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1. Outline

e [ntroduction
— Controll of Robot Manipulator
— Synchronization Control
— Reaching Problem
 Introduction of Reaching Problem with
Synchronization Control
o Arimoto Method of Robot Manipulator Control
— In Joint Coordinates
— In Task Coordinates
« Synchronization Control of Robot Manipulator
— Nijmeijer : Mutual Synchronization
e Problem Establishment

e Conclusion & Future Work

2
Tokyo Institute of Technology Fujita Laboratory

Tokyo Institute of Technology



Introduction — Manipulator Control
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Control of Robot Manipulator (Passive-Based)

Control Lows for Singular Manipulator
» Takegaki, Arimoto — Position Control
r=9(a) -k, (@-0a4)-kq  9—>03,4—>0,(G =0) - (1)
»Paden, Panja — Tracking Control
7 =M, +Cd, +9(a) -k, (d-0y)—Kk, (d-dy) d—>0y, 4 >0y (2)
» Slotin, LI — Tracking Control
r=M (qd - A(g-q, ))+C(C’]—A(q—qd))

Or r

+9(a)—k, (q-0y) -k, ((d-ds)-A(a-0ay))

St

q—>0d,:9—>0, e (3)
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Introduction -- Synchronization Control
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Nijmeijer Spong

> Synchronization of Joint States » Output Synchronization
4 =0, ="=0, Yi =Y,
0, =0, =" =0, :qi:qj'(i’j:O"'Wp)

» Use the Synchronization Error to

creat Reference Signals » Chose a output function in the

controller to ignore the
( JlZJk o (-G, )j acceleration terms
- 7, =M, (_ﬁ“qi)_i_ci (_lch)*' 9;(a;)
+G; (% - z kcvij (q| —q; )}"‘ 9; ()
j=Li%j p
" + >k (qi+/1qi)—(qj+/1qj)
fawr Snioen)

[q -4,)- ik,,(q q)j - (4) >output function Y; = G; + 44,

Jll

» Reference Slgnals Oy =0y — Z e, (G —01;)

j=Lli=] ! 4
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Introduction — Reaching Problem
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Reaching problem is to move the manipulator from a start point
to the destination point in the task coordinates.

Arimoto - PD Controller for Robot Manipulator

» Feedback PD-Control in joint coordinates
r=0(a)-k,(q-04)—-kd ad—>094,G—>0,(dy =0)--- (1) ‘
» Feedback PD-Control in task coordinates
7 =9(a)—k,q-J, (@)K, (x=X,)

X = %,.G = 0,(d, =0)-- (6)
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Introduction of Reaching Problem for Multiple
Manipulator
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Arimoto
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Task
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Arimoto Method for Robot Manipulator Control
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Control Object

M(a)G+C(a,d)d+g(a)=z - (7)

Control Law in Joint Coordinates 9,08 1 Maﬁfﬁ.ﬂtg; i“
r=g(q) -k, (q—0,) -k, 4 - (8) N : sd Bk
Closed-loop System

M (a)G+C(a,d)G+k,G+k,(q—0y)=0---(9)
Theoreml

FEFIERERT). avbO—508) &> THEREIN=FIL—T R ()DL
TEZD. 74175 K K WNIEEDE, DRATLMNFEER (0,.6)=(q,,0) A
jtiJZE’J,$JiJ_ E LMD, ,

~

Theoreml

If the gain matrix k , K, are chosen to be positive definite, tehn the controller(8)
results in the equmbrlum state (0.6G) = (a4.,0) of the closed-loop system(9) being
globally asymptotically stable
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Proof of Theorem 1

Storage Function

Tokyo Institute of Technology

1. .1
V=§qTM(q)q+§eTkpe e=0q-0y) (10)
Derivative of Eq(1)
iV d[l g'M(q)g+= ekej
dt dt

=qTM(q)q+§qTM(q)q+eTkpe'

=_qT(C(q,q)q+kdq+kpe)+§qTM(q)q+eTkpe

=—qTC(q,q)q—qudq—qupe+§qTM(q)q+eTkpe

:EqT(M(q)—2C)q—qudq—qupe+eTkpe

=0-.-Skew—symmetric =0--é=0-d4=9

. T .
=—0 k;4<0
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Proof of Theorem 1

Hence, the differential of the storage function V =-q"k,4<0 is just
Negative Semi-Definite, so the system stability can not be guaranteed

Tokyo Institute of Technology

But, LaSalle’s theorem can be used to proof it
So, Lets proof in {[qT q' v :0} ={[qT Q' Jq =o} the Largest
invarian setis [q" 0]

fromV =—q"k,q <0 ,we know ifand only if =0, V =0

If V=0, then §=—M "k (q-0q,) , because of the closed-loop(9)
Assume that V =0,q=q, , then, § =0
~§=0V #0,thusq = q,

Hence, [q'dr O]T is the only invariant point in the set {[qT q" |

V =of

Thus, use the Lasalle’s Theorem, we can proof the Position Control
method of Robot Manipulator by Arimoto is asymptotically stable
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Robot Manipulator Control in Task Coordinates
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Control Law in Task Coordinates
r=0(q) - kG-I (@K, (x=%;) - (11)
Closed-loop System
M(q)4+C(a,¢)d+k,a+J, (@k,Ax=0 - (12)

There AX=X-X,

Take the Storage Function as

V = %qT M (9)q +%Akapr ------ (13)
d . N N .
EV =q4' M Q)¢ +§qT M (g)G + Ax" Kk AX
= EqT (M (q) - 2C)q— G'kyd—q" J, (@)K, Ax+AX' k Ax
=0 Skew—symmetric =—AX Ky AX(rg=J MAX)
=0
— _qT kdq <0

the proof of asymptotically stable is the same as in joint coordinates
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Synchronization Control of Robot Manipulator
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Nijmeijer Mutual synchronization control
- Based on the sigular manipulator motion control by Paden, Panja
» Control Object : n-link Robot Manipulators

Mi(qi)qi+Ci(qwqi)qi+gi(qi):Ti -+ (14)
» Synchronization Control Law

( )3 Ko, (G ¢ )j ( y e, (G — qj)}gi(qi)

ey _ gy _
_ ( ;chpj( _)) ( ;ka(i )j (15)
» Closed-Loop Si Si
M.§ +C;S +KyS +k; =0 .-+ (16)

p
:(qi_qd)+ Z kaij (qi_qj)
=
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Theom of the stability for synchronization error
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Theorem?2

[ il 1E %t R (14). :|>|~|:|—5(15)(:;9'67%&3%7‘:%)1/—\
70%(16)':9('\—(-%%%)0 :E)L/b:\’r-\/'?i-glj kpi J kd|75§IEIHE-—G:%
#LIE. Synchronization Error s, s, i=1,...p IZxfL T, Kk

@@!:5$ﬁi&?rifﬁ>éo

Theorem?2

Consider the closed loop system formed by the controller
(15), and the robot danamics(14). Then the synchronization

/

errors s, s, .p are globlly asymptotically stable if the
\control galns kp. k., are positive definite y

Storage Function

V= Z( s'M (q)s. +25. kp,s,) ------ (17)
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Proof of the Stability

Derivative of Storage Function (17)

p .
iv = Z(S.T Migi +£SiTMiSi +SiTkpiSij
dt i=1 — 2 ,

Tokyo Institute of Technology

L;ST (M, —2C;)$,—8Tky ;8 =8k, ;5 + sfkp,isi]

M= D=

Il
[=

(—s7kg:8)<0 .V :Positive Semi-Definite

But, the system can not be guranteed to be stable, but Barbalat’s Lemma
can be used to proof the stability of the synchro error (s;,$,)

+ V is Finity Limit -V >0,V <0 p
»+$, 8 is bounded, .V =-23"(§k, ;) bounded

i=1

e \ is Uniformly Continuous

Then, storage function y/ can be take as Barbalat’s function
~.limV (s,,$,)=0, then, lim§ =0  Also,we can proof that lims. =0

t—>0 t—o0 t—o0

Hence, (si S, ) Is asymptotically stable

1
Tokyo Institute of Technology Fujita Laboratory 3



Proof of the Stability 2 (Synchronization)

Tokyo Institute of Technology

Next, take the coming Lemma to show the Synchronization
Lemma
/kaﬁﬁ@%%‘ﬁ?l](Diagonally Doninant Matrix) M, (k, ;) ZB7RY b E D \
Coupling Matrix&LTEZ B M, (k) [EETEIEFELR AT ki, j=1..,p
[CXHLTIERITHS, Ff-. ETHOEEFELGRAITH ki i=1...p[TxLT
ROBEHRMDEYILD,

_ql_ _qd_ _ql_ _qd_
Mc(ki,j) =] el =]
K _qp_ _qd_ _qp_ _qd_ /
((ln"‘_zp;_kl,jj k12 klp
MC(kH)= —kKy4 [In+1;¢ik2,,—j K.,
-k, kK, ,
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Problem Establishment

Cooperative control of Multiple Robot Manipulators
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Dynamics of the Control Objects

{MLqL+CLqL+gL:TL by
Mglg +Cr0g +0g =175

Goal

First
Extend synchronization control to task space

Output synchronization control by Spong
U, = _K(qz — (_q1)) =, =-0,,0, =0,

Hence, If we take the input and output inverse,

we may get (¢.—G,).(t%,—0,) synchronization
: . 15
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H An extention of the Arimoto Position Control
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Control Objects :
{M Ao +Ca.+9. =17,
Mgy +Crlg + 95 =75
Controller

T =g|__kqu_kp (qL_qu) ...... (19) iti NIJmEIJer
Tp = 9r —Ky0r —kp (qR CIrR) Synchro
There, referrence signals q,; = q, —(qI of ) Lj=L,R

Then, s, =6, — 0, =, —(dy (0, - 9,)) = (6 -, ) +(a, -a;) =& +¢,
Combine (18) and (19) ,we get the closed-loop like
M.G; +Ciq; + koG +koe +koei I, J=L,R ----- (20)

. Theorem3
Consider the closed loop system formed by the controller (19), and the
robot danamics(18). Then the synchronization errors s;, i=L,R are

asymptotically stable if the control gains k ,k, are positive definite

il fE5et 2R (18) :u|~|:|—7(19)l o TR EN-FAIL—TR(20)=DUT }

£z 5, LLT10751K K MEEETH NI, Synchronization Errors,, i=L,R

ISR T KEMICHHERZRE TH D,
.. 16
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Proof of the Theorem3

Storage Function .
Vi :qiTMiql & k o&i T zeukpe (& =0,—04.6; =0, —0;)., J=R, L (21)
Derivative of Eq(21)

d d 1
—V. = M. +eke+ eke
dt ' dt(q' E 2 1F j

:2c'|i Miq,+2e K€, +eukpe

Tokyo Institute of Technology

=20, (Ci, +ky0 +k,e +kye; )+ M +26 Kk 6 +e;K 6,
=q;, (M, —2C, )¢, 20, kG — 20, k& —2¢; ke, +2¢ K &+ e;K.6;

=0-.-Skew—symmetric _qu Ko =(6-0; )kpe;

=20, ky0, 26 k,&,—2d; K &;+2¢; k.e +(d —d; )k,g,

:_ZQiT kdqi _(Qi +qj)kpej
V =V, +V,

d d d T C T .
—V :_V + V 2ququ_(qL+qR)kpeLR_ZqudqR_(qR+qR)kpeRL

dt dt - dt
----mmmwﬂh

= _Z(qlkqu +q;kdqR) <O er=—
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Conclusion & Future Work

« Control of Robot Manipulators in Joint Coordinates
& Task Coordinates

— Arimoto Position Control

« Synchronization Control
— Nijmeijer Mutual Synchronization Control
— Extend the Arimoto Control to Multiple Manipulators

 Introduction of Coorperative Reaching control

e Future work

— Fill up the task coordinates based control

— Clear up the relationship of synchronization control by
Nijmeijer & Spong, and extend the Arimoto controller to
multiple manipulators, and then compare with it

— Extend the synchronization control to task coordinates

18
Tokyo Institute of Technology Fujita Laboratory

Tokyo Institute of Technology



	An introduction for Synchronization and�Reaching Control of Robot Manipulators
	１．Outline
	Introduction – Manipulator Control
	Introduction -- Synchronization Control 
	Introduction – Reaching Problem
	Introduction of Reaching Problem for Multiple Manipulator
	Arimoto Method for Robot Manipulator Control
	Proof of Theorem 1
	Proof of Theorem 1
	Robot Manipulator Control in Task Coordinates
	Synchronization Control of Robot Manipulator
	Theom of the stability for synchronization error
	Proof of the Stability
	Proof of the Stability 2 (Synchronization)
	Problem Establishment
	An extention of the Arimoto Position Control
	Proof of the Theorem3
	Conclusion & Future Work

