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# # 4370316221 : MAJOR MECHANICAL ENGINEERING

KEY WORD: COBOT/CVT
TANACHOTE CHEEPSUMOL: DESIGN AND CONTROL OF COBOTS USING PARALLEL
SPHERICAL JOINTS. THESIS ADVISOR : WITTAYA WANNASUPHOPRASIT, Ph.D.,
101 pp. ISBN 974-17-5698-4

This thesis presents a study and development of Cobots (Collaborative Robots) in serial
and parallel configurations. In the serial configuration, a serial link 3D Cobot is choosed as an
example to study and develop. For the parallel configuration, we analyzed 2D five bar linkage
Cobot .

One aim of this thesis is to study CVT network connecting to Cobots in both serial and
parallel configurations. Kinematics of Cobots in both configurations are presented. In addition, we
study and analyze Cobot control algorithm to control the end effectors to follow the design path
and simulate control results in @ computer. Finally, this thesis suggests an approach to input
power to Cobot.

From the studying and developing in this thesis ,we can use this result to further design

and develop Cobots practically.
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—CiSp Py =553 Py —Cy3P, — |133 = |2 (4.20)
INANNTT (4.19) Llag (4.20) azlfian
F1E P=C PRAS) py)(l133 —1,)
£ 2 2 (4.21)
P; +(Cpx +5,Py)
(|133 _Iz)pz + Ich(Cl Py +8; py)
Cy = 5 5 (4.22)
pz + (Clpx + Slpy)
\ ~ 1 2 _ py _ px EL
WNUAN s, =Kec,=v1-K? s, = C, = adly

\Pr+ P,
ANNNT (4.21) WAL (4.22) azlfdn

C=lpNI=KZ P+ pl (LK - 1))

= (4.24)
“ Pl + Py + P
(I1K _IZ)pz +I1 (1— Kz)(pf + p)zl)

23T 2 2 2 (4.25)

P+ Py +P;
arsnsnIATes g + 8, il
1, p,1-K? +\/pf +p5 (LK =1,),
0,, = Atan 2 (4.26)

(LK -1,) p, +I1\/(1— K?)(pZ+p;)

1%

WazAIN1INUIAT 6, TARsil
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0, =6, -6, (4.27)
WIadINNI0uT 6, 1AaINaNIan (1,4) uaz (3,4) 189 oT An

Py =6 (_Szalz + Czll) (4.28)
p, =—Cyl, —S,l, (4.29)

Angiannig (4.28) azlan

(—szul, +¢,1) :% =/ P2+ pj =r (4.30)

. o S 9 X 44' ° =
bR r dusaudsnadrvaunnnanauazaanlunisaiuauinail

=

ANRSANNNT (4.30)

NILAME S, =S,C5 +C,8; WAT C,y = C,C, —S,S; WWANNIT (4.29) LAy

(4.30) a¢le

=1, (s5C,F¢C,54)+1,C, =T

(4.31)
_Iz(czcs _5233) _IlSZ =P,

Anglannng (4.31) Waellugthwussnday s

. e I.—-Ls, | s r
|: PR 1 2 3:||: 2:|:|: } (4.32)
_|1 + |253 - |2C3 Cz pz
wAdNNNT (4.32) azl@an

S, = —|ZC3I'— pz(ll —|283)
2 2 2
12412 -21,1,5,

(4.33)
_ —|2C3 p, + r(ll _Izss)

C2
2 2
12412 = 211,5,
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v

AINANNTT (4.33) ANNTOUIAN 6, LHAsl

(4.34)

Le.r+p, (I -Ls.),
92:Atan2(2 3 pz(l 2 3)}

l,c,p, —r(l, —1.s;)

a ¢ al al
4.2 ﬂ']‘i’]Lﬂ‘i’l%ﬂﬂ’]‘ﬂﬂ@’ﬂu%‘ﬂ'ﬂ\ﬁﬂu@ﬂ

o %’/ ] 1 o % v o o dl v a o
nn9vineurestauentuaz lildnisieAuginsnifuniidanaliiinnisinau
Taan3a wiaziilunismnanlagnisasedativatnuuvaulalaluie aledun1aauaad
Tauan nanafalauanay ldlmisAua LNl aneiay upas N AURANI9NITIARRUAYRY
Uaneau dadun1sie AR aUAIRAFLLL g9 La L aun ALURILIUN AAILTEUNIT
=) 8 dl Qll 1 o’ul/ =3 1 A o o v
AAgzinisiARauTaeviue g LA linesnadmiuntsmndeyalunisasugu nns
a ' dl dl = ¥ a 'y 1 a o‘d‘ a o va g
f;Lmﬁwnﬁim@@ummiﬂmmmmmqmﬁwmmm@wme@uj@nmmﬂmmmw
sl
Tunsimsginisinasunaeaiususiialiliuasfeasiinisuilasgl (Mapping) a1n
4 4 4 . e, . . em
stnuuntsedeunLuLEe lUdanuuuniladuluyuaudgnainnssnunuensigLan
' o - z . 4 dd 4 .
(Articulate) ariinsuiasnaulindunissndnensaunisiraeuindanslautannasssn
a o % d‘ dl 1 £ 1 dl [ 1
ADNNWTIUNAA JILUILNY XYZ DUNTAUNITARARNUDILARZIDFADTIAZIADANNILTI AN

yu Afuduiiifiesannluni1anieuase Afa s NdAaInnsaLn1TnI9ULAaZNIa Ll

q

v KX 9 =

A1 UABALFINWAIRAINNThLa9AA LT TuTALaNLaInwnY N153ATIZIENNg
dl dl %Y = 1 o 1 dl o 1 dl Ul
waaunaeslauanaziasdnisulaegiszudnansauniaineunsaznseLivatinA i b6 b
Tdmuausiall nsauniseasunaestauanineiialdazuiadu 4 Ussinnsaaiu e 159H

Aunsilane, (Configuration Space : C; ) UaniunsiAnaufiaasaumilaaaaslauen

3289 (Joint  Space :C;) ueniNnisindaunizesdadaraslauen  1B5nin1sdug

(Coupling ' Space :X,) LanleAINANRUSIzNIINITIARAUNIaILsasdasaTas

o

pnAnAusiulpaiunalnassdInuas 1BnRaeyuLiudnIma (Steering Space : @)

= Aaaay o 2 A o Y o o A o
U@ﬂﬂ\?NNVISﬁQVIm@ﬁﬁl{!uﬂ?uvlﬂsﬁ\?ﬂﬂ@ﬂqﬁﬁyﬁqum@\iﬂqﬂﬂ?mmuﬂqﬂﬁ WL?WW@QV’]Q‘U@N

andunig wilasgll  azisusiuainnisnisiadeun uBg sl ataaniuulagly]
dl dl a 'S Z’/ o o ' d‘ dl a ol 1 |dl <
dunsirdeunluligiasiainiuiinisdugniseaeui luliniaesinazgnnadsiay

Iidunismaeunludiginisdugialinismasunluliginisdugudafainisoninig
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o dlddd ¥ o dl @A a o o qI/ o o
AUy NaI Ay Ul Ul T Ae B RaeaynLudnsmaiiues andunisudasgy

lussgn 4.3 dausaavidenresnisinaauiuiaznsausalidesunadnly

- Result
Configuration
Space
Y

Joint Space

L
Coupling Space |

Y
Steering Space

3117 4.3 unuisnasilagunsaunisineuaaslauan

4.2.1 YagiAuvuaLlane (Configuration Space : C; )

di dldy [ a '8 A dldl o 1 d! =
NTaLNN9AAARNRAazLiluNIgAAIEANT AR UN AR LU ane T lung il

A o a e 4 A o LA
°1|@\‘]LLsﬂuﬂ@V]u’]quLﬂ?"lzﬂquﬁLﬂuﬂ’]?Lﬂ@ﬂuWIU??.ﬁUUV’]W?‘V] FIEUNANIARRTNITH

Y o

TenunAmasauuLs e

R=[p, p, P.| (4.35)

=g A rdl o ] dl
R ﬂ‘ﬂL’lﬂLMQ?V]??J‘L‘I‘GI’]LLMH\W]‘]J@’]EILWH

[A]T ABNIUAINALNFINT (Matrix Transpose) [A]

o t:ll & ' 12 o o a o A dld o
QV]1®ﬂ@”I’ﬂ‘]JLL@’J A193uTALeNN19ILATIZUNITIRRERNNAN

AATIZINTNANIINITLAR LN A9TUlUNIFLATIZFRIABININITILATIZITNN

o A
yAaNIg

o o o A dl = o‘?:/ o dl dl 1 g
MABIBTANNANLUNITIARAUN T  LATIARDIANRINNUNNTANAUN kN (bABTLY

6 - 4! v
\wasAwmas) T laain

dr (4.36)
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~dT
ds
' - o 44
Wa S AasvesnIfUansuasLAaawn Ll
“ Y 4 odd @ e e e y
K ABAINIANIBINITARAUN LT WA NHWALTAN AN TAY
44
PAINTITLAAAUN
N AAARATNLNULUNENFIRINAUNITARR LN

nandeun lwlaganiuiislaaaesuaunanitidnndimesiidulyl degy

—

wel /,;

X

317 4.4 nawp@sun lulEgRaumslang

a

dl 6 o 1 Y Y & o g a A dldJ
LN@@”IN’]?O‘VI’]L’N’WLﬁlﬂ?ﬂ\‘iﬂ@q’ﬂﬂLL'Z\]’Jﬂ@ZﬁVI’]ELMVI?’]UVIﬂVI’]\‘iﬂ’]?Lﬂﬂ’ﬂuVIGﬁ\‘i

Az T ANITDATLANT AN NN TAABUN 1
4.2.2 157580 (Joint Space : C,)

% dl Yo 3’/ o [} d' dl
Tmﬂimmmwmiﬂuwm@ﬂLLUU%mﬂuumm:miuﬂ%‘Lﬂmumm

qasiaa9lALanitunIT AR LA ALAL LU LNNFAAWN AR WA e sl

o I

= dl o a r-agl/ &I dl o dl a} ¥ ] ]
NINFNBENNUINTTLATIEFINTIARE UNTEIR B EViAzLTIUN TR UNLRIT BB LB

'
o [ % o]

ardafa199uIuna N13AILANNITNINIUTeIgnIRlfunNANeAILANNIT

q
1 v

A  Ado ' 2 Y e o a4 A o & R o @ w
LAADUNNATLNUNUANURIABILNALNITARDUNNIUNINABLT ANTIURIRNLTI UGBS

a . dl dl 6 dl ] 1 1 a -8 dl ¥ ]
')Lﬂﬁ"]ﬁﬁﬁqﬂ’]ﬁ‘m@@um‘ﬂ@ﬂ@ﬂﬂﬂLW@@QNWU@’]W’]?’]NLM@?LW'BBL?]V‘]’)U@MW@.I?J Tu
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g

nralsinadnelavaniuinndimmsilanuisarniaanesanuulsaesdese g 16

e 2)

28

i=[6, 6 6] (4.38)

|
1%

TpedANNANANUSTUnARATNNTARUN AR LA R Aail

G=L(R) (4.39)
e L ARSaUAARTLLULNANWAINNIN1TIAT i luiada 4.1.2 Halu

N3N IALANTNTINIALATIZY 11N MNANNIRNEURIAAINANNNT (4.12) (4.34) LAY

[ %

(4.17) m‘ﬁ
0, = Atan2(p,, p,)

I2c3r +P, (I1 3 |253)’j

L,c,p, —r(l, —1s;)

6, < Atan2[K A1-K° )

0, = Atan 2(

A g9, = 4 Ayy oy o = -
LW@IM’&QN’]NV’Y’I‘W’]?’]NLﬁlﬂﬂuﬂW?Lﬂ@ﬂuW1®@tﬁl‘ﬂﬂﬂﬁﬂ%"lLﬁﬁ"]i‘ﬁﬂqﬂ%‘

1 —
o

LAARUNITA9RaLTRINNABLIALADSANNANUNANINNITIARDUN T, LAZIALADTAT

i

o 4 da -
MNNUNITLAADUNAD K NJ

[ %

RYINAY

2D
=Dle

. dg
Ti=—— 4.40
= s, (4.40)
_ 4T
N, = 0 4.41
KN, ds, (4.41)

|

= = & Ade yy R
e S; mmzﬂ:m\amim@@ummmimluﬂi@um@mmumm

U3nHaamn

nsiadeun W Bniaesimesiaunantiundnsziiilulilfegn 4.5
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4

31I7 4.5 naadaunluEgiaesyi

ATN1IANIANNANNUS 729 ARBS NIRRT Tl Haa iy

'S dl dl a o 1 Y o é’
Lfmme‘ﬂ’n‘m@@umﬁluﬂ?ﬁgummeﬂmﬂmmu

_&F BT
W=F-= (4.42)
3T
e J A9 AT EWNAIAT LUNI1IUIAINHENAUEFLUIN9NT
4 dd = 4 .
AR UNNLALAUTLNNT AR UNURIADEY]
ANNITDAUIUNANTRY J TeAall
oL
Jesi— (4.43)
OR
BATANNITDUNANNA NN UTIZ U ARaT AN TAS LA IR
SO T A PR
Ny == TTH T + JxN | (4.44)
7]

Toe? H,  AawEduwmssnd (Hessian Matrix) lunnsmnaaudusiug

: 4  ddo | o & A -
FLUINNITARAUNN AN A8 UNTIARAUNURIRALN

anunanAUINANTeY H, 1
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0J,
H, =X (4.45)
OR
Wa i luannig (4.45) vanteansunvesdaulsluiEgianest

k luannis (4.45) vanieanduaessioulslulsgiaumialans

nsutlasnisiadaunaniBiaunisdaneliifluByeeavisasuauna

ninawaziiilulilfsgli 4.6

o

51l7 4.6 nautlgenisiaaaunanI BN wwdanaliiflunispaeunly

ERRELEY]

i &
TunsiveslaueniianIaAs vl a9N1T0AINI M AN NI LB 6]

Tu 5nRanes 16

¢ o

NN13uNan AL e AT LA L LET N A NT Aail
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00, 00, 00, ]
ox oy oz
;_|20, a0, o0, .46
oXx oy oz
00, 00, 00,
| ox oy oz |
[ o%0, 0%, 0%, |
OX>  OXoy Oxoz
2 2 2
H, = A ‘Zl 06 (4.47)
oyox oy 0yoz
0%, %6, 06,
| 0zox  ozoy  oz° |
2’0, %6, 0%,
x> Oxoy Oxoz
2 2 2
|86 2o, o, 4.48)

oyox — oy* oyer
’0,  0%0, 0%,
| ozox - ozey  or

[0%0, 0%6, 0%, |
Ox®  Oxoy . OXoz

2 2 2
H, = —s 623 20, (4.49)
oyox oy oyoz
0’6, 0°6, 0%,
| ozox ooy o7

ANNNT (4.50) D9 (4.104) AUANRITIUI8ALIAEAUBINIIUIANIT NUD
ANNT(4.47) (4.48) WAz (4.49) A9l

UniA 0,,6,,0, WavnAnumsndaanaialaassialilil

MNITATUIUANA 6,
’
4(u 1 vu'—uv' | wu'—uv’ 9,
AN tan| = || = . — |=———  a<ldnn
v 1+(V) v us+v
v

90, _0)-1y) __y __y (4.50)
X x2+y2 X2 +y ; .




00, 1Ux)-0(y)  x X
oy x* +y? X +y? r

00,
—t=

0%6,  0(r*)-y(2x) 2xy
P r ot
0%0, _0(r®)-x(2y) _ 2xy
oy? r T

0%, _0°0, _ Ur*)-y(2y) _y*-x’

oXoy  oyox r ot
0%0, %0, 0%, 00, 0%,
OX0z  0z0x oyor 070y 3%z

azlgian

lnedl A, Aeani@nluuadd iveawssnd A

/ 2xy Yy =x* 0
Hl:r_“ y —x> =2xy O
0 0 0

NINTATUITUAIN 6,

ANUIIIIAT 6, 1Fan

0, = Atan 2(
A,cp, —r(l, =1,s;)

|2C3I’ +P, (Il - |253) ]

38
9 = Atan I\/l K?r+z(l, - 1,K)
i |\/1 K2z —r(l, 1K)

Tne?

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)
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2 2 2 2 2
_Il+|2_px_py_pz
211,

QINANNT (4.59) NUUA 1A

U=1Lv1-K?r+z(,-1,K
V=1L,v1-K?z~r(l, - 1,K)

(4.60)

(4.61)

(4.62)

P U wazy V iflusandsfadetiunninamnuazaanlunisaiua

azldian

ouU X

ANk + XK Xz
F 2

—— —+_
ox r LVi-K?2 L

ouU y 2 ryK yz
== «/1 K
oy | N1-K?

ou rzK IK+Z

oz |\/1 K2

oV xzK X Xr
— (. - LK) -—
o P )~
o _ yK X(I = K)—K

6y—|\/1—|<2 P Y

_|\/1K+ > |
IW 1,

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)
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o°U
ox?

0z°

LWVI-K® Lei-K?
r r’

2x°K rk

+ +
L1-K? 1 V1-K?

rx? rx’K?

3

|12|2\/1— K2 |12|2(1_ KZ)E

rk rz
aZU Il\/l—|<2 I12|2 \/1—K2

z
+_
l,
V1= K2 Ly*1-K?
r =
2y°K rk
+ +
Lrvi-K2 V- K2
/1 \N SN
r |/ 2 3
Il IZ 1—K |12|2(1_K2)2
z
+_

Il
2

rz?K? 3z
ey 3

2,a-k2

(4.69)

(4.70)

4.71)
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x°
|\/1 K2 12LV1-K?
oV 2X°K?
X2 =~ 3 _F(Il_lzK)
|12|2(1_K2)2
2 2 2
A (R 4 .
r Lr 1, 1
K zy?
l,v1- K2 12,4/1- K?
oA 7y?K?
ayg == y 3 _F(Il_IZK)
I71,(1-K?)?
2 2 2
A DR
7 LI, )
3K N
oy | IWVI-KE 1AL K2
072 y ’K? LR
3
21,-K?)2
Lxyv1-K® L 29K
oU U r’ Lrvl-K*
oxy Oyox | xyr xer2
xzK
62U 62U I I’\/l K2 Il |2 \/1 K2
oxoz  ozox xzrk* X

3

121, (1~ K?)?

Il

(4.72)

(4.73)

(4.74)

(4.75)

(4.76)
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oU  oU
oyoz 0ozoy

AN AV
OXoy  0OyoOX
OV oV
OX0Z 00X

oV oV
oyoz ooy |

_y K yzr
Lrvl-K?  1PLy1-K?
yzrk? y

3

=
21,L-K?)?2
xyz o xyzK?

/ 2 3
KT, 0Ky

xy(l,-1,K) 2xy
+ 3 -
r rl,

2

xK - Xz
lell—K2 IfIZ\/l—K2

xz?K? XZ

2L (- K?)2
yK oy
IV1I-K? 12,\1-K?
yz’K*  yz

ol

21,1~ K?)?

4.77)

(4.78)

(4.79)

(4.80)
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AINENNT (4.61) D4 (4.78) AIN1TDAIDLNDUNANA AL LA LELTE

H

ouU oV
vV
J _802 OX OX
@) " ox  UZ+V?
v v
] 006, oy oy
(22) oy IRTERVE
ouU oV
VU
J _892 | oz oz
) oz Uz4v?
2
(U?+Vv?)|v oY —U@
OX OX
, —z(vau—u avj(u N v
00, OX OX OX OX
21y — 8X2 - (U2+V2)2

(4.81)

(4.82)

(4.83)

(4.84)



(U? +v2)(v Uy azvj

o oy

v WJ(U%V aVJ

1

H 06, oy oy o oy
2(22) — ayz - (U2+V2)2
2 2
(U?+v?) vag—ug
oz 0z
B CRT TLad
o 06 07 574 0z 674
2(33) aZZ » (U2+V2)2
vy o
_duav oV
oy Ox OXoy
_2( u_ W) g,y
3’6, OX OX oy oy
H2(12) 74 axay 7 (UZ +V2)2
R IRVRAY
LUV oV
07 OX oxoz
: _Z(Vw_uavxuauw aVJ
006 OX OX (674 674
209 oxoz U2 +V?)?
v, ou
(U2-+V2) oX oy 0yox
UV oV
oxX oy OyoX
_Z(VaU_U avj(u GOy aVJ
1 52.91 Y oy oy OX OX
2(21) T 5an o] (UZ +V2)2
vy, o
1%}
(Uzsve)| B O
v oV
oz oy 0yoz
o%0. oy oy oz oz

_ 1 _
2(23) ayaz

U?+V?)?
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(4.86)

(4.87)
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oV ouU o°U
A
LUV oV
OX 0z 070X
2 _Z(Vau_uavxuauw aVJ
06, 674 674 OX OX
2@ 70X (U?+V?2)?
v, o
0z 0z
(U2+V2) ay 8y
UV, oV
oy OX ozoy
_Z(VaU_U WJ TSR
0’6, 674 0z oy oy
o = o268y - UZ+V2)?

tzll 2 a ai - [ % Qi - a <
lneit - Ay AeanTnluunad ivani j reawsing A

¥
AngUusazanatinaes H, IdeflugilusEnd ol

H12(11) H12(12) H12(13)
H, = H12(21) H12(22) H12(23)
H12(31) H12(32) H12(33)

NINITAIUINIATN 6,

QN

6, = Atan 2K 1= K7

1 7
unuAIag e

00, 1 X
‘](31) T 1

ox LI, V1-K?

00, 1 y
‘](32) T 1

oy L1, V1-K?

00 1 z
‘](33) =—F=-

[ %
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N, oK) LY :
2 52 T
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0%0, » 0%0, \! xyK
3
oxoy  0yox (Illz)z(l— KZ)E
pp—0, 3 xzK
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OX0Z  OLOX (Illz)z(l— KZ)E
0%0, / 0%0, L yzK
oz0y ©oyoz -

1%

A H, 18Asu

X2

e

1 xyK

H, =

L1,

xzK

3
1, (1-K?)?

Ll

(I1,)?[L-K?)

——1+K?

K

L1,

Ll
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UazdnnnrIanladaiusand leaan

Yy Juo) I3y
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4.2.3 U3n8n139u@ (Coupling Space :%;)

a

nseueesIIniuaziunisALANERIIMATENd19AINIEITRRR T

v 1
v o

1 ! 1 { a e a e A ¥ 3 aal Al
1@ mummamuqummmemﬂﬂ?‘gmmwLW@lﬁjmmum@mmmmmm

(9
a ' o alf

HWAsasdI AN EmeFanEHaeeinilug) Asiunsaunisiienuia

Lo

u

1
= a L

WWunisuilasanisiadaunainiigiaasdldundug lnsusazgiazii

=

= 1 % o

Armagdnasndenullgianudazatiuies a1 sINIANANTUE

semingiinRaanviuaziiginisduslssssialilil

a

poNduiusIzndnnpmasatunualuliniaensine Guaziaames

o

Ay =, Aa T iduesil
r=M,(q) (4.105)

dl - d! = c — A o o dl dddd‘ 3
Tae? i Gullumsssdl (Index) 289awmas T AsluaAuNad Nl

v
1 o

ALANAINNITIVBIABEIY M, duwssndiieniauduiusszudeisni

CLEY A IR PN ERIT

k1l

o

Tunsaiiinuualy@ansdousnsadinduaasyt 1 wazaasyi 2 @R 2 fa

WNTURast 2 uwazaasii 3 azladn

]

M, = (4.106)

2

M, = % (4.107)
2 63 .

a s d‘ dl = a o ' dI < A & o a
qLﬂ'mwmmimaﬂuﬂuﬂmummu@ TINARLAALARTANNANLUNA
4 Ao = o o 4 Aa Lo
NINNITEAADUN ti LAZHLIALARTANRINAUANNITIANAUNAD KN DIQANNUWENL

wAasNsARaLT W) Ras s AR

|

!
O

(4.108)
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Taefaunsamien D, 1dann

p =M (4.100)
oq
WAz
-t _
K i :Q[D%NJ] (4.110)
o7,
de 1 AalAINdlenan=al (Identity Matrix)
lunsdifasnsomusindudaagy Idwedl
3 avo
D, = 240N (4.111)
oq 010
0/ A\140
D, = P (4.112)
oq |0 0 1

N9 wilasgilanniEniaaasilihilunisindauin luilBginisduguaznis

1 ! 1 ¥ 1
ipaaun lulE)An19due 28siaunantiaNn ARz iluandlanagn 4.7

a

Coupling
_Space 1
g 5,

Coupling
Space 2

717 4.7 madeunluligiinisduguaznisulainisimaeunaindini

Aae9
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4.2.4 13nlvesuliudnsnm (Steering Space : ;)

Anaav BRIy NLFUARIMAfADENRNNINIBaaegLnsnlfiunA
Hulee arnnisuilasgiinanannanniigiaunisdatsuntelig eyl iy

'
v [ 3

ansmainnliisnatunsansuladndiasdegilnsnisiunidsetnglsasaslanng

]
aAa g

LAARUNNFRINIT

o o

dlddd 1 o o d? 1 % aal al =
yunanusazaouyuliull azauegiuansuriaseaieesdan lunsal
SHa A

299 TuEINUULIN I NaNazlAAINAN R US sy I E R AR Uy N UdRsINA

[ %

X
U

_ @, _sin(®) -2 cos(®)
L @, sin(®)++/2 cos(d) @119

o

A P SISEENN, N
LR Tr ARARRTINANTINATINUL

Y o

@,  PABANNEIENNNTeRL IS AUEININI9A N

a o

= e Al Y
AAITNETIL QHN"]J'PJ\?"]@FJVIV] ARLINNULEINNINATULNBRAN

£
N
>

o

®  AeyunTnsesiumyuhlinelilddnmandenis

AR IdnsmaaInNIT e fluE)Rn1sdug s

a

nmuali B luyad T, vinAuuny 6,6%317 4.8 T 2, azlédn

B =tan™ (&] = tan *(Tr, (D)) (4.114)

11
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0,

31l7 4.8 nn3vinyw S,

ANNANNANNUSFINE1aLIATRALART T9UA 1 MleLazNAAN19 1

ANNH f azdgtluunga i

sm( )4 x/—cos( )

2+ 2cst (@) H

S|n(<1>)+\/_cos( )
\/(2+Zcos )

~+
Il
Il

(4.115)

AINANNF(4.113) ANNTOMIANHANAUTIENTIN T Uy O, YRIUFALED

sin (@, ) —+/2 cos(®,; ) =t,4/2+2cos? (®;) (4.116)
sin(®@;) +v2cos(®, ) =t,,/2 +2cos? (D, ) (4.117)
PU1ANNTT (4.116)+(4.117) axl@qn

2sin(®@; ) =(t, +1t,)/2+2cos* (D;)
(4.118)



PU1ANN1T (4.117)-(4.116) axleqn

232 cos(®;) = (t, —t )2+ 2c0s? (D) (4.119)

PU1ANNTT (4.118)/(4.119) azlsidn

(4.120)

(4.121)

2 G \ N
ATLAUILTIHNUDIT BULNINNAN
4

\\

AONUUINYUINNS )
RN ITNINENAY
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qaumamémaﬂﬂuﬂmmummu

| ! v
Arrziniaindeuiaaslauanuuurnuiuazinimmmzilaadaulunpda iy

NIUNTIFABLLLAYNIN NANDABAZHBINNITIATIZHTNAAANARTNNIIARAUATBIA AT

1%

s o v a o« 'S = P a s
N (Hardware) mumﬂmm:mmLﬂmzm@m@mmimmummiﬂuw NNTILATISN

P P :J/ < ¥ = o ! = 4
ﬂW?Lﬂ@@umﬁlﬂQIﬂU'ﬂV}uuﬂ@5[5]@@34ﬂ’\ﬁ‘LLﬂ@Qa‘ﬂﬂ’mﬂi’ﬂﬂﬂqiwqﬂ’]umqﬂﬂLW’ﬂiﬂﬂ’]iZﬁflﬁJ'ﬁ‘ﬂ

% o

AILANNTTIAReLTTadtaLan iaINNITALANNIINNIBe9R N NIAUANAY  nTaLNg

3
a @A

) = | ] = o = a
nulunslin s uLLIBILEAN 4 dszinniduiaasnulunsidlaynsuuarigduuunig
dl dl o = o = 1 o a a
waaunludnHuziagaiy aziuanseiulumeaziasnanirlunseuresdsgiveyu
v
U5UaRINe wAad 19l AN NAINTNLANAINAINANTUANNAIALATIADNITNIIUUA

v o o = 1 g A o v
gunsalfiunias Tunsiinassiauwtnawuiiazgamnsa@angliuunisineuaesgnsalsiu
masldunanagluuudeazlsnainnesell dniulavennldidudaacnelunisanameily

a A o

unililulavuen 2 {5 dansnutuglinmass (Pentograph) Seazinnisasunasialyl

5.1 N15ALATIZUNITLARAUNTRILAUNA

o

. =ig o/ = < R X
hadvlavenaldlunisaaszinisnisiaaarntes lauaniuurunuiaziula

[ %

UANKLL 2 AR AnEuznfeuanaedlalansenatfaziulaunanuuiiway (5 Bars) A

N17A87WURINA N LLLAUIU TAtAaeTa199940984lALANALARRATIALIINANUN2AN

N A i '

(Output Shaft) 184 371 NawatFuaNAnAILEAlug7-5.2 Tauandnenizaeslauen

kL

b

o 1 a o o/ o dsjdﬁl a 4 Y @
AINANINANBUTANILUN 5.1 ﬂ'ﬁi"ﬂ@ﬂLLT_I‘LIGL‘LL’Z\]m:rmzuu‘ﬂ@mﬂﬁﬂﬂ’]ﬁ"ﬂ@ﬂLLT_IT_IELMLﬂuﬂ@llﬂ

a

v
o

WLLKIBNA (Serial Link)-Aa lusesAnasdanidaluTuwauloanss wiselinsagauasyinli

e S ° 9y & o o
ﬂ@”l,ﬂm”l,muuwumm Mldazaanlunimaasanaanunading
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Limited

Input

7171 5.2 u[aasredlaven 2 J5

©

a o dll all g‘/ o Yo
NN9ALATIEWNIARD LN LALBNRAINITANA LA GIITE
51.1  $UINALAIATIEH

TudquilazifluniimasinAiyuaemesuaunaneuie ldayun 1Ay
dl dl 4 U 1 a i’/ a %
nsvannisnIsiedeunldeutinsiely nsdims st ludusnazansi luaunag
gnafatdudneueiamagnaegun 5.3 e lidngunnisaiagizilagaziin
= aa a./dl i3 ! Vo ! dl o % a2 o
pra nouiiANA sz nelldgafiazgas WA s A nlfiuasaiuuaunanngngs
. “ v A . . .
Ul wenwileanngUnsaiimasui i lunisAiua nsAuIATRAAIAN
e duioudslfineazaansdanisaiuan Iagdiacuenn L L, waz d

| =Ly
HuArmsnaeldianniseanuuy



9171 5.4 asmden ABE aFaialdlunnsaiuan

[

° o v X
m?mmmmﬂm U
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ANNANNANTUNUAEENET A B C D E AdgLlA 5.3 Wa1sunaninaes

ABE A3gln 5.4 azlddnanyusinganisnAuandlAsl

AEB =Atan 2(M} (5.1)
d—L, cos(4)
ABE =180—6,— Atan 2(M] (5.2)
d =L cos(§)

¥

o 1 Y o A
LAZANNITOATUIUANTEEENN L3 VLG’WNH

L, = d cos(AEB) + L, cos(ABE) (5.3)
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dl P % a dl o ! ! %4
LN@I@F’W’] L3 LA WANTRUNATNLAEN BED ZQWNW?OQWHQM@’]HNWW\‘]”‘]i@

9%
7U7 5.5 AumaEn BED fiaanaiivaldlunnsaiuans B
A sin(é,
EBD = Atan 2 SIS = (5.4)
L, + L, cos(é, + ABE)
EDB =6, + AEB - EBD (5.5)
LAAINIINAIUIUIANTEEIEN N L, 1AAIH
L, = L, cos(EDB)+ L, cos(EBD) (5.6)
51I7 5.6 Auwdan BCD afaivaldlunisaiuan
Walddn L, wdd Hansninaumaes BCD  aunsnAIuamAyNmne i
91
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BCD =180—2DBC (5.8)

AatiuazlidnA1ys ABC uazss EDC a1usnatuanslisiall

ABC = ABE + EBD + DBC = ABC(6,,6,) (5.9)
EDC = EDB + DBC = EDC(4,,6,) (5.10)
Geazin i lddnannensinudsfuie 6, uaz 6, azanunsnAuILAN

N 6, uay 0, 14N

0, =180+ ABC (6,6, (5.11)
6, =180—EDC (5.12)

5.1.2  AunN13tAAaUn lldneutin

UR 5.7 unydnaeuaunaiva ldluntsAaniann slddnand

HBAINNTDTATIZINANHNFN2RIUIUNE WA WS 131 aNTD AU

o 1 d‘ ¥ a s o a e A
Aaumdstanaurnaesuaunald nsdnszdaiunsaninldlaanisinaziaiien
druaunan i duiaunawuuuauna 2 gesieiu gausnaziluwauna 2 deste
Tnaynrasdesausiazduna 6, uay 6, dougad 2 azflulauna 2 dasalaayu
9 1 1 o A o ) [}
1esdasiausardune 6, uar 6, NIAUINITEEEN TNl BUIUAINI TN LA

TaanisAaruaangaluuile angla 5.7 arunustdanauau (x,y) aziily
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% o

FusnAndu v siuwIunagaun Tnasundslanauaunanduinsiuwaung

|
=

N 2 (X,,Y,) ATHANNANAUSILTAUINAIY
X, =Xx—d (5.13)
Y=Y (5.14)

AINYNNATUILLAAINITDATUIUUN AU A B L BURIAINNN9 AR

Aunsiunis 2 galilae 19380 19m191ueus (Robotics)[14] Tinassil

x=1L,c0s(6,)+L,cos(6,+6,) (5.15)
y=Lsin(6,)+L,sin(4, +6,) (5.16)
X, =L, €0s(6, )+ L,cos(6,+6,) (5.17)
Y, = Lysin(6,)+ L,sin(6, +6,) (5.18)

5.1.3 ANNITAAARNRLLNNHY (Inverse Kinematics)

A Ay e o ° | P
"1’]ﬂ@NﬂWﬁ‘ﬂW?Lﬂ@@HVﬂﬂ‘ﬂ’]\iﬂu’\ LPIFIHNITOANUIUAIANNNITNITLANDUN

¥
Y o a

uuuNnE e satl

Y ar

1 o/ dgj
ANENAUIRY 6, MalARsll

e =1L,

cos(6,) = 2L (5.19)
sin(6, ) =—/1—cos’(6;) (5.20)
6, = Atan 2(sin(6,),cos(6;)) (5.21)

Pl 1 o A
LL@Z@QZi@Q’]ﬂ’]NﬂNM‘H@Q 191 AR

(5.22)

+L,cos(6,)y—L,sin(6,)x,
el:Atanz[Liy ,€05(6,)y - L, (3)J

L,x+L,cos(6,)x+L,sin(6,)y

[

e -
AuNAUaaY 6, MAAIY
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_(x—d)2+y2—Lf—L§

cos(6,)= 2L (5.23)
sin(6,) = /1-cos(6;) (5.24)
6, = Atan 2(sin(,),cos(4,)) (5.25)

P 1 o A
wazazlfdnAnniuaes 6, e

—L,sin(6;)(x—d
L, (x—d)+L, cos
+L,sin(6,)y

0, = Atan 2

Ly +L,cos(6,)y ]
) (5.26)
(

6,)(x—d)

5.2 N15ILASIZRARANEAS NITIARDUNURILALIAN

o dna N 4 Z 4 4 .

anlanaaliuda nasdtasziinastpaeufizeslAuaNUULIBIUATRUANNNS
a v o a 'S dl dl 1 A a a '8
AI1EUAANEALNTTATIEANITAREUNTBI AL NLLLAYNIN NA19ABATANITLATIEY
waauAansuul hldsniuazdeaundusasdaagdasintinnaiadulauen dnisutlas

o 1 o = dwﬁ'd ] = o

71/a1NN9aLUNIINIIIUAINT NFRLNIININIBIUNTRRLLAUIUEAN 4 Uszinniduipaaiuy
nslutlaunINAe Uagiaumdsilane (Configuration Space :C; ) UanianN1sLAdeuines

Uanaururesiauen Usniaeey (Joint Space :Cj)mmﬁqﬂﬁimﬁ@uﬁm@ﬁm@mmiﬂ

a o

uay U3)Hn139u4 (Coupling Space :Zi)u'aﬂﬁqmmﬁmﬁuﬁiwdwmimaﬂuﬁmm%

]
% o/ o 6 o/ 1

] ] 18 aa a a o o
AauAazATIa 19 ANNANAUS T ulatd1unalnresTIn  uaz ﬂ?qm@mmﬂ?u@mwm

a

(Steering ' Space : @) vanieyREaAFennuliUl uilusazidanaesFnluesys

q

UFUARIINA AZAAMULANFANNAU FEALIALAFINANLTTUAIT
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5.2.1 1EpEsAumdslane (Configuration Space :C; )

1 a o A Y a X o Y dl dldy
LTLAL@EI’]ﬂUVlllm'ﬂﬁU’WEIiQELuMQ?J@ 4.2.1 nsaUNITAdaUndaziiunig

a '8 dll aiai o 1 ai =
AAzinsedaunndansuay Tnasiumdsndatauawtesiauannldaimegfl

dqj = | Y o dgj
‘LI‘V]LL’&’]N’]?QLﬂﬂuLﬂu@Nﬂ”lﬁ‘iﬂﬂ\‘iu

R=[x y[' (5.27)

A rdl o 1 dl
ﬂ‘ﬂL’lﬂLE]'B?VI?Z?MW’]LLMH\?W]J@’]EILHIH

b
®
Pl

pRp co o o A4 A=
YRR LIALRRATANNANLUNITLARALN T

o = YRV =
LAZIALARTNLNEAADINLUNITLARNR L

WAZIARASFIRINAUNITAARLENA N w1 lFAaEuaNnig (4.36) way (4.37) Aa

TR
ds
4 FoL
ds

5.2.2 15niaeed (Joint Space :C,)

Wusaendun leasuie i luiade 422 nsaunispaaundaiilunig

a LS dl dl o ¢ O I v 1 dl 3
AATICVUNITEAFDUNUARIADEN Tngamnasauisrasdasauaslauanild

a da’ = | Y dgl
Awemzdluunianunsadgnduannis Heed

q=[6, 6] (5.28)

o

- @ o o & A dldl a’l’
AT g HANANRUSALARATNNTIARAUNNUA LYW R Al

G=L(R)

158 L ARRauARASLULNNEUAINNINITILATI A lwinde 5.1.3
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anusnunAwainIsAfauily C, lAanaunis (4.40) uas (4.41) Wa

b
'8 v A dl dl = e‘il/ [ N dldl
UIIALABTANNANLUNANINNITLANRUN TJ BAZKIALFBTAIRINNUNITIANRUNAR

A3
kN, 155sT

_dT,
ds,

'
=

A = A Adoe ny = A
I@ﬁﬁ/] S; ﬂﬂ?xﬂzmqﬁﬂq?Lﬂ@@uquWLLQQLUﬂ?@Uﬂq?Lﬂ@ﬂuVPﬂﬂQ

13nHanest

ATNATNNIAINANNUT IZUINNALABFN1TIARE LN IWF RAa iy

o

wawasnadeuilu R uminlanalfainannis (4.42) uaz (4.44) A9l

£ £
TJTJ?’

1N _[I%FJT][T*H,TEJKN}
JT

Tnanisunien 6, uaz 6, amnsnAvanvnanladaumssnduazide

£

LNFIFNT LA9T)
o6 o6
OX
J = % (5.29)
o4, 00
ox oy
0%, 0%,
X ox
H, = % (5.30)
0%, 8%,
oyox  oy?
0%, 0%,
x>  ox
H, = % (5.31)
0%0, 8%,
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ANN1T (5.29) 4 (5.72) ANUANDIT WA LA ANITU AN T NURIENNNT

(5.29) (5.30) uaz (5.31) Fail

1%

AINANNIT (5.22) WAT (5.26) NUUA A

U, =Ly+LKy+L,/1-K2x

V, = Lx+ LK X=-L1-K2y

e

algan

U, = Ly+ LK,y - Ly1-KZ (x-d)

V, =L (x=d)+ LK, (x=d)+L,y1-Ky

Xy -1

K, = cos(é.
g
X —d 2 2_12_12
KZ:cos(¢94):( J+y-L-bL
2LL,
2
%:ﬁﬂ_z /1—K12 __LZ
ox oL L 1= K
2
8Ul:|_1_+_|_2K1_+_y__Kl—xy
Ly ) i K]
2
%=L1+L2K1+X—+ KXy

2 L L 1-K?2

%:X_LZJF L,yJ1-KZ +
y

L1~ K}

K,y*

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)



Y 4 Kx x°
o°U, B L Hm Lf'—z\/m
o2 | KX

L, (1- Kf)z
3 Kx — xy?

au | b CLI-KE L1-K?
1:
6y2 _ ley

3

Li Lz (1_ K12 )E

X2y

o, L1 Lﬂ/l K2 Lle/l K}

5X2 ” 4 le y
3
2L (1K)

D ARBNNIN N
N L L1-K?  PL1-K?

T
Lf|_2(1—|<f)E
X'y
U, o, L1 Li\ﬁ? U L-K?
oxoy — oyox | KX’y
Lf|_2(1—Kf)2
Xy’
N, N, . uW LLi-KE
X3y OYOX K xy?
Lf|_2(1—|<f)Z
U x—d K, x?
aaxz (=9)y 1 1_K22+L112—\/——K22
ou, y2 x—d)y
& L1+LK+ Llf/]%
%=L1+L2K2+( _d) _Ko(x=d)y

Lo LK

A (x—d)y+|_2 KE - K,y?

%y

L1-K;

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)
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v, Ka(x=d)  (x-d)
cu. |B LyI-KD LLy1-K]
2 _
o (5.52)
OX . K;(x—d)
3
I—f'—z(l_Kzz)E
Y K,(x=d) (x-d)y?
o, _ Lo Ly1-K,  LBLy1-K? 559
oy’ K7 (x-d)y?
L, (1-K3)?
S Ky (x-d)y
o, L Ly1-KZ  PL\1-K?
= 54
ox’ KZ(x-d)'y (554
J 3
L (1- K2 )
x—d_3 Ky y®
oA L L1-K2  LPL1-K?
B ¥ <2y (5.55)
oy —
L (1K)
x=d Ky (x d)’y
U 20 L Ll,/l KZ LiLw/l K2
22 —2_ 5.56
OX0Y. OyoxX . 2(x—d)y (5.56)
£
L, (1- K] )
l_Kz(x—d)_ (x—d)y?
axay Toyax || Ki(x—d)y (5:57)
3
2L, (K2
unuAnazlgian
ou, oV,
V, Loy, L
LY e S e (5.58)

) ox U2 +V,?



|

1(11)

122) =

oy, oV,
04Ty 'y
oy U7 +V,?
v,y Ve
_06, _ ox % ox
oX U2 +V2
oo, "y Yy
oy U2 +V?
Jay )
Jay Jea
o°U V.
U2V v, St -y, =2
(L 1)(18x2 lasz
v 6;1 u, Y
_2 X OX
oV, oV,
U, Ly, 2
LG L ox L ox
ox’ (U7 +V7?)?
2]
(U7 +v12)(v1‘3ayu;—u1 ‘?;ﬁlj
w9 Yy,
B G
0|y M
0°6, _ oy
oy’ U7 +V,)?
N v, Y,
X T oX
(UlZ +V12) ay ay
LN A
6y o ' oxdy
v, Uy U1%
Lol oK oy
0|y
0°6, OX oy
6X8y U2 +V,%)?

i) =

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)
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N v, |, 0%V
ox ' dyox
(Ulz +V12) ay y
v, Y,
ox oy  oyox
V1% Ul%
ol O ox
0, |y
%6, "oy ox
1(21) Byax (U12 +V12)2
Hl ~ H1(11) 1(12)
H1(21) 1(22)
o°U oV
(U§+v22)(vzaxzz—u28x;j
v, au, Uzau2
2 OX OX
v, v,
U, 2 [l 4y, 2
4 (11)_6249 z OX OX
U7 +V,)
2
o
oy oy
U, \(, %Y,
2 2
57 oy oy
L, M|l 4y Ve
06, oy oy
Hyz ov2 U2 +V2)2
y U; +V;)
av2232+vzg%5
X X
(U§+V22) % 2
o, v, oY,
oy ox  Zoxoy
V2 aUZ U2 %
Lol X oy
_U al +V28l
06, OX oy

U +V;')

57

(5.66)

(5.67)

(5.68)

(5.69)

(5.70)
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ov, ou, ., 0°U,
d 2 oyo
(zsvz)| & A
L, ey, Y,
ox oy  °oyox
Vv, EﬂaUZ U, %
2 y OX
H2(21) = 00 3 VI (5.71)
0y ox U, +V,)
Ho— H2(11) H2(12) (5.72)
2 .
H2(21) H2(22)

dl A a dl - o dl - a <
laed Ay Aeasndnluunadl iveni j reassing A

5.2.3 13nNn194u@ (Coupling Space : ;)

a

sadulunsiinissauuLeunIn 159an13dug lunisuansaonuduiug

v 1
FENINANNFTIVENaeTTaz e Tunsainnsdeuuuanuiiazlddnamefisey

AunisluEniniedugiussannig (4.105) Aa

L =M,(q)
lﬂl [ = fdl v o/ s 6 1 [~3 6 @
bR Mi L‘]JuLsJm?ﬂsﬁWIMﬂQWN@NWMﬁ?ZMQNmﬂtuLﬁ‘wﬂx‘l@‘ﬂﬁlmﬂu
Al

v 1
Tunstifnetintiasiaenyias 2 fama-4, uay 6, azldin

f-'

_|& (5.73)
| _

wazddulunstinssianuuaynsy BnANsdugazlnawmasdulaiuia
4o el 4 da 4
NNNTARRUN §,  LATAABTAIRINALNITARRUNAD Kf, BN

wawasluBniaeayivleulunstinissauuueynsy

1%

X
U
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._of,
- [oT|
—tt"
KN, = [YD_IEtI‘z][DlKJNJ]
J
Tnefi
o M,
o 6q

TunsiiFnadstidaneviat 2 aAs 6, Wy 6, Aav@INNIULNFSNT D

a

o
DF (5.74)
0 1

¥ 1
=R

) o o = = PR @
LLE‘]@qM?UIﬁU@W‘V]L?"}QLﬂ?qZM“luUVIuNLWEN 2 [AYNTINAR (91 b (92
v o o= | o @ T— A A a P -
@ﬂuuQQ1NNﬂquqqL‘]_]LW]@zﬁ]@\‘iqu@ﬂq?Lﬂ@ﬂuWIUﬂ?QN@@ﬂmﬂﬂm@iﬂ NAFMPAN
1% o '8 1 @ '8 A Al o g// =X 2 dlaill a
ﬂqu@NWUﬁizﬁquﬂQqNL?Qﬂl@ﬂ@ﬂﬁm'ﬂ%lﬁ/‘lﬂﬂ@l’mﬂq muu@ﬂmﬂuwuﬂ?gm

aagvedsnaailuBginisdugllTudaiies

5.2.4 5nNae9yuLliLemnsnm (Steering Space : @, )

6 o o’

nasaneui lulginasdug lunsaidaesnaflufsglil 5.8 nawmesdudia

£
Y o A

[ dl dl — = 1 a
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passive Waziaaany

MamIrnauanemeitinld cobot W intrinsically

f1§7A 1 - 32V U active , 7=V U passive, CVT:continuously

variable transmission, Cobot: Collaborative Robot, Haptic

Abstract
Robots usually use servo-actuated joints to control their

motion. Normally, the robots need high gain servo and sizable

actuators. While there has been significant progress made in the
active manipulator that admit high gain, some problems inherent
to the high gain controllers still exist, such as the trade-off
between controller performance and stability robustness. Stability
is not usually compatible with a high gain system. An unstable
active manipulator is potentially an unsafe device. In addition to
this problem, hardware or software failures may result in injury
because human operator is in direct physical contact and share
the same workspace with the device. However, in several
applications, there are needs for human to work with a robot such
as robot assist assembly, and robot assist surgery. Nevertheless,
safety is the critical factor when human and robot share the
workspace. In this research, we develop a Serial-link Cobot,
Collaborative Robot. Unlike typical robots that use servo-actuated
joints to generate direct force, cobots employ servo steering
joints to redirect human operator force. This unique steering
system makes cobots intrinsically stable and appropriate for

safety critical task.

Keywords —_ active system , passive system, CVT:continuously

variable transmission, Cobot: Collaborative Robot
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Abstract

Cobot or Collaborative Robot is a novel robotics concept
designed for directly and safely cooperates with human operator.
A Cobot is a passive system. (Also can make it active if wanted).
Unlike a conventional robot that requires power interact directly
with human, Cobots utilize CVTs (continuous variable
transmissions) impose nonholonomic constraints on their joints.
There are two methods of connecting CVTs: parallel and serial

connections. Parallel connection eliminate singularity and enable

power to transmit to the system. In this paper we describe a
parallel cobot, CVT connection, cobot framework and powering

the cobot.
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333 Parallel CVT Mechanisms*

Witaya Wannasuphoprasit”, Thanachote Cheepsumol?

CVTs are a class of transmissions that have been used extensively in several areas
especially in automobile applications. This research work describes a mechanism utilizes
two Infinite Adjustable Variable Transmissions: IACVTs connected together in parallel to
provide redundant ratios of transmission. In addition, power can separately be added to or
removed from to the system if required. Simple bond graph models of single IACVTs and
CVT network are presented. Applications and control issues are also discussed.

Keywords: CVTs, Transmission, Cobots, Collaborative Robot,

1. INTRODUCTION

CVTs or Continuous Variable Transmission is one of
the key elements commonly used in automobile
applications as well as on several power train systems.
Currently, there are several commercial CVTs available.
Most of them use friction principles and have limit range
of ratios and operation, and in addition, they cannot
perform positive and negative ratios without additional
devices. For example in Fig 1, the ratio of a belt CVT
varies by control input and output pulley diameters which
have certain range due to geometry constraint.

The transmission ratio of CVTs used in this work is
an infinitely adjustable that range from -0O to ©O
[1,2,4,5]. These CVTs firstly introduced as a components
for a new class of robotic device called Cobots,
Collaborative Robots [1].

Figure 1:V-belt. Source from [10]

Unlike conventional applications of CV/Ts, this paper
presents an ongoing work on a mechanical power system
that used redundant CVTs.

*Presented at 2004 JSAE Annual Congress

1), 2) Human Robotics Laboratory, Dept. of Mechanical
Engineering, Chulalongkorn University

Bangkok 10330, Thailand

witaya.w@eng.chula.ac.th

This mechanical network requires numbers of CVTs
equal to number of DOF of the mechanism. In our case, a
two DOF mechanism prototype that connected with two
parallel CV/Ts is being build and tested.

2. IACVTs : INFINITELY ADJUSTABLE CVTs
A simplest CVT is a mechanism that have been used
for a long time is a wheel. Colgate, Peshkin and
Wannsuphoprasit [1] proposed a wheel joints as a CVTs
to couple linear velocities. Refer to Fig 2, the ratio
between V, and V is tan(a), where « is a steering angle
of the wheel. The ratio is adjustable.

b 5 I
3
—

¢
=t
(B
-
-
\E

o(deg) 0 45 90 135

ratios 00) 1 0 -1

Figure 2: Wheel IACVT [1]

While' wheel "CVT “is ‘simple and easy to use, for
application 'that required rotational motion, additional
transmissions or different CVTs are needed. Moore and
Peshkin [2,4], proposed a spherical IACVT that couple
angular velocities of input and output shaft.



Figure 3: Spherical IACVT [1]

Refer the Fig 3, the sphere acts like a friction gear. The
sphere is constrained in the center. Only movement that
allowed is the rotation about so called an axis of rotation.
The transmission ratio of input to output is ratio of dy/d; .
Given ¢ the steering angle. The details of work can be
found in ref [4]. The effective transmission ratio T can be
written as

T=2%_ % = tan{tanl(ta\nrjj - 45°} &)

1 1

3. PARALLEL IACVTs
Most applications utilize one CVT to transmit and
change ratio of flow/effort between input and output. This
section describes mechanisms that use several CVTs
coupling single input and multiple outputs.

3.1 Parallel wheel IACVTs

In recent years, several researchers proposed
mechanisms using several wheel CVTs. In 1997
Wannasuphoprasit [6] introduced Scooter, a passive
mechanism that used three wheel CVTs commonly
coupled to the ground. Scooter has planar workspace
(x,y,0). The direction of motions depends on the wheel
steering angles. Path movement can be controlled by
steering each wheel according to the control law. Scooter
can be control in translation (x-y) and rotation (6). Refer
to Ref [6] for details of this work.

Figure 4: Scooter [6]

Another work introduced later last year was a 3D
Passive Manipulator that used similar three wheel CVTs
similar to Scooter. Rather than using ground (floor) as a
common link, however, all three wheel CVTs are coupled
directly to a sphere. Another key difference is all wheel
CVTs are stationary, but the sphere moves. The sphere
has three-rotation workspace (roll, pitch, yaw). The
rotation axis of the sphere is determined by wheel
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steering angles.

Since the sphere workspace has limited applications,
here a manipulator mechanism is placed on top of the
sphere and convert roll, pitch, and yaw sphere rotations to
X, Y, and z transnational workspace [8].

Figure 5: 3DP Manipulator

Parallel wheel IACVT mechanisms have several
advantages. They are stiff and can handle reasonable
load. One application of these devices is a guidance
machine. In an automobile plant, an Industrial version of
Scooter had developed and tested to guide human
operator in heavy assembly job.

3.2 Powered Parallel Spherical IACVTs

Although parallel wheel TACVT mechanisms
performed well and even tested in a real application [7],
there are several shortcomings. First it is difficult to
extend more than three wheel CVTs. Second there is no
effective way to inject power to system. One solution is to
power the wheel itself, but normally will required at least
two powered wheels. Also this posts a challenge design
problem‘on the wheel CVTs requiring quick response and
continuous-steering angle without joint limits.

To solve this ‘problems, Moore [2], and
Wannasuphoprasit [7] used- a parallel network of
spherical CVTs that can add powered to the system.

Outputl CVT1

S

Output
CVT2

Common Input_|

Figure 6: Parallel CVT Network.
In this case two CVTs are used.



The system has one common input and multiple
outputs. The number of CVTs required is equal to number
of outputs. The inputs of each CVT are connected to the
common link (common input) and the outputs of each
CVTs are then independently controlled by its own
transmission ratio. The great advantage of this
arrangement is that the system requires only one power
source regardless of numbers of outputs. The system is
the most efficient because all power will transmit to the
direction of motion. There were previous works and
prototypes [2,7] on parallel spherical CVTs. However,
several issues need to be addressed, for example, CVTs
compliance effects, Internal Inertia effect of the
transmission, gravitational compensation on the output,
and various control issues.

Outputs Steerini

Figure 7: Parallel IACVT Test bed

To investigate and verify these challenges, we
designed a parallel CVT test bed consisting of two
spherical IACVTs [9]. The design is simple and
symmetry. Both inputs of CVTs are connected together
by a common shaft, which is attached with a power
motor. The outputs are intentionally designed to open, so
they can be used in several configurations. Each CVT is
preloaded by springs inside stiffeners. The preload force
can be easily adjusted.

3.3 Modeling

To have a better understanding of the  Parallel
IACVT characteristics, we model this mechanism. First
single spherical CVT is modeled using bond graph. A
simple bond graph is shown below.

J
TF /I TF
r/d; 1 dofr
f(a)

Here, d; and d, are the distances from rolling axis of the
sphere to input and output rollers (see Fig 3), r is the
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roller radius, and J is the moment of inertia of the sphere
(Jsphere = 2mr? / 5). The ratios of both transformers are
adjustable and are function of steering angle o. From the
bond graph above, it is easily to see that the overall
transmission relations of effort and flow from input to
output are:

d
eoutput =mm, einput: d_einput
1
d
— 2
finput =mm, foutput_ e foutput

1

For bond graphing our test bed, the inputs are connected
together and have the same velocity. The motor inertia is
included. Note that all friction and small pulley, shaft,
and roller inertia, are neglected. Fig 8 shows the bond
graph model of complete test bed system.

I flou)
F_ N1 O SNTF S

/I / r/d, / do/r

TF N 7 N TF __ <
rid; 1 dalr

~

[{CH)

Figure 8: A Bond Graph Model of Parallel Spherical
CVTs

3.4 Prototyping

According to the design details in last section, the
test bed is constructed and assembled. The sphere is made
of 4-inch acrylic. The steering rollers, input and output
rollers are custom made from polyurethane. All frames
and structures are made from aluminum. The pictures of
the test bed prototype are displayed in Fig 9-10.

|

Figure 9: Top and Bottom Pictures of the Stiffener



Common Link

Power Motor

Figure 10: Isotropic Picture of the Parallel IACVT
Prototype

4 SUMMARY

We described the parallel network of wheel CVTs
and spherical CVTs. The spherical CVT network has
advantage in expandability and flexibility of adding
power to the system. This unique system requires only
one power source regardless of numbers of outputs. The
simple bond graph models of single spherical CVTs and
parallel spherical CVT mechanism are proposed. In
addition we designed and developed a test bed prototype
to investigate characteristic and control aspects.

5 APPLICATIONS AND FUTURE WORK

Kinematics of these work have been analyzed in
some certainS. The details can be found in Ref [2,5,6].
On-going work are modeling of this system in more
details such as including slip of roller and sphere.
Furthermore we are interested in dynamics behavior,
inertia transparency, and apparent isotropic inertia of
operation, and gravitational compensation control and for
an attached mechanism.

Applications of these concepts are enormous. For
examples, we can connect a close chain mechanism at the
outputs of test bed and become a robotics manipulator.
Other applications include multi DOF mechanisms such
as all wheel drive vehicle.

Figure 11: A manipulator prototype.
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Figure 12: Illustrations of CVT network applications in
mobile mechanism
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