 87 —2D—f LEWET > VILG I, TRy N7 — L OMEE) % K9 — AR
)Eq:[q177Qn]Tth§«58

G=J"M(6)J (2.38)

ERTIELNVTED, ZZTMIZuRYy b7 —LDEMT VIV, JIE Stewart 77 v
N7 A —LDEE QL g 2RI EYaLTHTH S,
ZDO— B AbEM T > VIV GIRIEEMENFMTH 22 DT

S={u|u'Gu=1} (2.39)

HEMRAREZED L 5.

Z DFE PRI —ALIEMERS FIA GIE(Generalized Inertia Ellipsoid) & FEIXITW 3 [7],
Z D GIE D EHD /3475 G DEAE R MV TEHEZ 60, EOEIIENIGT 5 EE
EDEHBIZKHHIT 5, ThbE, GIE OZRBALIRIIITIIOEEGRZ b & EAHE
WCEDEELED, THICGIEDRESIFEREDMEZRL, FEGAIZHFMESITREKR, &
CRE A I EME R ISR/ 22 0 GIE 2SRE OS5 1%, FliE &I A& 53 —&
ER5,

2.6 TEWAVE—F U AEER
HIEICEM U7 ARRAE 0. AEY e Eild 256 % Z 8 L 72 Stewart 77 v b
7 4 — L OEE) HRER L,

F=M(®®+ My(®,0)¥+H® OV ) +G )+ F, (2.40)

YERTHNTE S [3|[4], 772U, F, (SSRGS EBIC RS 5 R,
7O FaxT—ROEE HFEAIX,

Tm = Dl + Kl + 1, (2.41)

ERTFEIHKRSE, 72720, 1,1& TI2FaT—XRTHRET S, D, KX, Thzh
LRIET 7 F 2 T— X ORMEEBATH L MIVEATH]. 7,137 27 F 2 = — A BRI
2B, L F, k37 20F a2 —R0EAEZERT, 7B, 241) REEND X
TO7 27 FaT—2OEMIEIE, (240) ROALE 1 EHM(®)® IZEEN5,

¥/, LHABOEE S LT 2 Far—20ME [ ZEFEOT S YT I kR
(2.20) TEI N, (2.42). (2.43) XD D LD,

[=J;'d (2.42)
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F=J"1, (2.43)

SOIHEYEEMUZTY T 7 27 XOEMIIMATH S 2 ThIE
6l=J,'5® (2.44)

AN A/RVASN

ZTLUTHEY e BT 2D1%, =20 R 7 o7 X2 D T, EEHBEER»S T
RIL7 7 X OEMAICEE L7 BERICE#T 5,

PGS ORNEZSA R RTER 2 U, 2 e 2RO 2 YaLitsiz J, 958,

d=J,i (2.45)

F,=J.F, (2.46)
MR OSID, 727U, Y aCTsl g, &, (2.24) K CRTENHKS,
EHICHEMEBEMULBTY RTT7 227 ROEMIIMATH % & T,

§® = J 00 (2.47)

WD 2D, 727 Ly Foy &, BT S S EFI S NB T, F,, RIS
5 EEIICER S s k£ T
(2.40)~(247) R & 0., EflERER T U7 EB 7 R,

Fo,= — JLM(®)J,&—J T, "DJ e — JL I, "KJI, T
— JIM(®)J o — JLM(2,0)¥ — JTH($, @, 0, 0)
T T 7-T
—- JLG(®,¥)+JL T T, (2.48)

L5,
(248) RUTBWT IV AV, FOSEITHIEN CHRAE L, S5 & Sl L 72 & & FEM
BIED RV EARET B &, S L R D2 & DRI

Fop=-J M(®)J i —JLJ,"DI T — JLI,"KJI ' T e+ I T, 1, (2.49)

cp¥ a cp¥ a

DIFERARD NS 5, 2 ORITHEMAHANPER Lz &, Sl EE-RME- N2
RORRIZEfSANER) T2 Z L 2R LTV,

ZDEMATH G, = TEM(®)J ) 12 & o TR S N B REHRI, —fRALEMEREFA (GIE)
TH Y (7). SIDPMER U ZBRE O BN 2 EME &R 2 RD U, FARRIZ, M7 G, =
JLJ. " DI T WIVEATHI G, = TLT,TKJ M, 1 & o TIAE S 115 — ALK MERS

& (GDE), —f&ALMIPERFI (GSE) . T2 0 EMkGME, Ml okt 2 &k U T
(A
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Fig. 2.5 1%, Fig. 2.11(d) D& D & EWZBEWT—EDAHIHMEM U 7= I D BEfil s D #ih
EERLUTWD, 28D OHEIE, SEMAEMFIFERTH 2720, S J1OERKRA I
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Fig. 2.5: The trajectries of contact point
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Gripped object

Platform

Fig. 2.6: Parameters of mechanism

2.7 SEINA Y E—4 T ZADERNT

271 TEINAVE—SFUREMBONRS X —4 & DREZ

Fig. 2.6 (TR T & 52 EEFHEERE r,. PR, BIOFHEHEBE»S NV R
IECTOEI h, BHTAINRYOEE m 22838, HERBIIB T 2EMEKOZELL
BRIz, BT A =R LEMKE OBfRZ Fig. 2.7~2.10 (2R3, BRAED L ED
BNTA—ZDEERL TS, ZTOFEER, ANDO XD LHBHS ML o7,

1. GIE X, I EIZMBIZR 5,
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DEMEEPETHELVHEEZRKL, &37 A=K 2720V T, XY D21k
RPEFELWHEZEIRT 5,

3. GIE &, h/ry DN WVIFE, 7z, /ry BPREWVIFENS LSR5,
Fig. 2.7(a). (b) & 0. GIEE. h/ry AVNIWIEE F7zr,/ry PREWVIFE/NE S
ROHENDNSL, GIEDNE 7225 & Bl R0 Xl Y @l Z fho &5
BN, KELBRH2HEZ2E®RT S, NPHBEZEr 2 €295 & Stewart 77 v b
7 x—A0lE, FEHHBPONY FEME TORS h WEWIZE, SO SME &I
RKELRD, EEHBOYREr, PREWVIFE, BHOEFMEENIKE R 5,

4. mPRKEWVWIEE, D2DOADPNIWVWIEE GIE Z/NE LK 5,
GIEDWNE 72253 & Xl Yl Z#o&EMERIIRE <45, Fig 2.8(a). (b)
KO HFRFT 2R OEREVPRE VT E, SHOFMEEIPKELRDDT, GIE
EINEILK 5, £FT-hDINZIWVIFE GIED/NE KRB,
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IRolX, L BRI, NREAEL B A EANDPER LU AREDRE—TH 5720
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Z D1 GSE ORHEIZRE > TIERIICH) S P RIZET 5, L7dt> T, BEHEED?ME
EFIRNTIZIEMNBIZ R 2 L S5 EH, Rl Th 5, Fig. 2.7, 2.9, 2.101TB VT,
VESEIS 2 Z BT 5 2 A S RERETH 5,

2.7.2 ZEWMAVE—SYUREIVRITJIVYIDMBRE L DREZ

GIE., GDE., GSE B2 TIEIFERE BB NI A - R DI LTy N 727 X %
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(b) a view from the direction of Y axis

Fig. 2.7: The changes of GIE for h/r, and r,/r

38



m[kg]

m[kg]

1.8

NOPPPDDD
121

10| D DDDDDD

0.8

Moo PDD
O%.04'0.'05 0.06 0.07 0.08 0.09 0.10 0.1 0.12

h[m]
(a) a view from the direction of Z axis

1.8

NP DPDDPDD
127

10 D DD DDDD

0.8

10D
0'(2).04 0.05 0.06 0.07 0.08 0.09 0.10 0.1 0.12

h[m]

(b) a view from the direction of Y axis

Fig. 2.8: The changes of GIE for h and m
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Fig. 2.9: The changes of GDE for h/r, and r,/m,
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Fig. 2.11: The tip of end-effector is translated while being kept horizontally.
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Fig. 2.12: The tip of end-effector is translated while having an inclination of 20 degrees

around Y axis.
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INE T 2ITIREE A OEFMEREZ/NE < FTNIX KW [8], Table 2.1 1Z Fig. 2.11(b) @
A, B, CRIZBIT B Stewart 77 v b7 r—L2FHEMIE LTEE LY== 2L —
K & Fig. 213D A, B, CRIZBIFB I D Stewart 7T Y N7+ —LZ2EEL TRV
Z¥alb—RDOEMEREDHEEZRT,

ZDORPSHSRHRE DI, YU TN) VIR =2l —XDREEIZ Stewart 77 v
N7 A—LERET DL, &%ﬁk T EMERERINNE D, Bl 7B O )
NS5, ZOADMERFEOMBEZERIZL > TEIELAW,

Table 2.1: The equivalent mass

Point | Stewart platform | Serial link manipulator
3.018 6.485x10
A 3.080 3.288x10
3.026 3.693x10
B 3.080 4.363x10
3.025 4.623x10
¢ 3.080 3.585x10

2.8.2 HAIEZE

Fig. 2.14 12739 & 5 2@l AEZIZB T, Bl M5 M EROBEETE 2 & X 5
B, HEMBEOENIHETELZEDRBETH D, 2L 21X, #Hilo GIE 231FIFEKk
TH5MGDE, GSE XEMEKRTH 28546, NIOIEHRT 2L D0 HVOALED A
MEILD 7D, ERAIZDD HVDOAEZHEETER, UL USHEMRZIZIZERIZY
% & AT DAEFHAR S50 & Bl O BRI A U S5 R 72 O TEBENIZD D B\ ONLE % H#fEE
TE., PulEtEHZ TV TV, ZHFEFFAERXO 705 I v 722U, Stewart
TIv M7 —LEFEHLEUTHATLIANMEZRLTVWS, £L T, SEMAKZIZIZER
WERDIZIET Y R 7 = 7 RPFIERETHIZ 722 KD ICHI L T & <, FHEETIX
AP
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Fig. 2.13: GIEs of serial link manipulator

—J5. SNHDIERT 2 1 E D0 H DAL ED SFHHSEZR B\ S MEE % RERRAIZ R L
THGEGTE 2175 & K D AIRD L WHNAERENMF T E 25605 5, 72L& I Fig. 2.15
RIS AR DSBS BT 24 OIS 5 i & £z d % GDE, GSE ORARM) 72
amrd, (a) DBBETIIANTIDOERT S AT ZEIAAT, 2 58RO D D
HWDAEF A FANZ85 XS ITHEARDOIE 2RO TR S &, BiBFHAI NPTV, (b)
DEMETENIIDOIERT 2 AL ZHl AT, #EHlEDD 0 d\VWOAEIXB ARIIZR S
IO ITEMRDIEE DT 3, (c) DEETIINSIOIERT 2 Ak X il G, il
RDDDHVDALEIXC AR E XD IHEMIEROEZ RO TR S, ZORRICEMIL 7=
BODODHVOMENPTHSFHFAI NPT WVIEICEET S L ITEMIROEEEXDE
BFIZBVWTIRDOD TR D I LITE - T, KORERD LWEENFTE 5, SEMNAERDK
TFEONMELZBTHDS, HIDIERT B AN 2B k> THEETE
LeEZONS,

ZD&ESIZ, Stewart 7T N7+ —LHREIX, TOMEZBZHIHETLZ LIZL 5T
HEEMROEEZAHIZEZD Z N TES, ZOMWEIZRCCHERED X 512, BEENRE
INTUEIHEMIZHART, NAMEZZA-BEENIZR 5,
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Fig. 2.14: A optimal path of peg insertion process which GIE, GDE, GSE are spheres
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Fig. 2.15: A optimal path of peg insertion process which GIE is a sphere, GDE, GSE are

ellipses
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EYER PR (GIE), —fALKMERS IR (GDE), — & LBIMER 1A (GSE) TH 50
U, HffiEE, Sk, SSmurEofttz 22 ok z2 Wtk U7,

5. GIE., GDE., GSE OFift:% . Stewart 77 v b 7+ —L D85 A —& (RERFAZE
&, REPERERE, MBSV NEMETOES., T INEYOER)
EEAIETCYIab—Ya vz, ZOME, CGIE X, &37 A—=XZ(izH L

FIFMIC R B HER LT,

6. GDE., GSE &, F#iH#» oY RERE TORmIVEmL R 51F L, Fkit, &
R AS Z Bl 51 R E <720 A EEMEIT/ER U 72 R, BRSO EZ, Z
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3% Time Delay ControllZ & %
Stewart 725 Y N 7 # —LDARE
thl 1]

AVilky
JdiT

3.1 HE

NIV =alb—&E HEPE S EERMES DX EEHFEICENTHE EE X
S5NTW5S, UL, ZORMZ AT 72D 13D HZ MR 2 40 12 HlifE L <
XEBEDNDH B,

LIZAM, NT UGBV —-TE2 R L TWE ), BIh¥EOFEIZIERIZL <
DEFBENPBEL 25, Uecker[l] 51XV v 7 iE%2 £ D7 — L 0¥ E 1 #R#EZ 3 HEH
RSV alb—RIZ#Ea U7z, UL, ZOFEINFORKBEEZITS 7201
3-Dimensional Processor & FEIE#V 5 3 RIT T M IVIHE 2 S RAIZIT S GHHEEE2 K E L
U7z, SEHHETTOW#EETHZ2 16, FLTP6HHED T LIVA D= X LDE Y
DHERNEBZDFHEZ, YRFOFHBEETY TV Z A LT 2 RIFE AT AHET
Hotz, ZTD7=®H, Computed Torque Method FZEHA T 5 Z L IFBFEK TIERNo7:
2].

ZHUTH U THIER SR DT A =R Z 2 L TaNA R 2 HlHRE WS HERH
5, NI VNANZ X LDEMRETIFDREL ) I F IV AT LW T 55805 50
INTA=RZDOELE LTHENDD, ThoFHEROTNZA MEZE>THIZ 505,
0N N7 R Z2#EFT 2 FEREE UTE, ATA T 1 7€ — Rl [3], H® Gl 4],
MELA 7 —o3 5], Time Delay Control (TDC)[6][7][8][9] & £WE R 61 5,

TDCIERFNINT A — X DFEEED R % FEN G O BEXTE 73 20 & REUKNIZEHR T 5, £ L
T. TOESZIFFENVLIEL T, REMOEREE AL 2 EEITBHET Z L IT K D FifET
L WVWHHEARNREZF[IZE LDV TWS, TDC %Z/NF LIV A F =X L OFIENZ#H 3
52L&, E0RWHEMERENPEO NS Z LRI S,

MELA T =N FAREREZFIZE 2DV TWEH, TDC 1% K DGEEEN DL
KB, ZNETI7Faz—XR6RKDNTUVILAAZAXLIZE > TIEMTH 5,

BEHEOIIBRIET 7 FaT—RT LB XA VT NREID Stewart 77w b 74— [10][11]
[12][13] (K 2.1) ZFHFE L TE 7z, LA LRA S, PID 72 EDOHIHAITlE LTk R 7-HH
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2 & OMNIEREE DRI 27272 ORIEINERE 21525 Z L AR o 72, RESCTIE
TDC % Z ® Stewart 77 v N 7 4 — L DHIHIZEH T 5,

ML E 17z Stewart 779 N 74 —LDETIVIZRE > THEIE T L2 HE L, TDC
DFRENTA =R THHREENS K CHBEN RO AT 1~ OHEEM 2 BRI, 28
P72 & S IC%EH U7z, MEFIEEEBROFER, TDC X, EXERENE D IR
& B8F A —=&Z4L, Platform 25EE T 5 Z 212 X A EMHE, EHEHOZ, £727Fa
I—REDFHEMET 5 e TE. RIFRTHIHEEIREZSE2 Z 0T &7 [14][15],

3.2 Time Delay Control FEIR (6](7]8]9]
R E UT, RAUZ K> TREHEINGIEMES AT LE2EZEZ S,
z = f(x,t) + h(x,t) + B(x, t)u(t) + d(t) (3.1)

ZIZT, I FREXT MV (nx 1), f(z,t) & h(zx,t) FIERIERBRE D BERIER 73 & K
KD 2 KT NZ MV (nx 1), B(x,t) IEAHNEDITH] (n x ¢, rank = q). w(t) Z AL
RZ MV (gx 1), d(t) 1FINELRZ bV (n x 1) 2FKT, £z, ETORELEH. RUZh
S5DMAEIRATFARTH Y, 512, ANEDTS B ZHMTH S5 LRET 5,

RN R ANEHRET B HHE TN &2 RRDORRIZRILT 5,

T, = AT + B (3.2)

Tel2 Uy @ W IREER T DV, » BB RT DIV, A,y & By, (ZEBBRED 575475 T
HY, HBRIZEDWTEEHEPEYNTRIRT 5,

MEE TV DIREN Y M, EHIEHRORERZ bl x DEE, FHERT Plek
EET D, TRIEEDL,

e=T,— (3.3)

TDC ® HiglE, RHIOEEFE RO RFOMNELZ G T 2 HIHXSIZ/F L T, EXDiRAE
R Ml e Z@ERPZ0IIZNKHIEELZLTHD, THIEH,

e=(An+ K)e (3.4)

ZIT, KIZ#RET 1 — NNy 770 TH 5, irAEOHREICED EEE A EY)ITE
R 5,
(3.1)~(3.3) REMAELIFHIZL D, XA BFOND,

e=A,-et+(—-f—-h—-d+ A,z + B,,r — Bu) (3.5)
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HL. (35)RTBIFDANNT bl w2 RAZ 2§ HAHEDS L5 ICRET 2 H» T
ki,

—f—-h—-d+ A,,x + B,,r — Bu= Ke (3.6)

(3.6) X% (3.5) MZRATEHEIZLD, (34) ATERLZitAZ AR Z2HEET 2HIH
k5,

DEZ (3.6) K& W TASINY Ml u 2RO BHIT DD, —MUTIZASIZE DML ¢
RRBEEOME 0 &0 D72, (3.6) Nz FICHTEHK S IR 5\, £ Z T,
R Z FHHWT AN Bl uZ\Wo Tz APRE L, £ DR TE DELFEDI R D A & 70
B4R BHE T 5, ROELMEIEA NS5 B D175 BY = (B"B) B
ZHWT, ROBRIZRD BFEIHEKS,

u=BY(~f—-h—-d+ A,z + B,,r — Ke) (3.7)

DX I DIELRDS, MR Y 7B AR KD B, (3.7) K% (3.1) RIAAL T,
T2 L RANKE B,

ée=(A,+K)e+(I—-BB")(~f-h—-d+ A,z + B,,r — Ke) (3.8)
(3.4) K& (3.8) X2 HEKT 2HIZL D, ROFMERDPKRE D,
(I-BB")(—f—-h—-d+ Apz+ B,r — Ke) =0 (3.9)

(I -BBYDIY71% n—qThdBIeh5, (3.9) NXEEMIZIEn — ¢ MO
FEEEATVWEEEZONS, THRIED, (3.9) ADEKT 2L A1k, ¢ MDANELK
EZEN L D q HOREELL 2 HNIZITHIFETET, FZO D n— g DIREEEHIZB L
Tld. &KX (3.9) 0b & THEMIZITEDRMEZEHTE 2 X512, H#EITET IV &%
74— RNy 275 % REEDTFOHEINRATE S BENDH S, (3.9) XAIT D C il
HlDKERMEARTH 5,

(3.7) ROFIANZ X, NRORAMOFE L EAELd REENT VWS, KiZIhs
EMEEST DHEND D, RAORHME L &AL d DFIE, (3.1) R& D ARBIIZRkD 2 A
Hks, 7235,

h(t) + d(t) = 2(t) — £(t) — B(t)u(t) (3.10)

X512, ERELDDORMERDOMED, BAEDKZ] t DWUN KRN L 2R CT-@ED
W%t — L & TIEEITEWE E RS, TRITE,

h(t) +d(t) = h(t — L) + d(t — L) (3.11)
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ZOK, (3.10) X& (3.11) Kz MAEL2HITL D, ROWERADVBF LN,
h(t)+d(t) =@t — L) — f(t — L) — B(t — L)u(t — L) (3.12)
ZoHEARZE (3.7) RITRATE2HIZEL D, TDC OHIHBIARDERIZIE SN 5.

u(t) = BT(){-f(t)—&(— L) f(t—L)—-B(t— L)u(t — L)
+ Anx(t) + Bnr(t) — Ke(t)} (3.13)

(3.13) ATR SN L HIHAI DO IHIIRDERZ R > T\ 5,
1. BERLHAT5] BT (t) &, ADED155] B DIEM 2T 59
2. —f(t) 1%, HIEX RO PR OBFEZTHNT,

3. —&(t — L) — f(t — L) — B(t — L)u(t — L) %, HlEANSKROKRMOERIEZITS
H,

4. Apz(t) + Bpr(t) 13, HIENRIZHEE T VOB 2 AT 2,
5. —Ke(t) &, iREOBERED T EDOENRIEIZ 25 K 5 ITHHEET S,

Z @ TDC il A 2 EER OGN RIZISH T 256, ADB2175] B 1%, £ O#EH
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1/2Bmaz TRITNIER SV (8], B Ol%E KE S FET 5 e 2EMMT, L LEk
MEIXEIT 5, FREFEN L%, BREEDOSMER (8] 2 LT idz 5, K
BN L Z/NSWEIZHRET 51T EEBRMERIZEL b0, EREEDOMHREIZXL VRET
LI Z RO BRI DB,

3.3 FEREEBODEK

AW TS 2 EZHEE DMK % Fig. 3.112°-F, A Stewart 77 v b 74— A1 6
ARDELET 7 F 2T —RIZED XA VT MZERBEI S5, Platform OALERE TS
JET7 7 FaT—ROREI2GMHT LI LICL0E5Z 22 Hks, fEEEMIX. FEEL A
WARFET Z AFNZHY £220mm. X, Y AFANIZHY £260mm O HEEEASATgETH b, FLUEN]
BIZBWT, ZHiEH 0 IZH +£500 X Y#E D D ITH +25 DRESEF A RETH 5.

BELRET 7Faz—x1k, oy MIZIZhZ2HELZFay B U XThh, &
DY RXADIENLIERIEDDD BT X DN A N U ALEPRE S, V) VXD A
Fa —21% £20mm. HHEEIX 0.785Mpa TH 5, BEAMMIIZITEED A v A 7 BB G
7 (I 3ms) 2 H U, S O R O mERIE PWMIZ X 0 flfEd 5, Sk
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) Y AADELGORAR, WHAIZENEN LEMBEH L, PWM [EEEA OB H
DIEDGEIXRAM, BOEBEIXHREMOARZERHTE, AN AERT 7 FaT—2%&
RO oNZRT vy a A —XZLkoTHIEI N, 128y bD A/D A% EL T
FHEICEDIAEND, MEODMHEIRXRT Y a A —XOWELD 0.lmm TH S, ¥
ANV OHEE, NEE, Vv =0 DBART T EBHNZA = XA T 4 VAT Fa T
FRIZ K DR Ty a X =2z d LITHEI NG, REREBEIZSIT S ELRNTA—
Z DA% Table 3.1 121”7,

AD Position Lmear'
—, potentiometer
AD Velocity l?1ffe_rent1at10n

circuit

: ¥
Acceleration Differentiation

[y S——

circuit

¥
AD Jerk D.lffevrentlatlon

circuit

E__ =)

Microcomputer

| Pneumatic Linear actuator

D/A W M .
Stewart platform
— <e—
Compressor —>—> >

On-off type solenoid valve

Fig. 3.1: Experimental setup

3.4 Stewart 7ov N7+ —LDRERFETIL

TDC 2 #&Et 3 5720121F, HEETIVDRRETH S, 2Tl FIFEXROFRIEELL
ETNEZEBIZLTENEED D HiEr LB 21T 5,

3.4.1 Stewart 7o v N7+ —LDELMAEETIL

52—t 17 0 Faz—ROWES f = [fi,fo,..., fs]T £ T B L. Stewart 77 v k
7 & — L OEH HRERIL,

f=M(z)x+H(z, )+ Cx+ Kx + sign(z)F. + G(x) (3.14)
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Table 3.1: Parameters of experimental setup

Parameter Notation Value

Area of cross section A; 8.04 x 10~*m?
of a cylinder

Mass of platform and hand m; 3.29 x 10~ kg
Coeflicient of viscosity C; 24.5N-s/m
Modulus of elasticity K; 8.33kN/m
Atmospheric pressure P, 0.098MPa
Supply pressure P, 0.785Mpa

Initial air volume Voi

in a cylinder and pipes

Maximum area of Simagz
cross section of a valve

Constant of valve K
Atmospheric temperature T,
Flow coefficient

Q@
Gas constant R
Acceleration of gravity g

K

Specific heat ratio

1.95 x 1075m?

1.02 x 10~ "m?

1.02 x 107%m?/volt
294 K

0.72

287] /kg K

9.8m /s?

1.4
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ERTZENHEKS [10], 72720, M(z)a 1 XEMEE, H(x,z) X3V 4 - @0 HE,
G(x) I3ENHZR L, C = diag|c,ca, ..., 6] K = diaglky, ko, ... ke) 17 27 F aL—
R DREVEEEBARE & MIVEARE 2 K T, sign(x) = diag[sign(iy), . . ., sign(ie)] (& & DFF 5
DAZERTEABTHY, F &7 —m v EELZERT,

RD &S 4FZ T TERZIELT 5,

1. Stewart 77 v v 7 & — LA OEEEE (ZEN2HIZT V) A - mIOHEIFNZ WV,
2. BT VF a2 — RN FHIFFEMLEL W,
3. Platform OALEZREZ & > T, EHIEB JOENEITZ/IL W,

ZIZ &Y Stewart 77y b7 A —LDEFHHFERNIIRANTEHLT B Z L2tk 5,

_fl_ _ml 0 0 ] _Zil_
f2 B 0 mo Zig
0
_f(j_ _0 0 mﬁ__iﬁ_
(er 0 ..o 0] [a ] [k o .o 0]]a]
0 Co j32 0 kg T2
+ +|
0 : 0
0 0 ¢ Tg 0 0 ke Tg
[ sign(iy) 0 0 J[E.] [m]
0 sign(z : F. m
+ _ gn(t2) “lal 7 g (315)
: T 0 : :
0 0 sign(is) | | Fes | | M6 |

72720, m i BEHDT 7 F 22— RIZEMHT % Platform DEREIZT 7 F a2 —XDE
BERLUAEDLEZED, g FENMEEZEXT, TRDOE6ARKDT 7 F 2T —XHMATIZ
FELTWE EEZ D,

3.4.2 ZER[EHRERDETIV

N

22 S BREN R DIERTIZBER L T ROBRIRRE % i <,
1. ZRIGEALRATH O, REBZEIIHRZ(TH 5,

2. V) VURBNOBEEIZF—ETHD., TOMHEIFFBRLEL W,
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3. By RO 2 ) v XENDEIZITIR L, TOENFEIZRGELEFL W,
4, YV VRERDI—a VEBIIY AN VEEIZE ST ETH S,

5. SO HOIRBRBII—ETDH 5,

6. EhEF OREEA O EAEIL. PMW [EEEAD ATMESEEIZ AT 5,

BHAZELTELAOERITEE Q(i=1~6), T2FaT—XDENE 1, 2 THLY
) Y RENOEHOREMZAL P, 1% (3.16) K TH 2 505,

P = gra(2:)Qi — 9o(Pr, ) (3.16)
272Uy gra(zi)s go(pi, ) 1. (3.17) R, (3.18) RTHRT Z L sk 3,
gTa(xi> = RRTa/(VbZ‘ + AZZL}) (317)

Go(Py, i) = kP A; | (Vi + Aixi) (3.18)

Qi = aSigf(Pui, Pri) (3.19)

&%, 727200 gp(Puy, Pri) WHEDE NS % Py (BN f% Py 2358,
gf(PHuPU,) = PHM/2/RTa90(PLz/PH2) (320)

K/ (K — D)/ 22" — /s
VE/(k=1)\z ;

(0.528 < z; < 1)

‘P(Zi): \/Tﬂ\/{Z/KJr 2/(k—1)

(0 < z < 0.528)
BIEAO B OWERE S IZHEA D w12k >T, XAD L SIZRTZ 223tk s,

(3.21)

. TUFaT—ROEES f I
fi=Ai(Pi = P,) (3.23)

5,
(3.17). (3.18). (3.19) RDIEMILI gro(zi)s 9u(Pi, i) B K gp( Py, Pri) DEA b v
MEIZKDENTA—RDEEE, BEAEDEG%Z 1 & LT, Fig. 3.21ZmR7,
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Fig. 3.2: Change rate of parameters owing to piston positions

Z 2T, BRI ROMVET NV EGD 72012, FRCE gra(z:). 90(Br, 7)) BET
G5 (P, Pri) %2 FEYENE TELCELLIT 5 & (3.16) & (3.19) A&k D,

Py = aSigra(2:)97(Pui, Pri) = Gu( Py, 1) (3.24)

LB, 12720 - D DOWIIHIFHEHERE CEBOEML S N i & /R,
o T, ELQUEBREROIIVILLLIE TV IE (3.22) X ~(3.24) K& D,

fi = A K w;Gra(2:) G5 (Prs, Pri)
- Aigo (P, i) (3.25)

¥ 7% (9],

3.4.3 HERRDODETIV

(3.15) R TRI N ELNFETIVE LU (3.25) RTHR I N2 ELULERE)R DI
ETNVIZELST, Stewart 77V b 74 —LD i FHDODT7 7 F 2T —XDETIVOEER
B

Golo) = o) = St ok E ] (320
& IRRITEPI NG,
FEROREHREATRINS
T 0 1 0 T; 0
z; | =10 0 1 z; |+ 0 [uy+ 1] O (3.27)
T 0 —api —ap; z; bpi d;

29



7-72 L.
Ap2; = Ci/mi

ap1; = {ki + Aigo(Py, z;)} /my

bpi = i KiGra(@:) g5 (Pri, Pri) /mi

(3.28)

ZIZT, d BEQEDIMIIEIZ L DT XA =RZ4b, &7 7 F a2 — REDF#H,
Platform 25EH) % Z &2 & HHEMEIH, EHAHD A &5 5 55 HlH R ORI Ok

M2 RIHHILHTH 5,

3.5 TDC D%3

3.5.1 ETI/IHREE TDC HIERIDELE

TDC ZHWT I NS DINELZFHET S K 5 2N MlER 2R 5, HIHESRA
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Fig. 3.4: The case which an initial position changes
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(b) Each of actuators is controlled independently

Fig. 3.6: The case which an interference between actuators varies
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Table 4.1: Optimization process of isotropic design by simulation

Orientation No. of combinations
1) Standard orientation 2,378
2) 30° round z axis 1,509
3) 30° round y axis 1,077
4)  —30° round z axis 826
5) —30° round y axis 724
6) 60° round z axis 358
7) —60° round z axis 226
8) 60° round y axis 120
9) —60° round y axis 92
10) 30° round x axis 42
11) —30° round x axis 36
12) 60° round x axis 22
13) —60° round x axis 20
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(a)14652873

Fig. 4.4: Isotropic wire configuration with large working space

Table 4.2: Number of grid points where arbitrary acceleration can be generated

©

(b)24687531

Orientation

14652873 24687531

Standard orientation
+30° round x
—30° round x
+30° round y
—30° round y
+30° round z
—30° round z
+60° round x
—60° round x
+60° round y
—60° round y
+60° round z

—60° round z

2,511
2,283
2,268
2,383
2,671
2,370
2,456
2,005
1,705
1,811
2,278
2,019
2,290

2,334
2,087
2,062
2,532
2,270
1,986
2,582
1,692
1,719
2,332
2,179
2,347
2,541
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Table 4.3: Combinations of actuator units

No. of groups

Nos. of units

Symmetric design

8
7
6

1-1-1-1-1-1-1-1
2-1-1-1-1-1-1

2-2-1-1-1-1
3-1-1-1-1-1
2-2-2-1-1
3-2-1-1-1
4-1-1-1-1

2-2-2-2
3-2-2-1
3-3-1-1
4-2-1-1
5-1-1-1
3-3-2
4-2-2
4-3-1
5-2-1
6-1-1

2

S O O N = O RN O NN O RO R

17
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(a) 3-3-1-1

(b) 2-2-2-2

(d) 4-2-2

Fig. 4.5: Symmetric design free of tangle

(a) The Rod Type

(b) The T type

Fig. 4.6: The best 2 designs
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¥

(a) The Isotropic Type (b) The Rod Type (c) The T type

Fig. 4.7: 3 designs for simulation
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- Working Space
//// Space where wires contact each other

Space over limitation of wiretension

Space where arbitrary acceleration can be generated
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Fig. 4.8: Standard orientation (
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Fig. 4.9: 15° round the y axis (cm)
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Isottopx-Type Rod-Type T-Type
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Fig. 4.10: 30° round the y axis (cm)

90



Isottopr-Type Rod-Type T-Type
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Fig. 4.11: 60° round the z axis (cm)
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Table 4.4: Number of grid points where arbitrary acceleration can be generated

Orientation [sotropic Rod-type T-type

Standard 3,919 3,757 2,725
+15° round x 3,356 3,724 2,657
+15° round y 3,592 3,724 2,567
+15° round z 3,149 3,669 2611
+30° round x 606 3,437 2,318
+30° round y 394 3,433 2,309
+30° round z 1,385 2,475 2,275
+60° round x 0 2,697 1,750
+60° round y 1 2,737 1,606
+60° round z 0 0 1,267
+75° round x 0 2,317 1,145
+75° round y 11 2,307 1,086
+75° round z 0 0 617
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=JL =
DEXE
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5.1 HE

AFTIE, BT Cifian U 72 Bol 0B 7 o YELE TdH 5 T-Type[l] 2 V., 8MEDE—
ZIZHD M o7 — LD5EmZ, EETVAVYEZERELTY —LZ25#T5Z 212K0,
MNIRY VT TV = DOfEZESZ 6 HHEICZLSEL I LN TELILRY 1 YERE)
oAy b, WARP ( Wirepuller-Arm-driven Redundant Parallel ) manipulator(Fig. 5.1)
IZDWTCEIAT 5, 8MEDE—XIZW DI 6Nz T — ADSNIZ, BEHEY A Y E2EEL
T—LzEET S eic&D, FEROT A VEEIO ARy M THREE 2o TW ek 7 L —
L EDT A VEEMDOMERZE, B, 5127 TOEZILNCIREIVHL IS &
FAD, BIEEEARRIZ, 7A VIRDICHIRZ S Z 20K, FIRY V7T L — FAYEED
ME 2 FERTE LM 71 YORE O DOFME. 71 YIRSDOHIR, 7 — O nf#)fipFH
EERL, EREEZY I 2L —varydal8ildh, Rt ZLETHLHELRT,

T oI, Tu bR TORWERE, AL THRAZAET 572012, 7u b XA TOiHE
HENTA—REFYy ) T =23 v B HE2RT,

Bt 1T WARP B 2 R —2 & U TREBURIE Y < 2 L — XM L 7= HpIH D % D T
v9 % [2][3][4][5][6],

5.2 TUR74VEEFOKRY N WARP OEEFFE & HE
5.2.1 HEESDEH

Fig. 5.2 DFkIZ WARP OEBIFE T IV E2KRET b, 7272 Uil 5L BN EHFIEEHE
IN~PEEREY . A FMZil%, 8sADY) Vo fizRbT, LEOEKIILLTO@ED TH
50

o TEVE A A

o IRV VT T — NOEMNMIFREL 72 BER

S FE—X =y MIEL 72 AR
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Arm
Traveling Plate Motor Unit

Fig. 5.1: WARP manipulator
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wi: TAYEIOKREZ, w: VA YRIHOKESI NSRBI ML

f: NIRRT TL—= NI hBH

n: NIRYV T T —=NMIhnEE—AV b
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T;: 74 Y EOERE A D RERE
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Fig. 5.2: Kinematics of WARP
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7272 U, M [ 3EEBATE] ™ Ry & T,
"h; =" Ry("e; — ;) (5.3)

WARP Tld, VA VORI EIZ—ETHD, LhoT, 71 VYDEX [, 1X (5.2)
R& D, LFDO LS ITRTZZ kS,

Lo = |l
— milmi2+milyi2+milZi2
= (I4c0S O, — ™hy,)”
+ (laSin @y, — ™hy,)* + (="hy,) (5.4)

EoT. 54)AR&D, FIRVUITTU— NOAEZRBN S, 7T — LOMEEHEZ KD
% WEE)F 1,

2 mip |12 — 2 mq
Om, = sin™! L™+ ™ b b — tan~* m_hxi (5.5)
2la\/m¢hxi2 +mihyi2 zhyi
714Y EOEED S OAE L,
OT; = a,%s; + (1 — o;)°h; (0<a;<1) (5.6)
TAY i T4Y 5 & ORI,
Lij = |"Ty| = min [°T; - °T| (5.7)
RDOWTNPDGEIZTA VYT ->TWBEEZ D,
1. 7 VE Lo REEA RO THRIVVIREE,
2. 1DIRREZ B BE T, 71 YHEML 72 £ FTHhdlin - T 3 IR7E,
ATl EEIRFZIZ T A VIO REBIZHEE N TWS LIRET 5,
1 DIREEIT

WEDHEEING, T VIIHIRE Z WA SHE|T 5720, c DRNE A D BED
H5,

FLOIRETH] [ty, o] I2BWT T A VIRJEIEMEAN 2 PV OHADKEEL 72 & & 2 DIRFEAVED
72eEZ5, Tihbb, Kt oXR7 MUAELS R TWE, EI 01272 - THf
U7z (1 DREE) &, X7 PVOAMBKIEEL TRIDVELS R TWERH 6, 1272k
HAD, TN,

O ilimty T °Tijli=t, < O (5.9)
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FUELIIZ2DREVRELCTWEEEZ NS,

FHP Y I 2 b =23 VIZBWT, 1 OERMZT TR HIE 21T D D b Z M 2N
ILEeHRVE, A VHEED 01232 HMERHETERVARENELRD D, LU 2 DM
NHd7=OIZ, Y T) 7 XA LDOMEX Y7 A ViEEEZz KELTH, 74 YDIEED
% LTI,

5.2.3 HWEANFELEEDODMEEEZRETZHERHE
NSRRI TL— b OEBFRER L,

Of
B
TRIHEINPHED,

¥z, B5212RTEDIC. UAVIENRY MLk

0
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+my g 5.10
(Owy x (0T%w;))7 ’ (5.10)

_I_

- moI 0
0o “J

Owb

TRITEIHEKS,
TAVYDT22 W ODEMEEFEHTET 7 F 2 —RDOREENDOHIRED, 71V
AR DI 13,

Wimin < Wi <wmax (P=1,---,8) (5.12)
A
FIRYVTTVU—=DMITAYDREZET) - E— AV MiE
Of 8 O,wi
Oy ] - ; 0p. x Ow; +mo’g (5.13)
(513) Ek;cj:\ w = [wl, cee ,UJg]T et L/T\
CF0n"T —me g = Aw (5.14)
DIIZERTE S, 72720,
s [ ong
A = / (5.15)
i=1 Opi X Olz/lz

FNIRY VT T — b2 0] Pl )T OIEEZFKET 572011, (5.10) X & (5.13)
ARTAVYENOXMTH S (5.12) Rz~ TfMw 2ROl THhD, INLHEHF
MED R ZFED Z L DRBEA+REMTH S,
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WENIFIIEOMIE, BRI NSMEEZRETH-OITNIRY VI T L —MIEX
SNB N - 'E—AV MR ORTT LT,

w=AT(["f" n"]" —my'g) + (I - AT A)y (5.16)

TRIND, H_IHT - ATA)y B, IIEMZRTEHTHD, XI7 MLy DEIZE ST,
TAYDRN%ETAYIRNOZEMTH S (5.12) X272 THPHPICHER LD S, NH»
B 2 HIHT 5 2 LD aREL 2 B,

T A YIRINZHIEZ 522 0WEEIK, EED - E— AV M2 M IRY VT T —RIZ
HEZB5ZeWNTERRD, NIRV VT T U= NHPMERDONEE 2 FAET 208+ H5%
%,

Aw =0, w; >0 (i=1,---,8) (5.17)

RS B w, BHET B2 L TH B [T)[8][9).

5.3 JANYA TOHME

70 bR TORGRHEEUTOLSICERBL, 70 b XA TE2ERLT,

. 7a b & A TOMHEIX, T-type[l] &9 %,
 EEREEREET 57207 — LEO AR ELT 5,

LT AVIEM OB SRV EBENE VS DEEET D,

LT = LR O T A Y EEHIEZ T A Y OEEMENTNR VKD ICEET 5,
REEGER S T AR & T S,

E—Xa=y bOMIEIL Fig. 5.3 2R T L5112, FRBIEDIZARSRVWE S IZEE%E 2
fEDEZIFTEA, Ay TV T (ZRT—=VY—KRE—XHAY T VD) 2HHLT
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4 7) OPWHELIL 1:80, E—XDEME ML Z1X029Nm, E—XfFE&DOT > a—-XHIIE
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TF=U%OAMAIT NV EENB L DIZ U,

T = LIRS D T A Y EE AL, BRI T A YR EAGAATEET S, HEWVIET — L
WZRZEZEZITTA Y 2B UTCERET D AENPEFEZONDN, 71 VEETIZEFFGENH
MOHRWEDIZ, £72 WARP ORITH 27 A YEIEHDAIERZPELRNK S ITHE
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Fig. 54270 N X4 7Ol % RT,

Ring Arm

Reduction gear m / / /
Motor Strain .
gauge Shaft Wire 1
En(7der / f Coupling \ /
a " QA
_/ . [
' I — O =
g — | >
. |
Bearmg Base

Fig. 5.3: Structure of a motor unit

Fig. 5.4: Whole veiw of WARP manipulator

54 7AOKNIATDONRTIA—Y5FRLIFEBEHBOEH

—0.05m <z, y, z < 0.05m DIEEZEMANT, &Ml AFIZ 0.01m MFET 10 2E L 7=,
113 = 1331 fHDR FREF A, SE TR CTUTOSEME%Z TR TAZ T RZEEMEEE Uz,
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TAYVERITHIRZ 5200, S IRV VT T L= SOMEREDOIEEEZFETE
RESLE

74 Y DIEE D DKM

7 A YR O ilFR

o 7 — LDIElE T DR

I Fig. 55125 F, B a b &A1 T7DH 1 Xk, Table 5.1 £33, Fig. 5.5 %,
—0.02m < z il < 0.02m (23X % xy FHEIOWHE %2 £ L, Standard DAL b TR > 7
TV — M ERZAZL L CHEEH T E5E. xaxis 10 EB IV 20EIE N IRY VT
TU— b xENZBIL T 10 EREEE K020 BREZX B 25EE2 K DT, WARP O 7 A
YEES LR IRY VT T — b DOIRIE T-type[l] ZHA L U, Fig. 5.1I1IRTEH
D TH5, Fig. 5.5 KOS K 512, Standard, x #IZBIL T 10 EHEEE L O 20 &
[FEED 3 DDEMFITENT, T4 VOMEEDIFRTORMETEZTVWARY, /271 VD
R DOWTELTORMETERIMEE TEL TR, EERBVESLIEIPDNE, DX
WARP OEEMFIRIE, 7T —LDEIKROT —LOHHHFIZL > TRELEMNMTEZ L
Wb, X512 Standard DFIART L D12, Z=+0.02m DA DAL ETIE, X fili 5 A2
EeB U C Y Sl 5 DRI A, NS Ko TWB, T/ £Z 85 ENC T <2 U2V E
HEMIEDINE B0, TNHDEKEIE, P IRV VT T L= D EHIZH B 2 KD 7 A
ValR#d 57 — LDRERAED, FEFBIZKESEEL TS EEbNnS,

ULPULARBSTa MR TOT7 —LDEXIX0.05m UrRWIZE21rb 53, xHliZ 10
JEHfE S E2GE S, xliFEIIZ £0.05m EETE, T-type DRETH L7 1 YHHEE 5
I, MEEEMERESSENSEAY Y D Fig. 5.5 KOOSR TH 5,

Table 5.1: Size of WARP (m)

Arm | Frame Traveling Plate
horizontal 0.15
vertical 0.13

0.05 | —0.15 < z,y,2 < 0.15
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Working space

Contact of wires

Limitation of wire tension

% Limitation of rotational angle of arm

-0.05 0 0.05 -0.05 0 0.05

0.05

0

-0.05
0.05

-0.05
0.05

-0.05
0.05

-0.05
0.05

0

-0.05

Standard

No arbitrary acceleration

5 L#]
x axis :10

. (]
x axis 20

-0.05 0 0.05

Ve 2

B

BRLEEEEE

GLBERL RS

GUELE

Z %
LI

-0.05 0 0.05 -0.05 0 0.05

-0.05 0 0.05

Fig. 5.5: Working space by simulation
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5.5 EEFNSA—YDFxv)TL—T3av
5.5.1 EFEETIEXFYIITL—YavhaE

ERR U7z 71 b X4 12k, e, A TRAEMTFMEL, MEGIHZT> ETX
[R5, 22 TTH MRS TOEEFNTA—REF ¥ ) T —a>vF 5, Fig 5.6
&) WARP OEBIZET IV EZUTD IS IZHET 5,

Fig. 5.6: Kinematic model of WARP

TAYRZ ML =1,...,8) %

lq COS O,
U ="r;+ R, | lsine,, | —"r,—"p; (5.18)
0

TITMERZBUN I A=A ML, LFD8ETH 5,
e TAVYDEXL, (T A—KK1)

o T—LDEX[,(8F XA —&%1)

o LEFTHIOR,, (135 A —ZH3)

o Op, —Op (/8T A —Z¥3)

INSEFLDTNRIA—EIRT Ml T 5, X(5.18) DMlid% 2L, #£% f(x);
95,
f(®); =1,,> —W'W (5.19)

104



=77 0L,
L4 COS G,
W = O'ri+0Rmi losin @y, _Orb_opi
0
NSRRI T — FOAIE Or, 2 NREIZIE, NTA—ZRTZ Mg aFxy )T
l/’_‘\/a\‘/‘a_éo
ER2(iIESE (=N

N
minimize V=Y f(zc)j (5.20)
j=1

N HDFEERT — X %, Levenberg-Marquardt 3% [10] ZfH L TRXIA—-XDF v 1) 7
L=y avaffolz, 2OTNITYXLEF, MFORTERDEING, FEAANT ML d
X, RG22tk bhprEI NS,

(J ()" T (x) + \)d = —J(x)f(x); (5.21)

72720, J(x) = 0f(x);/0xe TI T, AAT—ADPELODR, HRAHERRZ bl dIid,
Gauss-Newton % & —#9 %, Levenberg-Marquardt i£iZ, Z D M\ 1Z & U Gauss-Newton
HBEroonNnarTh b,

55.2 FvTL—TarvEREER

FNIRY VT T — bDALE Oy 1k, XYZ T =7 WAV TWBHED K 0EHIIL, &
SIZT — LDEHEAHE ¢ 1E. E—X 2=y MW TWAZ Y a—X K DEHAIL 72, &
BRPIEIX. Fig. 5.702RT, hIRV VI T — b2y Ialb—yaryCEBLUIEEME
BMOURETRKELHNPLTNVE D, T—LWAEHEBORA £ TREEL, A =D
WARYNIZEEZoTUEY, SRDTA VYIRTHARENZEIZHED I LN TERVWGS
N5, EERIZ160 [TV, ZDIBT A VIRNZEILRD I ENRTERWVWEEZRNT
123fHDF— X ZEHA L 7=,

TAVYDES l,. 7T—LDEI [, WiEFHAL b K& AN WHEHIFHN T, FHEEEV
DN TRDESIINTRA=REFY ) T L —rar iz, TOKEE%Z Table 5.2 1IZR7,
AMREEL V AR EHE L LR L TS KR, F¥y ) T = a v L7714 VYOES [, H
LM —ETBDT, 70 XA TOEMRNTA—REBEIeNTELLEEX
bbb,

XoIT, NIRA—RDBEEEPHSIZTS772DIT, KX T A=K % +0.001 ZILXEFE
MBS E D & S I2ZAT 2RIz, FDFEEAE Table 5.3 12587, K/8T7 A — XD
B DML, IZFEALCFRUETH 27280, ENRXTA—RIZEENDEEDKE ZITIE,
ZTNIEEEVBENEEZ S5ND,
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Start

Fix the position
of traveling plate

Y

Apply wires tension

Traveling plate can
generate arbitrary
acceleration

Measure the rotation angle of arm

Fig. 5.7: Flow chart for calibration
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Table 5.2: Calibrated parameters (No.1 Motor unit)

Parameter Design Calibrated
i=1 values [m] | values [m]
lut 0.199 0.199
la 0.052 0.052

¢ | -0.244 [rad] | -0.429 [rad]
'R, 6 | 2.356 [rad] | 2.414 [rad]
W | -0.244 [rad] | -0.460 [rad]
X -0.038 -0.038
Opy — %, |y 0.160 0.160
v/ -0.013 -0.011
\Y% 8.782 x107* | 2.569x 1074

Table 5.3: Sensitivity of parameters (No.1 Motor unit)

Parameter

1=1

v

Lun 2.701 x10~*
ly 2.543 x10~*
2.458 x10~*
2.458 x10~*
2.459 x10~*
2.479 x10~*
2.590 x10~*
2.495 x1074

Ole

I IRSEN IS S

0
1 — "D

<

N
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52 LMTE S,
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Fig. 6.1: A change in the number of living persons for the number of rescuers
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Table 6.1: Specification of the robot
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Righting Moment

Fig. 6.4: Dynamics of 3 cables
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Righting Moment

Fig. 6.5: Dynamics of 1 cable
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Fig. 6.6: Experimental Landscape 3 cables

Fig. 6.7: 1 cable
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Fig. 6.8: Orientation-wind speed : 3 cables
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Fig. 6.9: Orientation-wind speed : 1 cable
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(a) Three cables, 10m (b) Ome cabla, 10m
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