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. Abstract . 
, ./ 

. ,,/ 
A rncthod for cstimating robotlcs systems controllers \'Iith time-varying parameters 

is prcsented Hl this thesiR, 
• . .. 

, . 

Th<, roboti('lIldnIPlll~tor rno'd<, 1 is obtamed U~JTlg Kane's dynamieal equations, w'hieh • 
1\ 

are thpn'Iine';nz('d about the d<,~ired trajectory The Imeanzed time-varymg dynamical 
l • 

hystt'm, so deT!ved, becornes the" plil:nt" which Îs to be eontrolled; 
1 • 

A fe~dback control {:'()l'rne. ea)ed mode] absigJl"fl)PtJt, ]{:, de~j\ ~d. ~he feed2.ack gains 

art' dcsi~lCd to render the bystem!a pre!':Jenbed second-order,statlO)1ary system by us)ng 
, 

canc('lllIlg sdw/1Jc. '.' . 

A rcc ursive I~llarc identificatIOn method IS introduced to perform the on-line 

p~rarn('ter (\stimatlon for the f('edback gains of the eoDth.ller. Instead of ehllnating the 
- , 

parrtrp<,tNs' of the robotie dynamlcal Jl1odel., the para~€ltèrs of the controller ar; ttStl-

mat('d. Thereforc, tiH' adapti\c control algorithm"'ls much-1tnpler and computatlOnally .. ~, , 

i 
.I('s,> d('rnallding, (ompan·d \\llh 'oJlllllar ,control schemes for robolle rnaplpulators 

DylldTllI( Illodellmg and aOdptJve control simulations were performed on a twO-Imk 

rnanipulalor, II\{' CI·ncinnatl \o1J!acron Robot and POM4 600 Robot, Satifaetory results 

W('f(' obtain('d 
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Résumé 
\ 

~ 

cette t~èse présente unC' méthode d'('~tirnation d(' pard.In<'tH'" varidhle!'> dalls_t\ t\ 

temps, qui sert à la ~mmand(' asS('[\'I(, qc ~~ sU'lIIes robot)qu(\:-, "-

--h L 'aut~ur obtient le ITIodrlC' d~llam i(l1l~ du robot ll~d.I11 pul,l! ('\1 r ,HI III()Y(~\ d(":, ~\(!lI,lt I()II'> 
·f 

dynarplqufs àe~ané, Ces Pqudt,lon!-> sont (>,bult!' 11Il(>,lI:\"é(':, ~l\ltour dt' 1" trrll(~( t<~Irt> 

suivie par le robot, ce qUI produit un S)~U\III(' dVllclll1lq\}(' 1i1l(;,lIre ,\ «w"f1i( )(>111'> \'<lIl.II>I(>'> .. \ a.. ~ 

avec .le temps, ~ur h:;qucl .se 'b~è l'algor'il hlll<' dt' (Ollllllé;'Î(j;:"f,u':>d.lIt ~'ObJl'( dt' 1,1 t hi':'(' 

L'algorithme dc cOfn~nnndc ab~(,IVI(>, appelp 1(1 d/f(of1thhw d',J;<'If(lldtloll cll ' Il.wdil lt,,(I<,t ' 

obtenu à,p~rtlr du"modèl~'IIJ1{>,llrt, rrj(',J1tl~nll{>. En f,lIt, le., ('()('fIici(>IIt.<, J'.t<,<,q\,I<,<,('IIIt\1I1 
, . , 

sont COI'ÇUS façon à de relldre le ~y'3t.<'nl!' cI,"~('r),l1 \lll~) !->tt'll){' 1111(>,11)(1 ~t rlblp ,1 «H'!II( I(,I\I~ 

\. constants, cc qUI est accompli au nloY('1l d'une t.(\( hl\l(ju(, (l.'d1JlIllltltlO1J dt, /('/ JI)('<' 
, ,t ' 

L'introductIOn d'uTl algl)rithnH' ré(\H~lr d'ldplltdicatlOlI (h> 1I101Ildl("-- (.tlrl''> 1'('111)(11 \ 
; . 

d'estImer eIl liqup les pclfamètre,> du sy"t{>lllt' ,[,,>,,('n'I AIII'->I, tlii 11(111 'd,<,<,t 1111(" 1('<, 
, ' 

paramètre5 du m.odè!e dyJltHDlqU(' 11I2,éarr<,r du robot, -l'(:tlgoflthll)(, ('JI fjIH'<,troJl (>'Jtill\(1 h'<' . 
paralnètre~ de la ('ümmdnde dlr('('(,('rncnt,'-«\ qulJ(\ n'IHL plil~ "11111'1(' <{If(' 1(><' ,tlgoJlthJÎw<, 

similalfes trouvés daD~ la IIUérdtuf<' ... 
L'auteur mclue cÇ>rnme exemples d'applIcation Id ~:TJ\lJlatloll d('~ <'y<,I('IIII'<' cl:--.'-,crVI<' , . . 

. d'un manipulateHr à deux artllc\llatlons, du robdt Pl:\1A (;00, Pt" du robol. CIJ)( IIll1dtt 
\ J 

:vtilacron, 
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Chapter 1 Dynamic Mode.Iling Based on Itane's Equat.io'ns <1 

1.1 Introduction', ., 
~ . 

...... 

Dy~amic modelli~ne .of the rhost important pa~ts of robotir:, r(,hc'arch. Ma-

/iPulators represent com:licated dynamiral syst('ms and i,r. we Wi\nt. "lo analys{' t lH'ir 

dynamics, wc must ~ake a very systcmatic approach for solving thc' problf'lll Wc art'

intereste<;l,in obtaining an efficient wa)' to derive lllod('b of manipulat.orfl rt.'i tills prov idc'fI 
. - , -. 1 

. \ 

,0 

insight into the control problem . 

The dydamical model for a six-Iink robot manipulat.or can be obt.aiued by IJsÎng 
.. 

physical laws such as the laws of NewtoOian mechanic5, Lagrangiau rn('chanics and hy 
, -

using physical measurements, The task ,is to-develop the dynamical equation ... of HloJ,io,1l 

- for~the overall robot manipulator in terms of its paranwters. Then, ~h(~.w-o( edltTe'i hiL'>('d

ejt.h~r on Ne. wton-Euler Or -Eul~r-Lagrange equatiOJl5 are used to dl'vclop t h~' gov('fJli/lg 

eqllations, , . 
.. 

The use of the 'Euler-Lagrange for~ulation was studied by Uicker( 1965), Paul( 1972, 
, . . . 

1981): Bejczy(1974), Lewis(1974) and Lee et al. (1982). The deri.vation of the dynamo . 
ica) model of a manipulator based on the Euler-Lagrange formulation is wnJ)I(' and 
l'il r 

syst~matic. The important fcature of the work of the early rc~earch('r!> i:-.. thpir l~C ,~)f 

4 x 4 rotation/translation matrices B1 to rcpres('nt the motion of the ki{l<'rnalrlc cJ.a;", 
, . 

Mqtrix Bt transforms components vf.vectors ànd matrices in the z-th.link coordinatf's 
<IU:... •• 

to the base coordinates. The kinetic' and poten,tial cnergy of .the kincrnatir chain i~ 

expressed in terms of the BtS and their derivatives. Then the Lagrange e!Jt.uations can 

r' 

\ 

1 
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( 
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2 

be llsed to compute the. generalized f<ices as followings: 

t = 1, ... , n (1.1.1) 
1-

where J J ib the inertia tensor of the )-th ItnR, qt is th~ 

rotation joint and length for prismatlc joint),T1 is the generalized fo 

(angle for 

applied 1'0 the 
, .. 

t~th link, Tr is, trace operator, rJ is a vector from the origin of the j-th Iink to,its 'h1ass 

centre and g is the gravi~ vector. 

The Newton-Euler formulation is b~ed on th,e Jaws g?",erning the dy.namics. of r~ 

. bodies. T~ r~l~nship between the vect000rce acting at the mass centre- of a given 

link and the accelera~ion of its mass centre is Newton 's second law: 
.. 

'" jF=mv .. (1.1.2) 

. . 
TIl(' V(lct.or moment about .the mass centre IS rela.ted to the angular veJocity and 

angular acceleration of the rigid body bv Euler's equation: . -' 

n ::::- J . W + ",,, y (J w) (1.1.3) 

whërc w is the angular velocity and J is the inertia tensor The vector moment acting , . , . . 
'on the r-th Ilnk can' be calculated by u,sing ~ev.'ton-Euler· equation. Stepanenko and 

Vukobratovic(1976) derived the dynamics of human limbs by using t~c; Newton-Euler 

('qllations In 1979 Orm et al re\'ised Stepancnko and Vuko~ratovic's mejthod to make 
• 

it more efficipnt. Thp)' uscd the mord,mate systpms attached to the links mstead of the 
" , 

fixed coordinates ubed by Stepaneko and Vukobratovic ~uh, Walker ~nd Palll(19S0) 

fo<'us!,d on the dfiCiency of the foregomg computations l They found that the computa

tional tune of thp algorithm based on r\ewton-Euler grows linearly with the number of 

links. while the one of tht>'algorithm based on the original Lagrange fomulation grows 
, 

- with the fourth po\\er of the number ofJ1..!lks. 

ln 1980, lIolkrbdch rea!lzpd that the recur::.iH' nature of the )\'ewton-Eulor formu-
• 

latloll that nlàhes It '>0 effiCient (oulcl be achic\cd \"'it}d~agranian formulatIOns as weIl. 

• • 

Silver( 1'9~2) fOllnd that there is 111 fact no fundamenta~ dlf[erence. in' computational . 
. 

dlicirTlq between La"grangian\- and );cwton-Euler formulations. 

( 

/ 

. \ 
s-' . 
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1 2 MaUlPulatQr KIllt"lIlatlcs 

, 

Kane's dynamical equations (Kane. Likins an(~ Le\'ill~on -4J83 ) , whirh Wl're ('lrigi;~I1~ 
- ~ 

derived for nonholonomic systems. ha\'e bl'en l1~('d in robot Î<"s ar('a in 111(' n'ft'Ilt y('ar~. 
, , 

For a given robot, Kane's cquations ellab/i' Ont' 10 work ~y~t(,tJIdlica"y will! d('llI'lult'lll 

9variables to eliminate effortl('ss nOllworking c<plsl raint foru.'l-> alld lorq\J(,~, 

rhe package introduced here irnpknH'nts Kall(,'s dynamic:1 ('quatiolls. KillcllIat i< 

and dyfiamic formu/ae were deri\'t'd br Hoja., (i9R7)and the program 1)(1$('d orl 1 h<'.,., 
" , ~~ ~ l , 

fotmulations was implemented and tcsted on a VAX-780 (~lc nCIM) by II\(' aulJlOr of 

this thesis. The simulation. results are reported here. 

1.2 Manipulator Kinell1atics 

-. 

1.2.1 Hart<>nbl'rg-D,,()avit Notalioll and Rotatioll Matrix 

A systematic and genrralized approdCh utilizing llI1alrix algebrd for d(·o.;( ribill~ Il)(' 

spatial geomelry of coupled mechanical ~y:"t<'m!> \\It h f('"ppct 10 a fiJ.,,(·d n{('f('(IC (' frlllll(' . ., .. 
was developed by Bartenberg and Dena\'lt in 1955. Il htt..., b~l wid(ll~ Il!>C'<! ill tbp ;m'a 

of I:obotics'in r('cent years. The advantage of their f('pr<'~f'lltatioll of t1w linkelg('" It; lb 

algorithm uDiversality III deriving the kinematlC ('quai Ion!> of â manipllléllor. 
~ ~ 

The parameters of the Hartenb('rg-Df'navlt notation clr~' d(·~( rdH'd cl." fo/low!'>, 

Ql: twist angle from ZI--1 àxl~ to Zl<l.XI~ III thr pO'>III\'(' dlf('(\IOII of dxi., X), )\ . 

al: distance between ZI-·1 dnd ZI axp., 

b1 : Zl-h coordinate of thf' ITIt('rs('( tlOl1 of axe!'> Xl alld 2 1 J 

81 : angle from X 1 - 1 to Xl él,bout tll(' 2 1 éixi'> Il.,ing th(' right-band ru 1(, 

where 1 -:: l, ... n and· n IS the lIumber of JOlTlt!> 

Hençe, the ro;ation' \natrix QI' \\ hirh t ran.,forrn,> V('( tor cornponentr. in the (1 1 J )-!->t 

link fram~ to the l-t~llIlk fram(', 1" ('xpH'!'>,>('d él.'> 

tŒO
, 

.,in 0'1 co., DI WI 0, ,in a, ) 
~ QI=- si~ 81 co<, °1 cos 0:1 co!> °1 sin 6 1 (1.2.1 J) 

, sm Qt co~ QI 

• • , 

, 
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1 2 Malllplilator Kl/lelllat IC~ 

XI 

.. 

. 
-- ----------~--- ---

Z.-I 

Figurl' 1.1 Harl.enberg-Denavlt Paramelers 
.... 

, .' 

L('l [e 11-+ 1 be an arbit~ary. vector expressed in {i + 1 )-~t coorçlinates, then, th~ fol-

jowing rclationship ho/ds: 

le;'- :::. Q J ' .. Qz [e li + l '. J < Z 

).... 
Oru-ed on the rotation matrix repr~se,nted byeq,ft.,"2.1.1), 

follows: 
o 

, ' 

Po = 1 

Pl =:QI .. 

'P 2 = PIQZ 
• 

1.2.2 IÜlI('matir Allalysis of th(' Robotir System 

... 

CIo (}.2.1.2) 

matrix P2 is.defined as , 

, (1.2.1.3) 

\ 

. Ba..'>ed on the' OdrtŒ!H'rg-Den,l\'It notation described m the last sub-sectiOri, the 

JiÏnematlc anal}sl~ of the robotic system IS performed. It is pointed out that a vector v 

. . 
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1 :2 .. Malllpulalor KlIlelllilllc' 

1 • , 

or a tpatri~ A represent:d in the t-.th ~oordillatt's is indlca1ed ,\!-. [v:: or [Al" reSpt't t Inly . 

How~vër; if no ilJdlcation of coordllla s 1S gIVl'I1. IM.-.pfr,lIlle C()Oldlll(\I('~ wdl 1)(' implit'd. 
, .... " ~ t 

- First of al!, d drfiIlï~lon. wlue! will be prO\ ('d ln 1)(' \ N\' u-.dul. 1:-' in! rotllH t·t! To 
0#) • • ( 

(}n): 3-dimensional ~ector f, ont> can attribul!' d 1J[J)(IIU' ~~ , :l It·ll .... or F ddillt·t!· <I!-. 

F~ ~(L,x) 
.ox 

\ 

where x iS'an ar~itrar. vector. '. ' . ~ 

Alternatively, thè forgoing tensor F ca~ be ddined as: 

/ -
,F :::: f xl::: 1 x f 

where co 

• .. 
. f·-= ~èct(F) 

, • J 

:r~e~efr th""!oll~wing ielat:ons~ip holds: 

. f x g = (f >' l)g :- Fg 
'" 

\ ~ 
where g' IS an arbitrar) 3-dlmenSIOf.lal vedar 

, . 

/' 

(1 2.2 1) 

. --., 

( 1. 2 2.2(1) , 

Le~ Ut be the veetor fr~m th(' ba.se coordllldte ongm 0) to Iht' l-~h (()ordin,lt(' ongln 

Dt' r l he the yector from thr ha.<,~' coordnlate origlI) ()I to thp «'1\1 roi(r of 1 Il!' 1-1 li IlIlk,lgl' 
\ ,~ 

"". 

Ct, PH 1 he the v('ctor frol11 tht' (2 1 I)-~t onglll 10 Ill(' «(,Illreml of III(' l-Ih IlIlk'I/~(: dlld 
- ., 

Sl + 1 he the vect~r f rom Cl to t h(' ongm of. th(' robol (,Tld <,fi ('( lor °11 t ( T~(' V('( lor 

from the 2-th OflgIrl to the rTld df('(lor of thè llIafllplllalor 1'" ddill('c! ,L'> v~ 

/ 

/ 

[v t : t = [a t ]1 -1- Qt,vt-+ IlH 1 

VI '=, ill + QI' v 2 ; 2 .-
, " . 

~ 

t -

"" . , . 
n- 1. 1'1 .., 2, . ,.1 (12.2.1) 

4 

• where ;atl t is the \'~ct<{f I10m the I-th <>;igin Dl to .the (l ~ 1 )-~t origin 0t. ) cxprcsf>cd 
• 

in the I-th coordmates. 

4· 
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1 2 Malllpulator ~lIwlllatlo-

• ---~- ---------------------------~'o 
Z •• l 

-I--__ ~I 0,.1 

(), 
-S~l· ~.+~ ,. -

" 

, . 
• U~~l 

• 

\ 
v 

Figure 1.2, Vector defiJ\lti91lS for the n-hnk manipulator 

Le\ 

v == [Vllt.='= 1a lh 'lliQI:1'2lz 
. , 

== [adl + P 1ra2]z + P2[a3b + .. , + Pn-tfanln 

=- [ad] ->- [a2lt..- .. , -+- [an:) 
1 . , 

Differentiation of eq (1 225) \vith respect to time leaçls to: 

where , ~ 

:àt-t lb = Pl at+lL~l ~ Pd~+llt+l 

and PI I~ d('fined lB eq (1.2,1 3) . 

, 

• 

J1.2.2.5) 

(1.2.2'.6) 

(r,2.2.7) 

. In. order to fin3 ;à1 + 1 II. WI:' have to calculate [àt+ tl!+J and i\ first. They tan be 

dCfl\'('d as f olJows' 

(1.2.2.'8 )-

Now PI is calculated as: 

, ,aPI " . aPI 
PI = o} ao + ... + °1 ao 

1 1 

(1.2.2.9) 

6 
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12 M;ullpulator hlll.elllatH·' 

and 

~ 

.. 
1 

()_p_t_ _ ~ 
il - P/_I(\"i\ )~l ... (1.2~ 

. ) . 0) J \ -

where e is a unit vector parall('1 to thr Z2 axis ('Xprt'ss('d in Its o\\n ct)(Hoin,ltt" Il.Hw'lv, . - . 
e = leI)! = 1°,0, I)T and 0t is Ul(' JOlllt \ilrI\.\ble of the: I-th llflh. 

The angular velocity and anguldf au P!('I dtlOIl of (',\( il 1 III " (.Ill b(' ('lI.pr(',,~('d a:,' 

,00 (\ 2.2 1\) . 
. -I.e. 

w} = Olel 

w2 ~ wl + U2e2 

c. (1.2.2.12) 

, 
where.e = 1°1,' , On]T is a veetor of JQint vctriable~. 

Therefore, the angular acc('leratlOns is In the followmg forr~' 

\ 
-W2 ==--W1 t· fhe2 + W] )0 O'2 e ]. .' 

(J.2.2.1:l) 

Rewriting eq.(1.2 2.13) ID a simple ~'ay, wc get: 

(1.2'2.14 ) 

w'her~ 

(1'22.1!;) 

a'. foilow." 

•• 

(J .2.2 1.6) 

-

.. 

,. 
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SubstItution of <>q~ (1.2 2 7), (1'22.8) and (1.2.2.Hi)into eq.(1.2 2.6) ·yields. 

v .' Olel / al 1 (0 1<,] -1 02 ( 2) / ja2!J +- •• ~ (~]el + .. -t- Onen) /' jan'} 

OJeJ 7' (a) 4 [a211 j •• - [an Il + Îh e2 7' ([a2h + .. + [anld -)- . ..:. Onen" lanh 

On the other hançl, v can be written a':>~ 

av· ch. 
v = -01.;,+ ... + an-On ao} un '. 

av· 
= --0 ao· 

Bence, 

, . 

. av_ = P } (e x v ) aOn n- n 

(1.2.2.17) 

Il 
(1.2-:-2.18 ) 

,< 

(1.2.2.19) 

~ 

t 
From eq.(1.2.2.4) we have [VI]l :0- [al]! ~ Qz [VHl~t+l' hence, the derivativè of IVtlt 

with respect to 0) (] '> 1) is obt ain<>d as' ~ \ 

Notice that, for the rotation matnx QI' the followmg relationship holds: 
, " 

~~: Q; (! ~l n E 0 1> , 

\ 
Thercfore, from eqs (1/2 23), (12220) and (12.2.21) we can get: 

ajv! II (1 ' , . 1 ] ) -710) - -= ~z, .. ·,Q], 1{'" a]:] - QJ VJ +l)'+l 

:::: QI' ·Qj-l(e '" jv]])) 

, 

(1.2 :2 20) 

. 
(1.2.2.21) 

(1.2.2 22) 

.. c 

• 

.! 

i 

1 

! ., 
1 
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12 Mampulator KlIl(,l1latlc~ 

Some other klTl<'Illatic formulaC', whidl will he used 1Il tlw ll1odC'lIillg of tll(' rohoti< 

oinaryipulator, are derivcd a<; follows' 

diJ 

~ 

Fr<?,m eqs.(1.2 2.23) and '.(1 2.2.24) we get: 

rt = v - ~t(lvt+ll,-t 1 -[p}+llt+d. 

,_ ~ ~t,IS;4 11<+1 

By applying eqs.(l 2.2.5) and (1.2.2 25), rI can hE' E'x.pandC'd as: , 
. 

( 1.2.2.2:Q

(1.2.2.2·1) 

r l =al+Qda2:2-' -tPn-danln .' 

- p ~la,.-d 11- 1 ~ QI .... } !aH zlt-! 2 -+ .• \ Qt+ I .. -Qn danln-t L [PH II, 11) 

(1.2 2.2(j) 

. (1 2.2.:n) 

~otice that. ln ('() (1.2227). "Ince PI-l I~ tlH' (On..,ttiIlt III iL"> 0\\11 [OOrdwdtp. 1)('11[1" . . 

Ip ) \ p- 0 
: 1+11-1 -

7 

Howcver, rt can he pre!>cnt<,d in anot her way a<; followb. 

"'J-(' J 
r (0) : -( rI 0 J' (ri iJ 

1 dOl) dOl 1 

._ ,ar l iJ 
Bn 

(1.2.22R) 

• ) 

.' 

\ 
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By compàring eqs.(1.2.2.27) and (1.2.2.28), we get·: 
~ 

art _ J • [ '. ao - Pl-Je x ..jV) - Q) ... ·Qt St!t-lJt+tl 
) . ..... 

== o·-
arn ,()y 

== ao) aOJ 

10 

J 

j < i 

J > i· 

(1.2.2.29) 

Up to now, the kinemat!ic formùlae which are needed t6perform the dyn~mical 

modelli!lg have been derived. The dynamical analysis wVI be~ .described In the next 

. section. 
, 

.. 
1.3 Dynamic Model1ing 

\ 

1.3.1 ' Kinetic Energy 

. -- . 
The kinetic enlrgy! of a robotic manipulator in a reference coordinate is defined 

• 

T = Tw + Tv (b3.1.1) 

, 
Tw is "called rotational kmetic energy and Tv is called translational kinetic energy. They. 

. , 

dC'pend, respt'ctivcly, on the angular velocity and the velocity of the mass centre r. So, - . • 40 
1 0 

T ran be. written as 

(1.3.1.2) 

1 
1 • 

. Substitution -of eqs.(1.2 2.11) and·(1.2.2 28) into eq.(1.3.1.4) yields: 

.. 
p 

'. 
(1.3.1.3) 

where 

L
Tl ar r ar 'r J(O) == !m (_t) .-le + A J A , 

, 1 ao ae l' l 
~ , (1.3.1.4) 

1=1 

ln' the abovè equations. mIls mass of the i-.th link ahd.A t is expressed in e,g.'(1.2.2.11) .. · 

• '\.., "J $ 

• 

__ .~ _________ ~ _rt.. _ 

r 

, 
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1 3 DynamlC Müdelhng \ 11 

. , 
1.3.2 Potelltial Engers 

Let the' total potential energy of a Fobotic manipulator be W': Then, the potential 

ellergy· ~f the t-th link is'in the following form: 

t -= l" .. n ~ (1.3.2.1) 

where g is the gravit y acceleration vector of [gx,gy,\1z]T whieh is~cxpr('ss('d in t.h{' b i\,.<' t' 

1 
coordinates. For a system' at sea-Ievel base. g =: [0,0, - 9,811 T provi<ling ZI is 1ht, 

vertical. The total potential energy of the manipul~or can be obtained by ,sunnning ail 

. the potential energie~ of the links, i.e., 
1 • 

( 1,3,2.2) 

.. 

1.3.3 Dynamical ecpations 

. ~ 

Given a robotie. system havi.ng n degr~es of freedom in a Newtonian refcrence frame, 

th~ motibll' of the system is governed by follow~g equations: 
, . . , r • 

:.(=l, ... ,n (1.3.3.1 ) 

where Tl, ... , T n are the ~eneralIzed active f orcps and T;, :., T ~ are th{' .generalized !rlf'rtia 
. f . 

forces. These equations are called Kane's dynamieal equations. -.,... 

\ 

The g~nerahzed inertia force act mg on the' )-th lin~n be cxpres~~d jl.<:i 

'. aT d dT 
T =- - ( --- - --
) ao] dt ao .. . ) 

Now we compute each part 

For each link.., we have . 

• 
_ an ) 

JO ] 

of <'q. (1.332) 

aT Ln art 
-= m--" aé 1 1 ao 

( « 
J 

- t J 1=1 ] 

J - l, ... n 

• 

n 

LI arl . l = m --- . r ~ P le . J w 
1 iJO ,1 ] - 1 l, 

1:=.1 J_ 

( 1.:J.a.2) 

(1.3.3.3) 
CI, 

.... 

'(1.3.3.4) 

~ 

/ 

• 

( 
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Diffcrentiation of both sides of eq. (1.3.3.4~ with respe~t to time yielàs: 

whcre 

'and 

'. . 

. 
:!... (ârt ) = (Jet 

dt aB] aB) 
() 

12 

(1.3.3.6) 

(113.3.7) 

Hcnee, from eqs (1.2.2.16), (1.3.3.6) and (1.3.3,7), eq.(1.3.3.5) can be written as: 

... \ 
"_Ilo ... 

.. 

- ... 
The partial ~erivative of. the kinetic eneFgy . T with respec;. to B".J is. 

, 

\ 

~ . 

J. <,~' , -

'\ 

• 

. .. 

.1 

(1.~.3,8) 

, 

; 

(1.3.3.9) 
• , 

~';" 4 

(.1.3.3.10) 

(1.3.3.11) 

. " 

, , 

1-

• 

i 
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1 3 Dynallllc Modl'lhllg • 1:1 

* -
- [1 T' ! 1 . where J t - Pl J(IlPt and JI' is the inertia rnatrlx of thc i-th link al)()ut its (rntroid 

aqd expressed in its own coordinatcs. ~ 
.. 

. . / .. 
By substituting eqs.(1.3.3.10) and (1.3.3.11) into E'q.(1.3.3.9) and r('ar.ranging t.llt' . ~ . 

= trmtft~ g!z + wJ -1 X PJ-le.: (Jtw,H 
t= 1 'J . '. 

(1.3.3.12) 

From'eqs.(1.3.3.12) and (1.3.3.8), the following is derivcd: 
, Il 

d ((fT) aT "r Brt .. p (- 'J . )1 
~ dt a - ae == '- Be mt' rt + J::-l~' W t X_~IWt t l

W
l eJ )' 1=1 J • 

p.3.3.1:J) 

By..pc,rforming the derivatiye of the potential energy <'Xprrssed in Pq.( 1.3.1.2), t/l(' 

last term of the, dynarnical equation can be obtai ncd as: 

BH' T \.n.... art 
--- == '-g (L, m _0,) 
00) 1=-1 tao), 

(J.3.:L14) 

Hené~, the d~ na~ical equation can be written as 

. • d (a T ) a T aw , 
.r Jo = - r J = dt aiJ - ao + ao ., 

,l J 1 

~ art M • avv 
= ,-.rae m!,·rz + Pl-li" (Wz 'j J2WZ +J1wt )] + ao (1.3.3.15.) 

o ,=1 J , 1 

- In this equation,' i\ c~n be derived ~ follows:" , 

where' 

.: (0) = art 0' I!!. (~.!..)IO 
, rI ae + dt ao . , 

= Br t O~ _ ail '(J' ( 3' 1 (1) ae -j ae 1- .3. } 

2 . 
= iJTB ,fi iJ 

ae2 
., .. 

.' 

... 

(l.3.3.17) 

/' 

, 
, 
.' 

1 
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l 'j Dyllallllc 'ModellJ/lg 

From,eq. (1.2.2.29) the follo'Wing is derived: 

a2r âlrilô-:co Pk-1eyQk···QJ-lex[V] -Qj ... Qt[St+llt+l1 
J k 

and 
a2 ' , 

(J'Ok~~~- :- p] - le x Q]. :Qk-l e ~ Iv b= - Qll.Qt [s;+ I1t'+ Il 
o 

• 
14 

i > i > k (1.3.3.18a) 
. , 

, > k :> J (1.3.3.18b) 

Up to now ail the terms have been derived. Finally, we obtain the followillg dynam

ieal e-quation of the robotie manipulatof: 

Therefore, r, which is a torque vector ean be expressed as: 

" T "" I(YI)O + L(8, iJ)il + d(O) 
.... 

. . 
1 

(1.3.3.19) 

(1.3.3.20) 
.f 

l~ above twooequations, 1(0) ois t,he n _, n ~atrix ôf gçnerali~d j~ertia, L(8, 0) .is a 

n x n matrix and,d(O) is a n-dimf:nsional represerts gravit y forces., 1) (0) and L] (0,0) .aie 

.. 

- . 

,the j-th iow o~ nlatrices 1(0)' and L(~, ë), ~espe~tively, tW1ile dJ (0) i~ the !-th component(1 ~ 
ofv<,ctord(O).' \ • , 

= .,.-, 

1 I\ow the )ast two t~rms of.eq.(1."3.3-.20). whi<i~ ~re nCinlî~ear in 0 and il, are written 

aS a single vector~ which is a funetion 0[·0 and~, h(O,Ô) .• Thus, we qeriv~ th~ dYHamical 

model of the robotie manipulators as fotlowings: 

7; = I( O)ë + h(D, iJ) 
f . 

~ .. 
(1.3.3.21)' 

where T is the n':dfmensional vecto,r df genera'lized fQrc~ gtouping the motor torques and 

forces at the join~s and h(D,7 n-dim~n~ionaÎ v.ector ~estcribing the inertia terms'tha~ . 

are quadratic in e, ~ we!l' ~·th~ viscou~ and gravit y terms. Eq.( 1.3.3.21) rej>resents the 

. general form of the coupled nonline4r diflerentiâl equations of the robotiC' mânip-ulator. 
. " 

~ 
1 , 

~ 

\ 0 •• 

0 
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Chapter 2 
Feedback Control of Robotic Ma11ipulators " 

~ 

Using Model Assignmen~ 

, \ 

' . 

.. 

·2.1 Introduction 
/ 

There are two m.,ajor manners in the system control. naml'Iy, f('edbark 'or rlol~ed-

loop control and open-IQop control. A typical contr'Ol 5)'st(\m has th(~ (patufe that SOIlle 
\ ~ 

output 'quantities are measun:d and compared with the dcsif('d output valtJ('~, and UH' 

system's ,-·'~tput is corrected by using the, rcsultmg er~ors from th(' comparison. Such 
. 

a kind of system is called feedback control system. A block diagrarn, of the fCl'dback , 
~ 

controi system is shown in Figure 2.l. . ., 
~ ---- -----

-Oesired 
Output , Output 

-
Controller System 

, 

. , 
a 

~ 
, 

0 1 .. 
~ 

-

+~ Sensor 
~ 

-
1 0 

. , 

! 
• 

Figure 2.1 Feedb~ Control System 

j' • 
) 

J 
, 

" 

• 

---------------------------~--------------------



.r-------------------------------------- ---

\ 

c' 

\ 

2] IlItroductlOn IG .. 

-=---- ------ _!-~- - -.-------

lDesired 
.. 

" . 
Output • Output 

.. 

.. --~ Control 1er t----~ - System ... 
,1 J 

-" , 
______________________ ~_'_------ _____________ -.J 

Figure 2.2 b Opell.loop Contro' System 

ln sorne ca.<;es, it is alw possible 1.0 contr..ol the system in an open-Joop m~nn.er. Such 

a kind of system-is shown in Fipure 2.2 
, 

F('('dback control is widely used in -robotic systems The "reason is that, bya using 
... t 1 .. 

feedback, the designer of th<, robotie systems is often able to use inexpensive and in-

accurate ("omponrnt~, ",hile the ~yslern is capable of achieving p~cise "c'ontrol In the 
.~ 

pte~('lI(e of· Tne(J.',uring eTrors and unpredictable dl,,1 urbances. .... . . \ 

SiilCf' rohoLlC rnanipulator systf'TIlS are highly nonlinear, elther a corhplicated control 

s~ h('nJ(' rnu~ t. b(· d('signed ,or lineariza t ion must be perf ormed in order to determine the 
. 

~uitahl(' wntrol - 1 ,. . 
B,1. ... ed on the linC'arizC'd mode-. \'aTlÇ>Us 

\ 
feedback schemes have been pToposed. 

Among t he~e, fJole-asslgJ1rne~.lt, i5 the most populir because it is sirpple to use and 

to implcment. However, the proolerri of the pole-assignmeot scheme is that the so1u-
, ~ . ~ -.. 

tlons for pach srt Ç>f(de~ired poles are in'finitely many. and this 5cheme applies only to 
... 0 \ .. 

linear tinH'-mvariant s~stems. Complicated algorithrlls have to be denved to find a set 
• • '. ''f 

of optl~1al gain ... for po!e-a<,:-igTlIll('llt pr~bl<'m_ In'rec('n~y('ars, Bha~tacbaryya pre'5ented 

a serie'\ of pdpcr,> OI! tlll" toplC tl"illg S} ht'ste.r\ eQ!atlOn(1983) Comparati"eJy, \he 
... 

forgoing !-( h('IIH'~ <lH' J,lthn (olllplicatt'd ilnd 
~ , 

t iJllr-consurm,n g ~ca~sc they need 

(,dch ~arnpling step~ llIan~d()l1Iputcl.ti()J]""" 10 o!JtdÎn tli(, :-Olut!01l5 at 

too 

III order to !>l'rform f(',ll-tllll(, control of robou(' maI1lpulators, it is important to re

dué(.:(!J" (,~IlIPUt,lII0TlS of the control algonthrn' III this ChafJt(,T. a method called mode! 

;/..."~1l(,1It. whith TcqUIT<>"S Jess romputatlons, 15 used mstead of the poJe-assign-ment 

. / 
.. 
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. 
, scheme. The hrghly coupkd nonlirH'ar dynarnical <,quat ion~ of t IH' manipulator art~J1-

~ ~. " # ", ..... ..... #". 

e~rjzed about a nonlinaJ traj('ctor)" !irst ahd t li ('!l , t fI(, li!lt'ariœd ~y'itt'm i~ n'Ildt'rc'd a 
AI 0 • • 

prescribed second-ord('r system using can("elling s('h('I11('. TIH' idctl'ofcalHl'lIing',,(!JI'IIIt' 

i~ describèd in the JH'\X~ ~rttipn. 

Feedbaçk Contr,ol ofD,ynalnical'ystem Usiug Cancel1ing , 
• • t • ~ 

2.2 

Scheme ~~. . j -' ,-
/ 

The dynamical equation of a nonline~r syst~m ('an be expr('sM'd i!t-<;; . 
• mI + f(:r,x) - T 

where' x,x,Ï art' th(' actua! position. V(,'!o('ity aJl(Ld("«'I('ldtion, r('~jl('(,ti\'('ly 
·c 

By introdücing a non!jll~'ar CO)]t~oJ t<.'rr~l, a cOIl;roJ ~rh.r(rl<' (,dl(ld /iJl('iH~ziJ\g 

law is used to rancel a nonlin<.'aflty in th<, cont roI/pd flY~~'JJl. Such that flU' 

closed:loop system is linear .• 

The moàcl-ba'i<.'d porti6lJ of th<.' control js: 

• where 

L 

and the servo portion is 

l l! r :.. ar "f u 

a :=- tn .. 

, .. k· k «' 
T -- Id -j t' e t l' e 

This leads to the sy~tem equation of rnotiml wrÎtteT! 1Il errOJ-'>pac(' a ... : 

kv kT' 
C J C o 

TrI rn 

1 • 

)2.2.1 ) 

(0111101 

o\'l'ra ". 

(2.2A) 

(2.2':, ) 

where Id is the dc~ircd --po~1tion and e I~ th(" ~t'rvo ('rror, c](·firu·d a.., Id ;r. TIl(' 
, " 

feedSack gajn~ kt; and kT' arc adJlJ ... tN! to obtain a gond ((lIlt f(o)! (·Iforl '1IId a ... t,tb/(· 
.. \~: 

system performànce. 

.. 

", 

• • 
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. '" ". . .. 
L(>t .k~ -= kt- / nt and k;, :::- kT,lm. Then. ~q (2.2.5) can be written as: 

\ 
.. kt. kt 0 e + L e -~ pC = (2.2.6) 

~e characteri.~tic equation of ,eq (2,2.6) IS: 

.. " 
8

2 + kvs + kp = 0 (2.2.7) 

which has the roots 

(2.2.8) , 

(2.2.9) 
, 

These rootshre called the polcs of the clo,,~d-Ioop sy~em By chosing the Tocat ions 

~f th~OI'" on the imag in .TI plane w<,. c an m~kc the syst:m stable and with good 

dy na;nic~1 ch~ac :NistlCs \ The • :lockd,:gT~m 'of SUc1system~s sh~w~ i: F~g;T~ ~ 3 

*' 
m System 

r.I 

l 

l 

Figur(' 2.3 Cont roI S);ot t'Ill t1sIIlg C'allcèlllllg 'Scheme 

2.3 Linearization of the ~ynalllicaI ~odel 
In the I,\.st s('c t Ion. t h(' canc('lltng ~c helrle IS perr ormed by deslgning\ a nonlinear 

fccdbacL In order to introduce model-dsslgnment scheme based on ~ linear feedback, 

'. 
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.. 

) 

,. 

i 

-2) Lili' dlIL.l1 1<>11 "t 1 lit PI Il IIlIll " \1, ,,1,1 
,.. -, , 

~ 

the dynaIl1Ical lIlodcl of the roholJ( "v:-,teI!1 1" 1IIu'.uileë.l fir,,\ Tht'Il. t Il(' :-'0 ( .,lled llIodd-

-
asSlgllH'I1t «)lIt;:ol 10. dCII\cd,1I1 tIlt' IH'\.t "c( lion 

The gclwral'(' ..... pres"lOIl for, t Il(' ('qu,1! IOIl of Illn( Ion of cl rohot Illdlllpul.llol io. JI:,\(ltly 

derivrd III Chapt('f l a~ 
" 

1(0)0 ' h(O,O) T 

where 0,0 arc. rcspcctl\'cl). tll(' fir"t c\lJd '.,(,«()lld tllIll' d('ll\o.ttl\(,!'t of JOlllt \clll,tl\!.:' v('(

tor 0, h(O,B) !WIng a ll-dllIJClltlolldJ \('(Ior t!J,1I ('(lIIlj)]I'.,I'" tll<' 1Il1'lllt! tl'III\'., th,t! ,11(' 

quadratlc ID O. as w('11 d:, the dl"C,lp,tllo)l "Il}.1 ~1.,\'lt\ t(,llll~, Eq (:~:l 1) Il'j))I'';('II(.., tilt' 

gcncral fOfIn of tlu',(ouplee! nlllllll;("l! ddft'rt'lItl.t1 ('<ll/dtIOnc, ()f tIlt' 101,,)( IJJdlllpllLtlOl 
, 

The/d)Aï.llIl]( ,Il l!lod('1 of the robot IlIdlllj>\JI.t101 1" IIIH'illl/"I'I! .t/)()lIt the' dt".Jcc'd Ir.1-

jcctor) fo))o\\,('d Tlm l', donl' b) U..,1l1g the TcI\ l()c "('I}t", 1'\jldllC,I0I1 of I,ot II ',Idl'c, of 

t. 
cq(231) 'LC'l 0,/(/),0,,(/) .lJld 0,\1(1) dl'Ilotl' t!t(' llllll' Ill"tofH", of \1'ctOI 0(t)"dollg thl' 

. "," ;;.. 
deslrcd trd)cdor:,:, \dlld~ al(, (J1,LlIIlC!! KrUlIl 1l1\C'I~I' kllll'Jllctll< " Th\' IJlgllt'l-PIt!I'1 (l'TII1'o 

are assu!llcd to he lwghglble alld tll(' IllJ('dlU;I'd jH'lt IlIbdt 1()11 ('<jII,tI ",ln je., olllrlllll't! ,1.." ' .::::> 

follows: .. 

" W(Od )û) + Ctod, 0d)hO 
le 

D(Od,O~,Od)bO Il T (t·~ (2 :~.:l) 

\-
where, 

'( 
âl](O)O~ 

W(Od) ~ 
dO 

/, cl 1 (O,il 

V iJhtO,O) 
C(Od,Od) - ,ao /Id/Id 

D ( 0 li, 0.1 , O,i ) 
dh(O.l7{ âI(O) 

Il,{ Od 
dO 1/.1 .r' ,1 dO 

(2,:L2r) 

nmg. and f('cdlJctrh (ontrol from tlIf' d(t\1,11 trdJI·(torv Th, fc·c·dforw,ud torqIH'<' (,UI 

be obtdlD('d dlIcrtl y [rom thl' d y flctTflI( dl l/lodel of t !J(, robot IlIdIIl!)lt!,d,or '1'J(' lfIpllt 

of this part of the ~y~t(,IIl 1'> the de"lr('d po", t Jon. \ docll y and d( «'l('ral JOll }Jl,o.,tori('c" 

.. 
, " .. 



( 

20 

Od(t),'Od(t),Od(I), w}lI(h are obtdined from lll\'er~e kinematlc,s, and the output IS the 

Thu ... , tll!' (OJitrol problC'rn 1.." rcduced tü deterrnming a suitable OT(t) which dm'es 

/JO(t) to zero TI)(' desIgn of the <ontrüller 1" perfo-rmed In the next ~ectlOn. 

\ 

" 2.4 Design of the Control1er Using Model Assignment 

ln S('cllOn 2:1, th!' lilH'dflzed IH'rturbrltlOn equ;ülon 150btained. Since.f}d,8d,Od are 
1 

'" ail flJII( tioll'> of t 1Jl)(',' eq (2 :3 ]) (,ln }w wnl tc:n as 

I{t)bO C(t}bO 1 D(t)bO - - br(t) (2.4.1) 

l'\ow we Wrlllt 10 find cl cOlltrol "c!H'!l1e that f('lId('r~ the lineanzcd çquation a pre-

~(,f1l)('d ~(>( (Jnd-order ~trlt iOlldry ~\ "km of IIH' fOim' 

(2.4.2) 

whc[(' I}I If, Ihl' !lOndllW'!l"JOnal Tl • 71 d,UIljJlllg IIld/riX dnd On is the n x n matrn of 

1111daTlljJ('(1 ndtflJdl frclju(,T/cy of the ~\'..,t(,1ll :\'ollc(' th,tt, iIl this formulation, rather 

q1cln dll('lIlp(lIlg to ...,tclblilC the IIIlCdIll('d Illodel b! pole a;';<-'lgIllIlcnt. iLs ~tabilIzallOn 

po"il 1\(' ddilllle \tOf(·o\(·r . .for "lIllpll< Il). '" clnd Ut! (dll hl' cho:-.çn CL" dldgonal t1 
.. b T (t) "(2.4,.3) 

whC'rc KI'(t) and KAt) arc t\\'o Tl' n tiuH'-varYlllg fccdback matrIces , 
j 

lIcllC(', t'q (2.4 1) can oc \\ III IC!1 as 

(24.4) 

CornpaTlng eq (2 4 2) Wlt h cq.(2 -1.4), thc followlI1g IS dCTl\'ed: 
; 

(2.4.5) 

·1 
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1 

~ .. 

... /' 

f 

.'1 

K,,(t) 

deslred control effort Snch cl (ontrol ,,<ilt'IIH' (ould he (,dh-d Il,1)('.Irl1'('d (.1111 d/lllg «()11-

troJ,slIKe It llsrs cl tlll1e-\,(lr~lIIg (olltrol 1<'1111 to "(dll(CI" the tlllll'-\'dnllig tl'lll1" III Il](', 

lincarized (olltrollcd ~j~t(,ll1 su<h that the ()\'t'r,tll (lo')l'd-lo()JI "\'~-tfIl1 1" tllll(' Ill\'dlidlll 

Compare \Vith Craig\ t,Ul< cllllng <..,( I!('!lle( 1 \)1'\(;), I!II<'" "( IH'II1<' hd~ tht' ,ICh,IIIt.lg(' (lI ~11J1-
J 

/ 

plicity 111 cOlllrolkr dr~:dgll 

precise par,t111('t('r~ of tI](' llrH'dllLcd cqu,lI 1011 .trI' h Il ()\V Il , ilv Il''lllg 1 Il i~, 1Il<'1 hod, \V(' (dll 

control the ~yc,t('rn perfe(tly III r('clll!.\;, Ill!' jldl,lIlH'tl'l'> of- I})(' C,\'C,I('III ,III' II()I hllOWII 

Irlënt. An f'stllll,ltl()I1 ~(helfl(, !I,L'> to Ill' <1('11\ (,cl III oldl'l 1001" <1111 iiI (\11,11(' \,,,ltll''> oillw 

" -parameter" A Ile\\' dpplOdClJ of ciddptl\'(' «()lliloi Il',IIlg (OllIIOII('1 ('--,tIIJldll()1I l', d('II\'I'<I 

to solve tlus problcm TIl<' d{'t.id~ df(' d(',,( Id)(·d III tll(' 11('\.1 Iwo dldpl(·r:-. 

2.5 Example 

In UliS cxamplc, a Clllcmnatl .\1dacron robot \\'110"<' Il,ul('II!H'rg-Dt'JldVil' pMarrH;!(I'r"" 

the procedurr 
\ 

The end dfedor of the fIlclTllpulator I~ to lllOV(' ,dong cl ~lralght. 11Jl<' (Il the C<\fl,{''>lilll 

space as desc ribed Oj the r 0110\\ Illg <'q \lat ion" 

J 1 ;);) 12,)Tll. J o Om'> J 
1 o OfTIh 

2 
p 

Y 3nr, y ,Jrn" J y /iTIl!, '2 • (2r,l) 

2 1 i9HÎSIT!. ;: OOrm J z o OlTl'> '2 

where f3 is a pre~crIbed functlon of tlTTle ddirH'd wlth cubic ,>pIIHC!-> <,0 a.'l t 

1 

------ --~------------------
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" 

( 

2', l.x.l/III'I. 

" , 
followiJ)g (Ind (onclItions: 

, 

\ 
\ 

• 

{3 (0) ::~ 0" (J (T) -= ] m 

;3(0) - jJ(T)- 0 

;3'(0) -'-- ,d(T) =- 0 

T -;.- 1s 

\ ~ . 

(2.5,2) 

and T ie., the time it tak(\s to trav~r!'le the trajcctory. Details on how to construct such 
, . 

a fune tion wef(' d(lriv('d' hy Ang('lcc.,(198G) The pdramcter matriccf, of the lineaflzed 

model of the' Tlldlilpul,\tor dt 1 () 05s arc tlH' followlIIg 

:G[) H 

2 H 

H.S 
o 1 

01 
47·1 () 2lO 1 H7 1 

210 1 351 0 HL') 

H7 1 li 1.3 ,17 H 

:~5 6 :~ 0 00 
0:2 ;)59 5G () [)G 1 

437.6 

:~,')() -0.2 

:l0 

'72 
00 

12.5 

00 

,55.9 

360 

56 1 

00 
51'116 

518 1 

- 329 G 

• 

- 137 0 

:{9H.6 

48 1 

1:)29 
287 [, 

IGO li 
5G 5 

J021 ï 
:~/17 ~) 

1072 

62 1 
-555 G 

214 2 

- 13f\ 0 

-74.3 
,5,1 6 

- S9 1 

- 2.:)Î 1 

25897 
22132 

71.5 3 
Nms (254) 

- 60 8 

:Hi 4 

--,Hi ï 

37.1 

11 1 7 
,10 4 - lG69 -:n 6 

15.4 

584.6 

51 :2 :l:{ S -'14 [) 
'. - 4:{ 0 :;:3:2(; H 5808.1 

:)O:{ 2 5 15 9 - 5072 2 

108 9 ·1·19 8 - 1468 2 

:W 7 1'1 Ü 31 6 
- 9G3 4 

- 179;) 

ü~35 4 

106620 
2,1834 

121 9 
1550 7 

9927 
1983 7 

1625.7 
1271 H 

- 1978 5 

1158 67 

40.9 
-:H~89 6 

-- 146·18 

- 1389.8 

- 28 
-1119.1 

Nm 

(25.5) 

The pr('::-c fi b~>d ,,{'( OJl ci-orcier ~ t cition a rv ,,~ st cm IS d('~ Igned by ChO"lllg rnatncefJ \II 
. 

and nu to tH' dlclgonal Th('r('forc, the prescflbed hnearized d}namical model for eaçh' 

joint (an (':>tprt':o.s('d àS 

i -= 1, ... ,.6 (2.5.6) . 

, 

. -
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t 

1', E",III1I'I.· , . , 

., . , 

where çt = 1/,;. The corrcsyetd mg chc\ratpri'it IC t'quaI Ion IS: 
() 

1-=-1, ... ,6 

Erom eq.(2.5.7), wc gct the poles a.'i 

,··l, ... ,t) (2.5.H) 

The poles for cach l'q\)ation are c ho~p·n tü bp locdtcd at ( l, J) alld' (- l, j). T~I\I~, 

Henee, 

'. and 

-- , 

Çl -
2 

, 

. V8 tr8 w = dl ag ( - , .. , - ) 
.2 2 • 

On = diag(/2, ... , h) 
-' 

(2.!i.n) 

(2.[,.10) 
.JI' 

(2 1).11) 

From eqs.(2.5.4),(2.5.5),(2.5 6)and (2.510),(2.5.11), the feedback gains ar(' ohtrtill('d 

as: 
" . 

-7229 - 392 -'24 179.5 992.7 40 R 

37.3 -4275.9 5387.9 6S097 19~3.7 \ 3HH9 () 

Kp(t) .= -5202 -936.1 4~~.70.3 10HZ30 'Hi ll.:{ 43:)Z H 
[\; ft) ~ 1 

·--108 7 - 634 1 l:WS 2 24792 1'2717 1277 (j 

91.'8 506 - 17 2 1 :t2 () 172 n '277 
.(;t 

-107 1 ·38':> .') 8& 1.4 l(jW 9 Il,'')1'1 (j H()7 S 

(2;' 12) 

and ;,.' 

1109.3 - 458.6 10078 - 1307.1 - 147.2 257,4 

131 4 -12366 -7672 6336 :~2:L6 pOl7 

- 415.5 - 5809 809 l 31'12 () HH.7 2:~25.Z 
Nrn (Z.,!j n) 

-47.9 - 230.8 ·225 1 Ils 4 ;)4 7 sr) 7.fj 

1~2.0 407 974 1 :~S l :H 2 1." 4 

-36.0 --149.0 ' 152.4 .146 :n ;, 8(jü.2 

., 
1 
f 
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Tahlp 2.1 Hartenberg-D(lnavit Parameters of the Cincinnati Milahon Rob~t 
) 

jOJflU~urnber initIaI et (degrees) 

0.00 

2 , 1.02 0.00 ... 000 90 00 

3 1.02 O:oo----..o:ee-·~ ." -135.00 

4 0.20 0.00- 90.00 
... 

45.00 
" 

5 0.00 0.00 90.00 90 00 

6' ~ 

\ 0.00 0.41 90.00 
( 

90 00 
===-.....:..=....=:..:.-_==--:::== :...:: ------====..-. 0 

., 
u. 

if 

Tabk- 2.2 
, 

In(lrtia Parameters of the Cincinnati Milarron Robot 
~-:..=--==- ~= -~--=--=---=--- .--

item joint 1 joint 2 joint 3 joint 4 joint .5 
- - - - - _J- - - -. --- ~-~--------'~-- ----- -~- ------------

mt (kg) '680.0 . 360.0 \ 180.0 55.0 36.0 
~ 

of 

xCI (m) 0:-0 -0.87 -0.64 '-0.12 0.0 

YCt (m) < -0.33 0.0 0.04 0.04 
... 

-0.05 

ZCt{m) 1'0.0 -(h13 0.0 0.0 -0.08 

/xx1(kgm 2) 0.0 11.0 1.10 0.44 0.47-

lX'lfI(kym 2) 00 0.0 0.0 0.0 0.0 -
/I:::I(kym 2) 

.. 
0.0 0.0 0.0 0.0 0.0. 

/1J'lfI(kym 2) 62 a 53.0 44.0' 091 0.38 

/ 1J;:1 (kyrn 2) 
) 

00 0.0 0.0 0.0 0.0 

/,::zl(kg71l 2) 00 44.0 44.0 0.82 0.18 
--------- --- -- -- - - ------ --- --- - - - - ------~ ----- --

m, . mas5 of the l-th link. 

:r Cl • y, l' :::, ! .. , . .. (:oordinates of the mas~ center of the I-th link. 
. 

/ IXl'/ IVl'/-X::1 

. / yyt , / !l ZI ' / ZZI ••••••••••••• cntries of the inertia ·matrix of the z-th link) . , . "". 

. '" 

r 

24 

jO,int 6 \ 

68.0 

0.0 

00 

O.q 

0.44 

00 

0.0 

0.64 

00 

0.73 
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Ch~pter 3 Adaptive Control of Robotic Manipulators 

\ /' 

) 

3.1 .. Introduction 

ln, recent rears'i:!aptive contr~1 h~ be~lÏ widely U!-wd for rohotir ~yst.(';ns, ~oiv() 

and Guo(')983) proposed an adaptive s<,lf-tuning cOlltroll<,r \l~ing an aut<?r('gn'Hsivp 

model to fit th<, input and output data of th<, Tobotie syc.;lflll L('t, (lt al.( J9!H) pro-
. -

posed ailOther adaptive control based on th<, ItnC'ariœù l'Nt urbdtion t'quation in th(' 

\;jcinity of a manipulator traIectory Th<, main id<,a of t}II~' ~ch{,lIJ<' will !.Je dploCrHH'd 
. , 

11 

if)' this chapter. ;"1dny l other m'~thods have also ùe(,Tl u~('d fcfT ildapti\<, control. For. '" 
~ " '1 # 

example. SeraJi(1986) derived a direct adaptive control Seh('HW in Cartl'~iall sparc usillgo . .. 
the Lyapunbv method. 

An adaptive control system is .requlred v. hpl) a cOIlvctional controll('r nlJlIlot wvrk. 

In our case, thls happen'3 bccau'3(> of 

(a) SimplificatIOn Introduccd in t hl' cl} JldmJCal l1lod('lling of thp robotic rnaniplliator ... 

(b) DîsturLances to w~lch thl' by~tcrn 1<; subject 

Ob\ lously when any of the abo\'c 1'> I1on-npglIglblc, coriV('ntlonal f(>(>(lba( k C CHlt roi 
1 

IS no longer II1d 1fT ercnt to vana.t IOn,> and t·he robot wil 1 prod ur<' IHl a< (l'pt cl bl(' ('f ror" III , 
t-racl.-rng the trajectory ~ther 1Tl C9-rte,)l~n or În JOÎTit "pae (' Early dtfe/Ilp'> "to,:-,olvc' ! })(''>c' 

problems involved the deSign of nonlwear control sy~fems, W}IIC h HI t}~(· <,implp<,t ca ... (· 

. . 

• b 
" 
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IJI'lllJ~'I(J1I 

, . 
case only program a deliberate adjust~ent of sorne system quantity, usually lo~p gain, to 

compensate for a change of system paramct~rs caused py changes' of t·he environment. 
-

The simple structure of suéh a system is 5hown in Figu,re 3.1. In this system the .-
differ<:ncc between the actual and the dcsired responses 15 used to supple~ent the input 

•• J 1 \ 

"-
signai to achicve a JeUer result. Such ki~d of systems have often been ~llccessful overa 

1 restrictcd range of operating conditions. Outside this range the system must be adapted , . .. 
to -fit the new conditions. 

J 

~ 

.output put + 
cantr1r Process 

- . 
ln 

r .. , -- "li 
.- < -

' .. . + -
-

0 . 
, -

Madel r----
~ 

l--__________ ~ .. ~.-----~--------~------:' 

• 
FigUTl' 3.1 INonlinear Control 

-In the!:>t' ca."ies, the ~yst.elll i!:> requlred to change its OWIl compensa,tion qnd this leads 

to a requirl'ment of!'adaptl\'c control The lilock diagram of an adaptive control system 

-. is !:>11Own in FIgure 3 2 In. t his ~\'st('m, the control can be thought of as being the 

combinat ion of t\\'o C lo<,,('d loops The lJ1J1er loop consl~ts of the process and ~rdinary 

lil1ear f('(·dback'f(·gulator Th(' parameters of the '3\ stem are acfjust'd by th~ ou~er loop, 
~ • ~II " 

",hic h i<., rompos~d of d H'cur!:>i\'<, paramptCt-('stllnatlon and a design calculation. Tlte 
, /' 

d<'sign calùdat Ion l1OX_ in F.Igut(' 3 2 reprcs~nts an on-hne solution to a' design problem' 
• 

\\ " -
for a system \Vith known parametl'rs. 

......... . ~ 

.. 
~ 

.. 

.." j . , 
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Design Pciramcter 'lo-

Ca\culations <- Estimation 

. 1· 
Regulator 

". 
-~ 

- . 
Paramcters , 

• J 
- , . 

Command 
~ 

, 
1 1, . 

Signal . 
Regulator Proccss 

1 d Control -
Si~nal 

' . .. 

.~ . 
L-_~ ____ ._. ,', ____ :_,~_- _____ _ 

... --. , 

Fignre 3.2 Adapt Ive Cont.rol System 

... 
' . , -

, 
, 

. 
Output 

~ 

0 

1 

,. .. 
," ,---. 

. . , ~ 

" 

'\ There are alw~s at le~t two elements that app('ar ifl &OlTl(' f orm ir4 adaptivf" ('ont roi 
. , . , 

.. systems. namely, identIfication and actu~tio'n IdentIfication reft'.rs to the rnc!!-"\Hl' I1Wnt 
- ~ 

of the qynamit parameters of the process to"'be controlled, whereas, actuation if> the' 
~ 1 

o 

generation of an appropriate ac.tuation signal 
• of 

The .identification. problem is the most important aspect of adaptiv(' cont roi and 
1 

beC(f{nes the central element of such ~ system bccause'j gQod adaptability of a c;~st(lm 
, ~ ., , 

means1" frequent and rapin solution of the identificdtion syst't>rn. 
• 1 .. 
Since the iden~ification pro,blem is 50 important to the adaptive cantr,ol. system, if. 

c • .. 
wil1 be discussed in more detail in the next section. 

1. 
1 

, " 
-', .. 

3.2 System Identificqtion 
- , 

The task of system·jdentification 1S u5uaIJy referred to as the' determination of a . . 
~ • 0 .. 

mathematica), mode} for a system or \a ~rocess by -observing the relationships of t.he 

input and the. output of the' system.', • ( 
- , -

, . 
\ 

, 



\ 

·c 

28 

Th(' systc>rÏ1 model is a set of mathema~~cral equ~tions which relates the inp,ut and 
~ 

HI<' output ~f .. thc ~yste~. Hy investlgating the system 's~responses under the condition 
•• ~ • el Q ;, ,. , 

(Jf a vari(·ty of jnput~, we can derive such a JIlodeJ. 
'" , 

- .. 

. G('/lrTdlly speaking, wc can divide the system-identification, problem into two cate-
o 

gorie!>: '\. \ 

~_.J.a). l'II(' ~omrlete identification problem: This means that we do not~ know anything 

about the ha'1ic prop~rties of the system, such as ~hether it is li~ear, or nonllnear and 

!'o on. ·Ol)\·lously, this is an ext.temely difficuliy problem to solve) For such a kind- of 
o 

a problem, !>ornc assumptions are usually made béfore a' meaningful solutipn can be' 
",' .J .. 

atternpted. 

(h) Parlial identificatIOn problem: T-i'lis means that we know sorne of the basic charac-
" . 

t<'fistice; of th<> ~yst~m. How('ver, we may not know sorne or ail of-th~ param~ters of the 

sy~t('rn. )11 this case, it is ea"i<'T for us to deal wrth suc'h a kind of problem than the first , 

one. 
J J ~ .... 

~ ,- . 
ln robotlcs systems, we kilow a good dea,,1 about the structure of the system. so that -

~. • .. r-

, 

il, is'poc;sible for us to derivc a specific ITIathematical·model of the robot dynamic s) tem. 

That. is exaclly w.hat fias bèen dOJre if! th~ Chapter 1. But, as mentioned in Chapter , in -
~ 0 . 

r('ality, b~causc of m<>asurcllI('nt and? modelling e'rrors and changes Of the enyirsmme t\ 

tlw charactC'risl ics of ;hc system ar.e not known perfectly. So system-identification has 
~ ... t~\, P • 

td be inlroduced in order to solve the problem . 
.1 . • \ ,. . 

Fortunately. in our case, only a set of pararnetel's in the model are left to be deter--, 
, 1 t5l 

min(>d brcaus<> w(" hnO\~' th(' structure of the syst~m. the system-:identification problem 
, 
( . 

is ,r('duced to thal of paraIlletcr-iQentlfication. 

Sïnce a ma)ority 'of systC'm-identification problems can be reduced to the afore-
• l, 

rne~tioned paramcter-identificat ion p~oblem, the t;eatinent ?f the parameter-~tion 

scheme is c'onsid~red to be .of greatest importance. The blo<:k diagra:m of a typical 
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Input. 
System ta be 

Output . 
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. 
, . 

<> ~ ". -
Sensor • or'; 

. -, , , . 
Param!:ter Identified 
Identification . System 

'---------------'--------~--- -----
,/ 

Figure 3.3 
o 

Parallleter- Idellt ific at 1011 

f 

param1r-ideritJf1cation s~stem is shown in Figui'e 3.3. 

· -f 

-

. 

, 

_The jPut and the output of the systêm are...rneasure'a by scn~on), These rneasure- . 
1 

ment are used as the information of the parameter-identifkation schcr~le, Th('I1, the 
, . . 

f 
parameter-identification IS performed to select the m'odel in the specifi<,d cla.,,'i that bCHt 

fits the statistlcal data. 

" ~ ~ 
The study of an adaptive cont roi scheme which i~ ba,,>cd on th<, linpariz(·d pNtulHl t i011 

~ 

equation !n the v!cil\ity oLa nominal trajcctory wIll be dls'i('u~(,d in dPiali III th(' JI('xl 
'" , . 

sectiop. ln this scheme, the parameters' and the' f('('dbac k gains of the 1I111'(jflz('d ~y"t('rrl 
Il 

, 
o 

are updated and adjusted at each sampling pCflod 10 obtain thr <.,atl.,fied (olllrol ('ffOfl, 
•• c 

. In thi5 wa): the to~al t~rqucs "'"àpplied to thr actuator~,of the robot Joillb (oll'>i"t<, of t'lj(' 

--rrOriiinal torques a~d the variation~1 te)rque~, Th(' nOIll lTl al tclrqll(,~ arr compul(·d frolll 
~ 

.the theoretical model which has been derivcd In Chapter 1 and the vanational torqIH'" , 

are cornputed from the one-step optimal
o 
control law of the lineanzed &ysten;l. 

o~ 
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. 
3.3 Par:meter Iden~ificat.ion of the- Perturbation Equation _~f 

Robotic Manipulators . , 

The general dynami~ e9uations'of the mot'ion of a n-link manip~Îator are a set of \ 

second-order, highly coupled nonlinear differential equations. These ean be written as 

--' ' 1(0)0 + h(O,O) = r(t) (3.3.1 ) , 

By defining" a n-dimensiopal state vector 'for the system as: 
~. . 

xT(t) = (Xl,X2,·.·,X2n) 
(3.3 .. 2) • f. 

= (OJ,82,.:;,8n,ih,b2,: .. ,iJn~ 

and a n-dimensional input vector as: 

(3.3.3) 

'> 

Eq.(3.3.1) can be writtenÏn the state space Iîs: 
l ' • '1 ~ 

x(t} = f(x(t),.r(t)) (3.3.4 ) 

. -
The right hand side of eq.(3.3.4) is a nonlinear ,2n-dimensional vector-valued fune-

.. 
Then, the linearized perturbation equation can be,obtained Dy introducing the Tay

lor series expansion 'of eq.(3.3 4). It is assumed that the llIgher order tenns are negligible. 

_ Then the associ.ated p~ation equations for this ~ontrol fSYS~em can be written as: 

ox(t) = V'xfléx(t) + vTfldor(t) 
(3.3 5) 

= X(t)bx(t) + Y(i)01·(t) 

where'V'xfld and V'rfld are the Jacoblan matrices of f(k(t)) wi~h respect to x and T, 
1 • 

'" "'," 

respectively, eVi!-luated at desired state Xd' and input 'rd' 5x(t) and or(t) are 
. . ',. 

error and servo input, respectively, i.e., • . 
J • 

t ... 
(3.3.6) 
• 

~. ' 

, ) , 
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br(t) -- r(i) - Td(t) (:U.ï) 

, , 
The para~et('rs of the p<'TturbatlOn C'qudtion, .t'q.p :l5), X(t) ,1IId Y(I~, '<ln' tlllll', 

varyiI)~. The~ depend on the pO'iltlon and tlH' \'CIo< Itv of tilt' IlldIlIPIII,lt(lr ,It tht' (1IIn'lIt 

; "inst.ant. ln ord('1' to gC't th<, ide,,1 (ont rolkr to rplldpr t IH'. ~\ ~t t'lll " Plt''-o( 1 !I"i '-0\ ·,tt'1l1, 

matrices X(t) allp Y(t) must be hIlO\\'1\ ail tll(, tiIllt' ,donf!: tht' tIHI~'(!()I\ Tht' jllohl"lll 
. 

arisE's becausc ;f the compl(,~Jly of the "'v ... 1t'm. IlOI""'" Ill! r<Hh\( cd 

the operation an~on, in t hec,III('cl .... \J!('IlH'llh ,lIld l clil \llil! IOll" 

parameters_ of tl ~ystelll are unhjlowll Jt 1" IH'Cl':-.:-,tlry to"'filld <III 

d 

III LH r, th,· <l( t\l,d 

to identlfy th<, unknown paraIl1etrr~ of t 1](' :-.yst('1J] Ol1e Illet hod «m"I'>! " of (· ... 1 1I11,1! lllV. 

the pararnet('r~ of thb perturba! Ion <,quat ion. 'l'Il<' dlclgrdlll of '>1I( II cl (ont roi "( IH'I1H' i:-. 

shown in Figure 3.4 

-- ---"".----------

d,Od,Od ~T 
. Oa,OJ, Model , Robot 

, + + 
br , 

• 
"f" Pararneter 

Conlroller 
E~tlmatlon 

r , . 

. ~ Paramete~ . . { Matrices 

. 
n 

, i e 
-

-./,,+ ~ 

---------
" 

In~scherne, ,the bverall rontrol' problem Ih r('do, "d to 11IIdong ""t,,"I<, ,'aTldt"",.1 
'<.' • 

torqués or WhlCh drive the error~ of th1 ~y~tern 6x(t) to ;œro 



'~'S P..tT.l/Ilf'lt·T Irlellltfl'Jtl(JII d tht )Jerturb.ltlOlJ Equatluli of Hul.ot~( ~1alllpulalor' 32 

( 
1 

Til<' input of the ~y~t('rn, namrly, the torque for each JOll1t now consists of two 

compOllcnt<" (JfI(' 1<' the f(·('(Jforward (ornponrnt obtalllec1 froIllIIlV(,~'<'(, d) namics, namely, 

the nOTIllnal torqIH'''' obtalrH'd frolll the th('oTltical model of the sy,<,tem, and another one 

i., the f('('dhciCk (ollllwIlf'nt WhlCh 1., (cdcula.ted frorn the feedback control law 

ln order ln e,<,tlfllate thr IlnkllOWIl par,lnleter'i of the Iperturbation equatlons, thè 

. di~rretlz(·d ~'qllatl()ll (orre,<,poIldlllg to ('q (335) IC, writtE'n as 

x(k t J) R(k)x(k). t S(k)T(k) k = Q, 1, ...... (3.3.8) 

'wh('f{' k rnran,<, at the k-th r.,arnplIng step, x(k) l~ a 2n-dim<,nsional state vector given 

by: 

x(k). f(k,to)x(to) " l,~ f(k,t)Y(t)r(t)dt (33.9) 

where T(t) is a constant control mput vector b0>t\vcen k and (k + 1)-st step and f(k,to) 

is t.he st.at.e-transitlOn matr:x of the system. Matrices R(k) dnd S(k) are next defined 

a'i: 

'\ R(k) =r(k+l,k) (3.3 10) 

and 
k+l ~ 

S (k ) r ( k) = i r (k TI, t ) Y ( 1 ) r (t fdt (3.3.11 ) 

1"0\\'. the matrICes to be cslnnated her<, are Rlk) and S(k). For its simplIcity and 

ea,><, of appllcat Ion. cl recurc,l\'e I<'a.st-<'Cjudre pdTamPler-IdentlficatlOI1 ~cherne lS used to 

, p{'rform the ('~t iIlldt Ion of P(k) and S( k). 

B{'forp tille; I~cl."t-::,qudre ~cherne can be used, the system equatlOns, eg (3.3.8), have 
r 

to bc f('drrangcd as 

l=I,2, ... ,2n (3.3.12) 

.... here z, (k) is a vector of the z-th ra .... of the unknown parameter matrices, nafLlely 

l=I, .. ,2n (3.3·13) 



1 

"" . 

33 PaJalllpter Id,'lltdIC.I!WIl oftht, P,>rtulbatlOll Eqllatlc)1l ofB,,!>,)tl, \\.IIIII'UI.II<'I' 

found that fJllTllllll/{,'-, an l'rrO! (rIt('110ll. \,!wh '" <jllcldl.l\\(bjll Il](' ('IlOT 'l'hl' llllhllO\\'ll , 

1)P(k)/P(k 1)[>"1(1. 

P(k 1 ) P (k~ 

r(k 1 ) T :0 (k j l)P(k)/!>(,l. t 1)' fi 

whcre'p IS thl' "forgdllJlg IcI( lor"', whl< Il le, dt'lllll'd !l1'!\\(Tll () dnd 1 fil" Ildll,dh 1 hO',I'11 

to bc 0 90 ~ P' 0 fJH 

Aftpr Ih(' pcl.lcI!Il('\t>r~ III R(k) cllld S(I,) .III' Ol'\dllll'I!. t hl'II' dll' Illdll\ WdV" of lindlll!~ 

The III cl III Id(,d of cl!JOV(' dILipll\(' (Olll loi ',( lWIlI(' \\,Le, dl'II\ I,d il\, LI'(' ('1 .t! (Iq~ 1) 

\ 
Howc\cr the COlllpll,l;dIOIl'-, (lI LIll" '-,(}WIIlI' c\l(' qlllll' Idrgl' ;\" 1,',1' Iolow, II l', VI'IV 

important 10 n,duce th(' comput cltlOIl~ III 1 h\' rohot (onl rul 'o( hl'IIII' 
P 

\ 

on findlllg n('\\, addptlVl' dlgont hm" will( h IlI'l'd k".., (OIIlPIlI clÎic)!l.., 
Q 

of adaptlH' ,ont roI ll"ing (olltrollcl ('L,f IIlldfJO/l 1" propoe,(,d 'l'hl' dl'I,III.., 0/ 1(·d',I-·.qlldll· 

c"tlTna! iOIl, dl"crplllcit IOll of dyllalllii <11 "v"f('I)I" cllId (1)111 10111'1 1''''~IlII(t1I()11 ~I !rl'IIJ(' tif(: 

dC~CrIbcd In nIe' IIcxt chapter 

, 

-1 

-------------------------------------------------
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Controller Estimation-A New Approach of 
Chapter 4 

• Robotic Adaptive Control 

\ 
.~ \ 

4.1 Introduction \ 

M;U1Y apprO;jC IH''> t 0 t IIP (ont roi of robotic rnanipuldtors ~re based on linear time-

vdrYI\lg (OJll!)('ll'-,,!I Ion ..,dlCID<?'> ln ord('r t 0 IDam t alll good gerformance over a wide 

rang(' of IllOtlonh d!Hl P\iy lo,HI'>, addptl\'l' (oIltrol nJ('thod~ df~ \d, : As described !TI 

Ch,lpt('r :), tll<' ;Ilm of d(Ltptl\(' cOlltrol tl'dll!lqUC'::' for roboue ~ems IS to estimate 

th(' pdftlll}('t('r~ of th(' mode/<' f('cur':Jlvely, dnd,then u'-,e the e!:>tlTnates to calculate the 

·coTltrol leH\' il" cl c,lIlLlblp de'>lgn lIldhod 

-
ln t Ill.., (h'l!lter. cl 11('\\ Illct hod of obtalnlTlg the controllers for the adaptlve control 

S}'st!'IIl of robotl( IIldlllpuldtor!:> 1" propo~ed Ba.'oed on the IIDeaflzed model, a Imear 

,timp-VdfYlIlg (olltrolkr heL" h('ell c!c!:>lgned to render the 11Ilcarized sy~t!im a 5tatlOfiary . 
clo::,pd-Ioop '-,(,(OIHi "onjpr "y,>tel1l of a pre"crdled forIll ln Chapter 2. 1\'ow, a rt'cursive 

kast-~qU(H(' Hl(>ntlhcatlon ~(heJlle lS u5cd to e<;tllnale the paramcter::, 1JI th(' controller. 

Th(, feedba< h gdill!:> of the' conlroll,>[ flf(; upd;!ted and adjusled ln each sampllI1g step to 

.. 
obt d III t h(' d(,~lr('d COllt roI ('fi ort 

Inst(>dd of ('st Ulldt mg t h(> malllpulator pararneters of Its d) namlc model, the param

('ters' of the ("ontroller are estllnated dlrectly. Therefore, the control algonthm is much 



.. 

simpler -than oth('r apprQaches and the computc\t.iolls of tl\(' rt'Cur'il\'t' ('stillltlt 1011 ,In' 

reduced, 

4.2 Least-square Estinlation 
c..-\ 

The least-square tee }Illiqlle prc)\ Idc~ us Wlt h a lJ}<I! hl'lIlctt i( ,t! PIO( t,dUT(' b) wllich a 

model can aclllcve a 1)('~1 fit to ('\.!>crIll1clllal dala ,Thi~ PIO( ('(!lll(' !l'' .... b(,(,11 wf<Ït'ly u ... t'd 

in the adaptlve control "y~t(,Ill~ 

f 

Thr prIIlClplc of krl"t-~qudf(' \" Ihal ,the IlIlkllOWll /MldIlIt'bf'r." of ,1 II/odel ,.,I,ou/d 

be chosell /Il ,~Ilch a Wei)' that t.J](' "IlIll of the Wlllàf('" of the cflfleu'IH(·,., f){'tw('('11 t/lI' . 
actually àb~(,l \ ed dnd (UlllTJlJtN} \'<11uI'" llllJJtipJ}('d hJ TlIJIIJhf'r" th,tt 1//('.1'''11(' tl/(' tJ(·J.:1(·(· 

( 

of precislOIl i~ d IIIiI1ll1lllIll 

1('<1 .... t -"q Il ,1/ t' l'roi dl' 1 Il. t III' ,7PU! (.<1 

value~ are r('qu1I(,<I 10 bl' 
t 

4.2.1 GrllNal D{'~criptioll of L(';}<;t-sqllarp Prohlplll , 

pclrdll](·t (·r ... 

ln formllldtlflg dl! H!('Iltdl( dl lOTI probkm, 1 Il(' Il 1I',1."U ri' of how \~.II ci Tllo<!pl fib thl' 

actual ~Jst(il~ IIlpllt alld oulpUI eLila 1,,'gl\'('11 b) 1II110du( Illg (\ (T1'II'flO/l 'l'Il(' 1 ntl'flon 1:-' 

a functlOn of the mput ('[for, out put I·rror. or g('lll'fdll/('c! ('1 ror Tlj(' f llll( 11011 1" Il.,u,dl\ 

chasell to be qUddrallC, allhough Il I~ "orlll'tlllll"-. of olhl'r fOIIIl" ~()"t/J("(rJlI'rJOII lor cl 

Jeast-~quare proced ure JS ('>.pn,.,.,('d a" 

~ (1/) ~-

~. 

,..; 
IL T E E 
2 

1 1 

(4,2 1 1) 

where 1/ JS a vector of ulIhnown parameter,>. l\' 1" 1 II<' nurnber of O\J">I'fV<lt Ion .... ,Uld E J~ 

the error vector 

The flf~t olle who gave the formulatIOn, "olul JOli and cippllcdt Ion of ..,UI h aJJ J<I('1Il1-

fication problem was Gauss(1809) }le formulalt·d thl"> probl('/I1 and- .... olv(·d Jt bd. .... NJ on 
" 

the mmlmizatlOn of the surnatlOIl of tll(, !,quare., of the {'rror 
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The IPd.st-square rY)('t hod ha" the advantage of ~lmplIe)ty and ('a,<;e to understand and 

tl~e A Ithouth It <,oml't /HW" gIV(· ... ('"tmlate" \VIth the wrong TIleall values. this apP!,oach 

j.., ~till Wld(·ly Il,,('<1 lJl "ol\'/Il!~ th(' 1<1('111 dl( al lOf! problnTl 011(' JlOIJ that should be tahen 

iuto d( (oIJIlI V·;IWfl \\(' Il'''(' ! hl" flJ(·tllOd 1" t !icil 1 hl' !l'd,>t-<''<juclfe rrwthocl 1'> rc~tr~o 

model ~lllJ(tllf('<" lh,ll <lIt' Ill)('cir III the ulIhllOWJ) pararncÎ('rs . . 
\':1 \ 

-In tlJ(' g('JlI'r,t! I(·,!''>I ·'>ql/ctn· probl('llI, it 1<; :1.,>,>umNI that thpf(' 1<, a variable, y, which 

i~ relat(·cl JJn('cifl) 10 a ~d of hnown functlOn~ and the e~timated unknown parameters 

" a<, follow~ 

(4 2 1 2) 

Thal j<." Y.I''' tOmpul,ed b} the hnown funetlon dnd the estimated unknown parameters. 
, . 

Whef<' ri,) . .. <1)1/ dfP [UIl'(-! 10l1'> of the statc~ of the ~ystcm and VI.' :.I/n are unhnown 
~ 

A"..,uTIlP that a <'('ql1('/1«' of k ohsefvatlOll" on hoth (; and y ha\e heell made at tmlcs 

fI, .,f" WIt('Tl tlH' o!>c,('r\,(·d d,da (an bl' dC'T\oled Cl" Y(I) and li'>dz),62(1). ,<i\(t).1 =--

1.~ ,k. ln thl" \\il', the follO\\lng <.,pt of k IlIledr ('qud!lon~ cali oc usecl to relate these 

data' 

~ 

Y(l).- /I)(Z)Odl) -,1/262(1) - .4 Vn(Z). 1=1,2, .. ,k (4.2.1 3) 

Tu ~rIllp"f} t hl' opressJOns, eq (,1 2.1.3) ran be rearranged into a simple ruatrix -form 

a.., follo\\'s ,. 

y = tPl/ (4.21.4) 

Wht'fe 

y::::: 
( 

y(l) ) y(2) 
...... :. 

y(k) 

(4.2.1 5) 

• 

, 

1 

1 

. 1 
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lt . 

and 

.... 

_ (<1>1(1) 
<1> =~ <Pl ~2) .. 

<pdk) 

4>t1(1)) 
q)n(2) 

4>n (k) 

(·1.2.1 fi) 

In order to solve this equatlon, Tlldtnx <1> hd." to l)(' inv(·rt(·d. \\'hcn k 11, vran h(· .... 
uniquely solv.ed from eq.(4.2 1 4) as' 

, .. 
where Ît is the estimated value of v 

- ",-1 v ;=- '!' Y (4.2.\ ï) 

However, when k :'> n, it IS im~~sible to gel 1/ in thls. way. The altt'rJIativ(' ih ln . . 
determine v using th~ the Ica.,>t-~qudf(· "theoreTll 

The eNor vector is defined as 

~--... ë = y - <l>v 

From the criterion expr~ssed in eq(4.2.1.1) we can get: 

J reaches minimum when the dIfferenllatlOn of II ('qual,- ln 7('ro .. 
al 
av v' v 

Theréfore, v can be solved as 

j/=- (4)>T<I>r1<J>T y 

= <J>/y 

(4.2.1.") 

-. 

(4.2.] 9) 

(42.1.\0) 

(4.2.11]) 

where 4»1 is callec1 Moore-Penrose gene~alized inverse of 4> and the re&ult V is the least-
, _ ~ t 

square estimation of !J. 

-

1 

\ 1 

1 

~--- -~----~~~~~~~~~~~~~~~~~~ 
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4.2.2 Rt·mrsiv(' IJ('ast -squar(' Eqtima t ion 

ln t h(· U~'o(' of Ob'of'fvdtlOn'o tllett dre obtained sequentially, it is waste tQ, solve the' 
,- ' ,t ' 1 

probl('fll from Ih(· IH'glIlllJng when the Iea,'ol-:oquare pmblern has been solved for tJlè k 

observaI JOli'-, and the (k. '1 )-'11 o!>:opnatl/lTl Juq carnf' ln Th('fefore, we should find a 
~ 

way tn gl'I Ihe est\1I1dtes for k t 1 Obc,f'ndtlOll!-> on the ba.se of the rcsults obtained fOl; 
\ , 

k ()bs('rv<lIJOTl'o. l'fI Ihh (a~,e, our ptlfamf'U'r (,'otlIIlaU'S can be nnprovcd by IDeiklllg'use 

of the new deda dlld Ihe (''o11l))<1I('(j paramcter~ ('dn be updatcd ~tcp by stf'p wlthout re-

!H'citIrlg IIH' (O/llPlll al 10Jl of ('q' (.1 2 1.11) Such a kmd of least-~quare estimcitlon scheme . 

FroIll ('q (1'21 Il). the kéLst-::,quare estirnatçs_can be computed on the base of k 

Ob<;('TV ctt IO/}'o (L'o follow~' 

Ba.o.;(.d on th(' (k -J 1 )-st ob~ervat;on wc can c1btain a nè\\' f'~uation as: 
~ . 

y (k -j 1) - 1.11 <7> 1 (J..: + 1) .... /.12 <fy 2 (k -1 1) -1 , •• ,J 1.1 n 9n (k + 1) 

Wlth the (k -1 ])-<;1 ()b~enéitlOn. the solutIOn of tht' system IS çxprcssed as' , 

(4.2.2.1 ) 

v(k + 1).- I4>T(k., l)4>(k + 1)i -l4>T(k ~ l)y(k -1- ]) (4.2.2.3) 

where 

<Pn ( 1 ) 

.<Pn (2) 

.tl>(k + 1) ::: 

odk -- 1) 

and 
y( 1) 

y(k) (4.2.2.5) 

y(k + 1) 
_ A 
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Then ~q.(4 2.2.3) can he writt('n a.<;: 

'" ' 

î/(k + 1) = I$T (k)$(k) + cPT (k + l )<p(~ .; 1); 1 ($T (k)y(k) t cPT (k + l)y(k'~ 1)1 (4.2.2.6)-' 
-' 

Now we recall the folowing: 

LEMMA(Matrix inversion) Let A.C and A -1 DGD he llon-singurCsquar/matrin<i,; 
, ~ -

then , 
... 

.. 
(A+BCDt 1 =A- 1 - A-IBIC-I-t DA-IBj-1 (4.2~2.ï) 

.. 
The proof of this LEMMA is shdwn in Appendix A. L(lt 

(4.2.2.H) 

. Bence, 

P(k -t 1) ::: ($T(k -t 1)4>(k -r 1)) (~.2.~.9) 

By applying eqs.(4.2.2.4), (4.2.2.5) and the'~atrix..:inv(lrsion I(>mma, P(k. t 1) (fil 1 ( 

be writtefl in the following forrn: 

.. 
= P(k) - p(k)1J(k '-t l)Jl t q,T(k ' I)P(k)~(k 1 1)]-1 

. 1>T (k" -:- 1) P (k) 

From eqs.(4.2 2.6) and (4.2.2 10). the following is .df'rJ\'!'d: 

i/ (k + 1) = P (k + 1) 1 $ T. ( k ) Y ( k) - 1> (k ~ ]) y (le' il) 1 

, 

• , (4.2.2.10) 

=P(k)$T(k)y(k)~ P(k)1>(k 1 I)[] ; 17(k; I)P(k)41(k 1 1)] 1 
\ . 

. 41T(k . ])P(k)c)T(k)y(k) 'f P(k)1)(k 1 I)y(k . 1) P(k)1>(k t 1) 

] .j (jJT(k i I)P(klÇJ(k 1 IW 11/'(k 1 I)P(k)(jJ(k t I)y(k + 1)(4.22 Il) 
., ) 

The Jast two terms of eq (4.22 11) ran be f(lwrÎtt(lTl (L~ 

P(k)d{k t 1)[1 -. <jJT(k.~ I)P(k)<jJ(k t 1)) ]1\] l <jJT.(k 1 I}P(k)4>(k t I) 

- fj>T(k -r I)P(k)fj>(k 'j l))y(k '1 1) '~ 
= P(k)~(k +- 1)[1 -t- rpT(k t I)P(k)41(k -1 1)) -Iy(k -+ 1) (4.2.2.12) , 

.. 1 
( 
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FroTij. eq.(4.~.2.1) and eq.(4.2.2.8), we 'can deriv.e the relationshi~ between i/ and P 

-":'" l, v(k) = p(k)4'r·(k)Y(k)· (4.2.2.13) 

.' 
Therefore, e<[.(4.2.2.11) is finally' simplified as: 

\ 

i/(k + 1) '==ii(k) + P(k)4>(k + 1)[1 + 'lj>T(k + I)P(k)4>(k + 1)r1 

. [y(k + J) - 4>T (k + 1)i/(k) (4.2.2.14)] 

From eq.(4.2.2.14) we can see 'bviously that the estimat;d value ii(k ;- 1) is oh-. -

tained from previous estimates that have been obtained based~ k observations plus a' 

correction te~~. The correction term is p~oportional to y(k + 1) - 4>T(k'+ l)v(k) -and . 
P (k) in the correction' ferm is updé4ted by the recursive formulation at each step. In 

eq.(4.2.2 14), v.ector P(k)4>(k + Il[1 + <j>T(k + I)P(k)4>(k)]-l determines OOW ~he error 
~ l. 

is weightèd. ~amely, )t tells how the correction and the pre'vious estimates should be 

combined . 

. By rrarranging ail aboye °equations, the recursive least-square estimation algorithm 

is finally writ ten as: 

i/(k + 1) == ii(k) + r(k - I)P(k)4>(k + 1)[y(k + 1) - 4>T(k + 1)ii(k)](4.2.2.15a) 

P(k -1- 1) = Hk) - r(k + 1)P(k)4>(k ~ 1):i (k + l)P(k) ,(4,2.2.15b) 

r(k -t 1) = [1 + q7(k + I)P(k)Çi(k + 1)1- 1 (4.22.15c) 

. , 
In thl' abov(' formulation one eall find that ail the observations are glven the same 

welgnt. wlllch IS' 'illltable for tlme-lIl\'aflant systems. But the rabotie mampulatar under 

dlsscussion i~ a tml<'-\arymg system. and hence it is n('cessary to elimmate the mfluence 

of old data. Thl~ can be dOllc by usmg a loss fun~ÏJon ~-IÙl exponentlal v.eighting, 1 e., 

n 

~(v) =- L prl-k[y(k -+ 1) - ct>T(k)v(k)( O<p<l (4.2.2.16) 

<> k=1 
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where tbe~forge.tting factor" , p, is a mea,sureDof how fast old~ata an' fO:gott.l,n .. 

The least-square estimation, when osing tht> loss fUllcticm of NI.(4.2.:i.16), is givrll 
.." - .' . 

by 

l ( 
l ~ ~ 

i/(k + 1) = D(k) + r(Ji + I)P(k)4>(k + l)ly(k -t 1) - Ij>T(k + 1)i/(k)I(4.2~2.1ia) 
• \0 0 

" ' 0 

P(k + 1) = [P(k) - .r(k + 1).P(k)4>(k -t- l)q7(k. 4"i)p(A;)] . (4.2.2.l7b) • . 
r(k + 1) = [p + (j>T(k + l)P(k)4>(k)r I 

•. (4.2.2.17c) 

~ '~ •• " 4 

These three equations are used to estimate the paramete~s at the k-th step. By 
. . 

'usi.ng eqs.(4.2.2.17a-cr re€ûrsively, the unknown vectors ll{k) can be estimat('d at ('/tel! 
, ~ 

'0 ! 

4:2.3 Selection of the Initial Value of Matrix P 

. " . 
. \Vhen we st~rt th~ paralT,lcter estimatIOn u~ rl'coursive h,;"'<;t;square scheme, tlw' 

initial value of matrix P should be chosen first. 

Substitute eq.(4'2 2.lïc) int<J'eq.(4,2.2.1ïb)"we get: 

.... P(k ~ 1) = lP(k) + dl{k -l- l)4>(k + l)r I 
. 
! 4,:2.:~.1) . 

o , c 

-' ! 
Starting from P(O) and iterating k times using cq.( 4.2.3:"t)-;-P(k) ('~n be writtcn a.,: 

1 . , 

------ P(k) = IP(O)-l ;. <i>T(k)4>(k);~ 1 (~.2.3.2) 

.. Notice that, eq .. (4.2.3.2) ~as 10 a~ree W\h eq.(4.2.2.8). ~e ,impie· "(~y i~ to'forcc 

P(O) -1 to zero. This can be done by letting P - aJ and a ~ • 00. namely, 
i ' 

- 1 
• lim p(O)-1 :::: lîm =- -1 :::: 0 

, u-oo Q ...... OO a 
, (4.2.3.3) 

. . 
" where 1 is the n x n identity matrix. 

. . 

" . 

.. 

. , 

o 
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. 
.'14.:3' C6ntroller Estimath:m " 

The "method presented hereÏs almed at estimating the controller directly. In thls 

war. wc ~an mak<, the control ~ch~~ much simpl:r and reduce ~~e compl)tatio~in
volv(:>d The discrftized <'quatlons of.the system are derivep Jirst, then the details about 

l.h<' control/cr estimation will be described. 

4.3.1 Disrr.-tization of th(' Syst{'m . 

ln arder to provide an apropriate [orm- for applying the model assignment con-

\. 
" . 

. ' 
lrol scheme derivcd ln Chapter 2, the linearized equation of the system, eq.(2.4-.1T,-îs 

e -

expressed in the statc space. Let 0 

.. 

Xl (t) = bfJ 

X2(t)~ bU 

u(t) ~ tlT 

, 

(4.3.1Ja) 

(4.3.1.1b) 
/ 

(4.3.1.1c) 

<, 

wlw~e xdt).x.-df) and u(t) are aJl n-di~ensional ~ecro\: the first two denot,ing the states 

ana the third one the control variable. ' "~ . 

Then, eq.(2 4.1) can .he wriUen in- tne 'state sp&e as:.. 

, , 

.~) (1) -:- X2(t) 

Xl'(t) :::: I(tr1;u(t) - C(t)xi(t) -: D(t)xdt)] 
- ~ .,' 

Let 

Y(t) = (- o 

-1(f)-l D(t) 

and 

where 0' is a. n x n zer.o matrix, 

.. 

\ . 

(4.3.1.2a) 

G "'(4.3.1.2b) 

'-

(4.3.1.3) 

(4.3.1.4) 

" 



J 
'. 

'-li 

"1· 

.J 

43 ('ontroller E~l illlation 

Eqs.(4.3.1.2a) and (1.3:i.2b) can be rewritten'as: 

" x(t) = V(t~x(t) 1 U(t)u(t) (4.3.1.5) 

For leâSt-square parameter est imat ion, the appropria te, dis("f('tc iin('ar <'qultt ion~ 
• 

;hould he derived on the base o~ .eq.(4.3.1.5). 

Jt0 is assumed tllat the discrele events 'Of intercst can he ind<'xed 'by il St'q\J('IlCt' of 

real numbers tbt2, ... ,ib' .. , which are thought of as discrcte:tJnl<' points. 
, 

The relationship between the system variables at the sarnpIing steps b dnriv(·d. Til(' , . 
state at the néxt ~am~~"b time<; tk+l c;n be obtained by the giv('n st.at(' aL the salllplin~ , . 
time tk' Since robotic systems âre slow timae-varying, when lktl is close to t k; 1Il;\t r i(-('s 

o V and. U and system input u can ,lfè assu med to b(' COIl'itant. . 
~l'.' .Therefore, the state at the next sampling step.ik-tl is givcn by: 

x(tk+ll = eV(tk)(tk+1-tk)x(tkl:- l~hl ,V(t.k)(tk< I--dd.'~(I~lll{lkl 
.. 

Let 

The system equation of the sarnpling system is then writt.en as: 

1 

(4.3.1 Ji) 

(4 t3.1.7) 

(4.3.1.8) 
.. 

(4.a.1.9) 

For peri~dic sampling with period t s , the model of cq.(4.3.1.9) 15 !>implific'd, to tJl(' 

following system: ('Jo 

(4.:Ll.JO) 

~ow, 'the problem left is h,ow to compute matricc!> M and N. Olle way 10 'lirrrplIfy 

the computation is to calculate 

lo
ts VtZ V 2t 3 Vft t + 1 

B = 0 eVSds. = li" + --.! .... -- .. ~ + + - - s -, -l 2! 3! . . . (1 il)! ' (4.3.1.11) 

• 

( 
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" , . 
" " , 

Thercfore, matrÏt:es M and N are giverr as, " ' 

. '-') \ . 
-, ~~ ... 

M = i + VB " ::. 
t 

where 1 is an n x n idcntity matr,.ix. 

,\ ... 

- " ..,. " 

t.-

': 
• < 

. (/ 
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, 

(4.3.1.I2a) , 

(4.3.1.12b) 

When t s is chosen to be very ... .'smâtJ, the''hjgher-oTd~r term in eq. (4.3.1.11) can be 
. -" ' 

eliminated to obtain: 

'-

, . . .... 
.. "'v ~ t' 

M = 1 + Vlt s . , 
• 

N = Itsû 
'. 

, . , 

. ' 

" 

(4.3.1.13a), 

, (4.3.1.13b) 

The discrete-time system 4\.t han'd.is ob~aiired by substituting eqs.(4.3.1.13a) and . ' " .' 
(4,3.1.13b) into eq.J4.3.1.9) ... 

, , 

, . ' 

x(kts + ts ) c:: (1--:+ V(~ts<)~t's )x(k) +"lts U{kt s )u(lêts ) 
" ,~ . '.... . '.. . 

( 4.3.1.14) 

This equation c~· be éxpr~ss~d' in a, simt>le .. way as follows: 

. ' , '<Il ' • 

"x(k + ,1) = (1 + V(k))x("k) + ls U(k)u(~) 
.. ..... . .. (4.3.1.15) , 

~ 

r-1- r: 

Thus, th,(' discrpte-.time system of the robQt linearize.d model expressed in eqs.( 4.3 1.2af 
.' 

and (4,312b) is finally deri.cd 'as' 

~ 

xdk t 1) ::; xdlÇ) -t tsx2(k) '~ , (4.3'. 1. 16a) 

A nf'W apI'Hoach qf 'adaptlvc control scheme called controller estimatIOn, based 

on -mode) assignment, IS denved, Instead of estimating the paramçters in the above
L .. 

discrete-time systt'll1, nameh;, matric~s I~ C. and D, the parameters in the feedback gains -
,-

at:~ estimated. Details are described in 'the next sub-sectlOn. 
'~ . 
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." 

4.3.2 ControlJer Estimation 

" " 

In Chaptcr 2, a mod('}~a.ssjgnment control ~{'h('nH' ha~ ln'l'n dt'n\'('cI, Tht' pO"ltlOIl 

and vclocity feedback arc us('d 10 rellder tll(' sy~I(,1Jl d I>T(,~( nbed ~('( (llId 01 dt'I ,,1.11 JOIl-

ary sys,tem. ln thl~) 3~lb-s('ct Ion, a cOIltrol ('si 11I1.11IOll s< h('II\(' 1" dt"'d~I\('d 10 1'<'1101111 

, , 

thé paraméter estimai Ion for the f('('dback gaiIl~ obI cUIlt'i.l III mot/l'} d""lgIIlIl/'1l1 TIlt' 
- \ 

structure of. such a s~str1J1 i~ shown in Figur<> .. l, 

'. 

. ' 

,.---------------------- --

'------------ -- --

The followmg r~)allOnship already introdlJCPd ln ('<1'1 (21:;) ,Uld (21 G) 1<' f('(,dh'd 

1(t)U;l D(t) 

21(1)",7 Ur,1JI Cft) 

In the discrete-time system. th(' forgolllg f('ldIIOIl'1hlp (,Ill lH' ('xpn'-;<,('(! a.<, 

D(k) 

C(k) 

... , 

I(k)n;! K,,(k) 
• 

(4.:~ 2ola) 

(4 :L2 lb) 

(4 :~.2 ta) 

(4 :~.2.2fJ) 

\ 
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SUO.,tllution of eq'> (4 ~{2 2a) and (43.2 2b) mto eq.(4.3.1.16b) and rearrangement 

J(k)X2(ki 1) -:ct<,u(k) -- I(k)n~Lxdk) - 2I(k)q,T On 'lix2(k)} 

+- I(k)x2(k) + (.,[Kl'(k)xd k ) -1; Kd(k)xz(k)) (4.3.2.3) 

where t5 i~ the sarnplmg perlod. In eq (4.323), the unknown matnces are Kp,Kd and J. 

Kp and Kd are the fredback gain matrices which will br cstnnated by usmg least-square 

identIficatIon <,ch('!Tle 1 IS the inertid matnx of the system which we want to avoid to 

estimate. ThIs problcm can be Asolved as follow~ 

Let the t}woreticaJ 111lf'dflLPd modeJ of the robot IIldnlpul.üor be represented as' 

1* (t ) b ë -1 C * (t) 60 -1 D" ( t ) 6' 0 --,- u ( t ) 
o 

(4.3 2.4) 

'where JO (i), C* (t) and n*(t) art' th(> theoretical f>arameter matrices of the robot manip-

uJator rnodf'1. 

The,p, J*(k), wlllch d('flOte~ the theoretical mertJa matrix of the robot rnanipulator 

al the k-th ~tep, is u~('d lIlstead of the aclual J(k) in eq (4 323) and an arbitrary error 

V<'ctor J1(k) IS addcd to the rlght-hand side of eq.(4 3.2.3) to obtaiTl' . 

I*(k)Xl(k -t 1) - i<[u(k) r(k)O~xdk) - 2I*(k)'l'T On 'l'x2(k) +I*(k)X2(k) 
" 

(4.3.2.5) 

Let \ 

y(k + 1) ::: J*(k)X2(k + 1) (4.3.2.6a) 
....--

- b(k) =-- is[u(k) -- I*(k)n~xdk) - 21* (k)jlTOn • X2 (k)) + I*(k)xz(kI4.3.2.6b) 
, 

Eq.(4 3.2.5) can be written as: 

y(k + 1) = Kp(k)Xl (k)t s + Kd(k)X2(k)t s + b(k) + Jl(k) (4.3.2.7) 



a Let 

xdk)t .. =- Id>dk) .. ç'>,dk)iT . 
T

. (Jl) (k)' 
~'l 

('(k)o - ~(k) ! II(k) . 

I~ 

where e\(k) is a n-dimrll~loncll llnknoWll \'('( 101 ,\Ild (\ 1" ,\II (,,,t illl,ll ion w('I~ht 1I1~ !.Illor 

which can be adJusted during Ihe [('(U'''I\(' ,dpIlldi<alloll prOl;'durt, 

Fmally, cq (4.3 2 5) can be wril tCIl III t hl' follo\\ 11l~ forIll 

y (k j 1) K (h' ) Ô ( k ) (<1 :~ :U 1 ) 

where 

ydk + 1) 

. 
y(k-rl)= rp(k) -' 

Yn (k Î 1) \ 
and 

\ Cl (k) 

'~ 

K (k) =- k" (k).1 k" ( k ), ri ('/ ( k r 

1. (1.) t'" (k) ",1 1\. Tl7l 

l"ow we definc the l-th row of Ihr llnhnowIl partllllf'I('r<, III 1Ildtrix K(k) cl}, Ill(' 

following (2n -l- I)-dIITlell<'lonal \ ('('tor zl(k), Will'H' 1 1,2, ,11 

Hence, eq.(4.3.2 10) can he \Hltten a.., 

l -.' 1,2, ... ,n (·Li.2.15) 

, 



\ 
) 

In t lI(' fr'lH1('work of t h(' above formulation, the model output.,.is linear. in the un-

knowll parrlJlH't(,T~ to IJ(' ldC'ntified. Jlenu\ ba'ipd on e'èj (4 3 2 15), the rccurSJve lfli1St-

SC/Ilarl' e~tllnatlOn ~cherne, w}\lch ha..c., becn denved-m the last sectIon can be mtroduced 

a....,: 

ît(k + 1) =- îl(k) + r(k + I)P(k)4>(k --l I)[Yt (k -+ 1) c qyT(k + I)zl(k)j' 

P(k 1) - P(k) - r(k + 1)P(k)<f;(k + l)<f;T (k + l)P(k) (4.3.2.17) 

r(k J) - [p j q7(k -t I)P(k)if;(k i 1)r 1 .. 

Eq.( 1 ~.2 17) 1.., Il'>ed 1,0 estlmate the pararr}('t,ers in the feedback gain matrix at the 

k-th ~tep cPT(k -1 ] )Zt (k) 1" the prpdldpd value of Yz (k -t 1) b~scd on the cstlInatcd value 

Zt(k). The (orrectlon.., ,iTP perforrned by T(k - l)P(k)<j;(k-tl)[YI(k-t 1) _-4>T(k+ l)zl(k)], 
• 

wh('f(' r( k t 1 )P(k)d>( k t l~ w('ight mg fat tor wlllch indILates how the correctIOns and 

" 
the pfl>V101l~ ('"tllnate~ -tre welght(' i to obtam the new estimated zl(k + 1), 1 e 1 zl(k+ 1) 

Îs a rmnbllJ,ÜIOIl of the cstimate alue é~t the k-th step, il (k), and the corrections. 

The "forgettlIlg fact.or" is usually c sen to be 0.91 s: p ~ 0.99 By usmg eq (4.3.2.17) 

recur~ivcly, t.he unhnown vcctors ~l(k)can be estimated at each sampling period, thereby 

e'itimatlIlg the fccdback gain rnatrix. 

l 
, l , 

• 

(. 
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Chapter 5 

• 
Dynamic Modelling and Adapth;,e 

Control Sinlu]at.iolls 

5.1 rJnir~duction 

In order to test the d} namlc rnodclling dlgont hm dlld t hl' dddptiv(' (olltrol ,1114()~ 

rithm, simulatlon~ of thr two algofithm'l \\-crc !><'rforTlwd 
-

'" !",o--llfIk IrIdlllplll,lIor Wd.'" 

used in the ~IITlUlatlOn ThE' rr&,on for \}:,mg thb lJJaniplllatol i~ !bdl W(' (rHl gt'I Ill(' 

closed forl!1 dynamlc model of It Thi" c1o'l('d--forrn model C,UI 1)(' \1"I,d ! () (1)('( k f III' 

dynamlc modellmg package derl\ <>d bv u~lJlg nu rJ}('f) e al me! hod The ..,1 lflld ,11 1011" W('f(' 

also perforrned on the Cm( innatl \1da([oTl alld PP.\1A WO Hoho! Ail 1\1SL ..,ldJl 011 f 1111' 

that,lmplernents the fifth--/slxth--order nunge--Kutta nwthod \\<1." Il..,pd III tl)(' ..,11I1IJ!,tlloll 
" 

SatisfaGtory results of the ~lInulation \\-erc odtained 

5.2 Simulations of Dynamical Packa'ge 

o 

.. , 

"'The dynamic mod('lIing package w&, irnple!llcnted on a \'AX-7HO COHlputcr(MI'HCIM). 

Two examples w~re performcd, one on a two--hnk manlpulat or and another OTlC' on t}1C' 

Cincinnati Milacron Robot. 

/ 
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( 
5.2.1 SiullllatiOlum tJl(> Two-link Maniplllator 

$\, 

ln thi~ ('xarllpl!', a t~o-Irnk mallIplll<l.lor )"i u~cd to perform the simulation. The 

ardllt(>( lurc of 11](' robot I~ ..,hown III Figure 5.1, the mput parameters arc 'Iisted In 

Table !j.1 BoIl! lin\".., dTe (L~"lJrn('d to 1)(· the ..,kllder, unrforrn and ngid bars The 

rnd.~~(,'" clTld /C'llgth.., of Ilflk 1 (Uld Iwh 2 aTe 7(1),m2 dnù 1)'/2 respectlve!y The dosed-

forllJ dYlldTnical t'quaI lom o( thi'-, manlpulcltoT )'-, deriv('d a..'-, 

(5.2.1.1) 

wher(' 

"- 1\ 1 2 1) ) ) 

Tn)) m)/) -j HI2(11 l112(Oh02 + 312 co~" O2) (S.2.1.1a) 
3 
1 .) 

(52.1 lb) rn'n m )1'2 

f 
3 .. 

771212 "in 0 1 (lI i 
2 

t b) el (5.2 l.Ie) h) - h co~ (}) ) 0 1 (}) 

( 
3 .. .. -

1 1) ) 2 1 
h2 1n2(2/112 'ï (' oS- e)) (}) Sin () 2 1 2 9 171, 212 cos (h + b 2 e 2 (5.2.1 Id) 3 .. .. .. 

The jOtut trdJt'rtOTle~ are gi\ ('Il cl:-, 

0] =- 15 -+ 201 2 
-

40 ) 
( deg) -t 

9 

O'}. 
,) 20 ::1 

( deg) '""'v' (5.2 1 2) c 30r - - t 
3 

and t hc t.otal ~llIl\llal ion IIJIH' 1" 3(8) Simulat ions arc pcrformed for both c!oscd fonn 

dYlldl1ll(,t1 /lIodel cllld t)l(' <h narIllc lllodf'lIing package' u~lIlg the same traJectories as 

siloWIl in cg U") ~.) ~) 

\\"<' CclII find Ihat the n'sults obtarncd from nUInencal modellmg-package and closed-

rOrlll model <lf(' ,!lmoc,t the ~dIl1C. nalTlcly, the' crrors b(,t\\c('n thenl are very very smau' 

'l'Il(' Jll<l'\iJ\l\lIll ('Tror jwt\\ct'Tl torguC's from the two packages IS only O.0001(]\:m). The 

( out put s arr shown ln Table 52 and 5.3. 



1 

\ 

5 2 'SllllUla!lOll~ of D\lIalllllal Parkagt' 

5.2.2 Simulation on t'h(' CinrÏullati Milacron Rohot 
1 

In thls e:-.ample, the dynalI1lc IIlodclling Pd( h<lgl' is tc~t('d on t IH' Cinc'illl\dt 1 Mt!,\CfOn 

~ob~t The end dfcctor of the robot IllO\'e~ clloll!'; cl "trdight IiI\(' in tht' ('.\;t(" .. I.11l "'P<I('(' 

descflbed by following equat Ions 

l c:::- 133125m .. r -- 0 DIlI" 1 r OOIll~ !. 

y - !3m, y -:: dHls' l, Y Ji Jll~ :.! ~!i,2,2.1 ) 

1.79875m, -- 0 Oms 1 ,) 

z .::. ::; OOIll~ 
~. 

"-' , 

where f3 is a prescribed functlon of tllIW ddilleù with (ubi( "'plin('~ ~o (l.'i 1.0 HWl't 'tl\(' 

• 
following end conditIOns 

,3(0) 0, U(1') lm 

1 
(5.222) 

1 
T = Is 

Details about ~~(' SP!/IO~S Ils('d tü (frate t1H' 

trajectories \Vere defl\'('d by Angeles (1986) 

~ The archltecturf' of the !DaJllpulator IS 'ihown ln FlguH' 512. ,Uld t IH' ILtrl<'ng('rg-

where T is the' total simulation Ume. 

1 
Dena\ lt parallleter" an~ tht' mprtia par<illlPter.., of tll<' robot ,1Ij'..,hOWIJ III rLII)I(':,·1 ,1lIe1 

5.5. re..,p('cll\('ly. The traJ('ctorJ('~ of tll(' 'll\ JOlllt o/'t,1Il)('d fl<>rll Irn('c,,<' kllll'l!l,dll'-, tIll' 

shown ID FIgure 53 --::, x The outputs torque" df(' ,,!tOWII 11
1
1 ,. Igllfl' :-, q :) 11 TIII'~(' 

results arc thc samc as tho,>f' frorn Ma Ou's dJllrillll( lll{)(]('"//lg P<lCkdg('(IIJH7) I)y IJ<'>Il1g 

1 
1 

the same trdJccloflf'C, for the <,dmc robot 

• Tahl(' 5H Illput Paran}('tcr~ of th<> Two-Iillkl Mallipulator 
1 

10.00 10.00 

II (m) 

1.00 

12(rn) 

1.00 0" 
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C 

. ----~ - --

• 

-- --~._-

((sr 

0.0 

.. 0.3 

0.6 

0.9 

1.2 

1.5 

1.8 

2.1 

2.4 

2.7 

3.0 

t (s) 

0.0 

0.3 

0.6 

0.9 

1 2 

1.5 

1.8 

2.1 

2.4 

2.7 

3.0 

.. 

1 

Ta.ble f21 Output of Nllill('rical Solution 
~- -:~--,-------=- ~-:r"O "O~~T ;c(.,,\'-~~~ -"-' "0--:::: ~ -::. --=1!iii=T=2~( N~m~) ======= 

:-------1-
1

-. 86-17 
- ------ 5fJ5407 

, 

14 8434 

10 1574 
. 

,50767 

,. -0:2436 

( 
-4.6461 

\ 
\ -7.2514 

\ 
\ -8.1306 
\ 
! 

-8.1368 

-8.2923 

-9 1319 

51.8081 

50.4711 /' 

47.8179 

42.8631 

35.2343 

25.4771 

15.0168 

5.6608 

-0.9521 

-3.3957 

TabI(' 5.3 Output of Clos('d Form Solution 

1 
" -1>-

~ 

" 

1 ~.. ~, .... 

--- --- - - - --- --- -- -- -- -- ------------ ------
1.8617 52.5407 

14 8454 51.8081 

10 1575 50.4710 

1 5.()ï67 47.81.78 , 
1 

1 
1 -0.2436 42.8632 1 

f 

/ 
-4.6460 35.2343 

. -7.2514 25.4772 ... . -8.1305 15.0168 ~ 

i 
-8.1369 56608 

1 "-1 -8.2923 -0.9522 
/ 

-9.1319 -3.3957 
~ 

l 
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Table 5.4 Hart('nb('rg-D('navit Param('t('rs of t h(' CillC'Ïullat i M ilarroll Il ohot 

llint number 

1 

1 

3 

4 

5 

6 

QI (m) 

0.00 

1 02 

1.02 

-- 0.20 

0.00 

0.00 

___ 'l: 

0.00 

0.00 

0.00 

0.00 

0.41 

QI ( d('gr('('s) 

90.00 

0.00 

0.00 

90.00 

90.00 

90.00 

initidIO,(d('gn'(''') 

0.00 

9000 

-1 :l5.00 

·1500 

90.00 

90.00 -----., 
Table 5.5 Inertia Parameters of the Cincinnati Milarron Robot 

- - - - ~ --
item joint 1 joint 2 joint 3 joint 4 joint 5" 

------ --- - -- - -
ml (kg) 680.0 360.0 180.0 55.0 :36.0 

I(1(m) 0.0 -"'0.87 -0.64 -0.12-, 0.0 

Y~l (m)' -0.33 ' 0.0 0.04 9.04 -0.05 

tcl(m)l 
. . 

0.0 -0.13 0.0 00 -O.OS 

1 xn-(kgm2) 00 '11.0 1.10 0.14 0.17 .. 
IXI[I.(kgm 2) 0.0 0.0 Ù.O 0.0 00 

IX::l{kgm 2) 00 0.0 0.0 0.0 00 

2 IVI[I.(kgm ) 62.0 53.0 410 091 (UX 

lt/::l(kgmf) 0.0 0.0 00 '00 00 

l;;zl(kgm2) 0.0 41.0 410 o X2 01X 
1 -----1 - -

.\ 
----- -1 -

Tn l , .. rnass or the z-th Imk .' 
... -/eoo rd; Iia te' of tlJ(> ow." < <' 0 t '"' of tl,.. l-t" 1", k IC2 . YC1' ':::Cl 

. 1 XXI' 1 X!fl' 1 XZI 
1 

I Y!fl ' 1 YZI' 1 ZZ! . ' ..•. . . .. "1 entr;es of the Ilw<t. a Il;.t,, x of li", l-t h 1", k , 
CJ 

1, 1 . 
.. 

1 

1 

c ---- - - -------

joint (i 

'68.0 

0.0 

0.0 

0.0 

0.14 

0.0 

00 

(Hl'! 

()O 

n,n 

: 
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Figure 5.1 The Architecture of the Two-link Manipulator 
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7-<-j-- Yr,z, 
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15 

1 ~, 

-L_~XI ------------..J 

Figure 5.2 The ArcllltectUie of the C'lcmnati Mllacron Robot, 
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00 
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Figure 5.3 'Ihjec~ory of jOlIIt 1 

o ~ (degrl'l') 

90.0 1-----__ 

·68.5 

.. 

00 

.. 
1 t.,---~--------- - ----------

FigUr4.J~.4- Trajectory of jOlUt 2 
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Figure 5.7 TraJect.ory of JOlIIt 5 
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Figure 5.8 Trajéctory oJ JOlllt 6 
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Figure 5.9" Torque on joint. l 
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53 SlIlIulatlOlIS of Adapt Ive Cont roI l'ack,l~l' (\1 

5.3 Sinlulations of Adaptive Control Package 

Two examples WC'f(' pprforrncd for the' ~iJlllddtl()11 of rldapti\'P c'oJltro! pal'ka~(\. Thi~ 

package was abo ImpI0rrwllt('d on ct \'AX-7HO(\1cHCI!'.t) 

5.3.1 Simulation on th(' Two-lillk Maniplliator 

The slmulatlOll of the control algofllhm on rl two-lillk robot lIlilllipul,lIor j,> }>er-

formed, The architecture of this mânipulator I~ shown 111 FIg ;).1 TIH' dYIl<lIllJ( .\\ 

model of thlc; rnamplllator b exprc<,~('d III cq (5 2 1 1) Ild,,('d 011 thi.., nlod(·1 t ht' Iw-

o earized pert u r bat 1011 <'4 uat 1011 1"> obi d I!H'd d." fo Il 0\\ ~ ( 

where 

CIl ::;: --m2Jg(l) -

c12 = -m2 l ) (il 

1 
:ll,! CO" 0(12)OJ2 ~1Il 0d2 

~ 12 (0<; Od2)Odl ~in 0d'2 

C21 ::: m2 L2(l) -t ~12 CŒ (),12)Odl "in ()d2 

C22 = 0 

1 2 
d12 = -m212{llïcosOd2 -f :3'2(CO<, 0d2 

2 .. 
+sinOd2(l1 -f -/2CO<;OJ2)OJd 

1 l '2 
d22 == n12L2{12'1 roc, 0d2 t :/dro,> 0,]2 

(fl:U 1 (J) 

(fl:U 1(') 

(5.:U.ld) 

(5.:~ J J (.) 

In the ~imulation, the maTllpul<ltor rr!O\'c,> ,dong a d('"ircd tr<lJ('( fory from .Ill Illlfl,JI 

configura1ion dc,srfl!wd by the jOint rOOrdIJldt('<, 0, ().')' ,(l"), to a fJllal (OJlfl~lIr,!1I()lJ 

described by the Jomt coordinates Of 

the farm 

(75",90 ) Hl -1 <.,('( ond~ A (Ilbic polynoflll<ll of 

1,2 (5 :L) .2) 
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i!> Il,,('d for trctJ(>(1ory plalJfllTlg (CraIg 1986). In order to test the adaptibIlity of the con-

trol ~dI('IrJ(' a lOo/t ('rror j" added to the model of the robot rnanlpulator The simulatIOn 

re~lllt" are "howll in FIgure fi 15 -.5 18 Thf> posItIOn errors', are round to be very smal!. 

Th(, rn,tXirIlUTIl pm-ItIOIl ('rror of O} I~ bclolV 0000:32 rad and that of Oz is belo\\' 000016 

rad l';vell when th('re I~ a 10% ('rror in th(' model, th~ pOSItion errors of the two joints 

are very ~rnall. 

5.3.2 Simulation on PUMA 600 Robot 

'1'1)(' addptlv(, con1rol packdge was also tested on PUMA 600 Robot. The architecture 

of ttw robot an' "hOWIl In FIgure ~) ]9, while the Hartcnberg-Dcnavit parameters and the 

dynamic,t1 par,llll('t,('r<> of thp robot are ~hown in Table .5 6 and Table .5.7 , respectivC'ly. 

The JOlllt t rdj('rtor)('~ for" he "ix Jomts are of t1w followmg form 

1'=-1 ... ,6 (5.3.2.1) 

where T, wh)(h 15 the tIrl1e penod of the whole traJectory, {'quaIs to 1 (8) and OtT is the 

final valup of ('ach joint ,\'anabIP glH>n by the followlOg equation. 

l == 1,2,4,5,6 

,TI 
l =: 3 (5.3:2.2) 

6' 

ln th(' ~irnulation,- 0)(' "forgetlng factor" p and the estimatIon welghting factor 0: ",ere 

fho~:i<'n (0 be 095 and 00001. re:,peft 1\ el)' The simulation samplmg period tswas chosen 

to be 0.01(8). The ddaptibdtty of the control algoflthm was tcsted by mtrodu"ting 5% 

and 1O~, of pdrarneter ('rror::. III the model Thl~ \Vas done by varymg the parameters 

in the dlr('ct dynamic part, ndlJ]('I~, the Robot box (sea FIgure 4 1), by 5% and 10%, 

r(,spl'ctl\'('l~ TIH' positlOll and \r1ocity l'rrors were round to b'e convergent and of very 

sm ail magnItude, in both ca"es ln the first case, the maxllnum posit IOn and velocity 
\ 

('rrors ar(' bclow O.OOl(rad) ana O.002(rad.js), respectively. In the second case, the 

, 0 
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maximum position ~d "eloelty errors are bel?\\' 0 0012(rad.' and 00035(ra.d/$1. «'a

speetively The position errors Cl and veloCity ('rrors ~l an' shawn III FiguH' S 20 54:i 

Table 5.6 Hartenb('rg-D<,uavit Param<'ters of l'lJMA 600 nobot ' 
--------- -------

--~ ---- ~- ----

joint number 

1 000 

QI (degre{'s) 

000 

initldl 01 (.dq~H'('S) 

000 

2 0.00 

3 0.432 

4 0.02 

5 0.00 

6 0.00 

-0 149 

·000 

-0.432 

OQO 

-0.056 

-90 00 000. 

0.00 . 0 00 

90.00 000 
. 

90.00 0,00 

90.00 000 
======= 

item 

Table 5.7 Inertia Paramcters of PUMA 600 Robot 
- - - --- -- ----- - - --

Joint 1 jOlllt , joint 3 joint 4 
------- ---- -~~ ---- --

JO.521 15781 8767. 1 0,52 

0.0 0.14 

-0 t}54 0.0 

a a v. 

-0.197 

00 

00 

. 

joint fi 

1.0S2 

aD 

~O.007 

, J~ 
l, 

1 -

j~illt 6 

a ~~S 1 

00 

0.0 

xC1(m) 

YCI (~) 

zCl.(m) 0.0 0.0 0.0 :0.057 -ü.007 • '-0.019 

1 XXI (kgm 2) 

1 Xyl (kgm 2
) 

1 XZI (kgm 2 
) 

1 yyl (kgrn 2) 

lyzI(kgrrz2), 

Izzl(kgm2) 

1.612 

0.0 

00 

0.5091, 

00 

1 612 

, 
xCl , Y~2" Zet . .• . .••••. 

} XXI' 1 xyl , 1 XZI • 

0.4898 

0.0 

, 0.0 

8.0783 

0.0 
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Conclusions and Recommclldati-ons for 
Chapter 6 

'\ 

6.1 Dynamic Modelling Package 

Further Rcscarch 

In order to gain ~ome insight Ulla the control prohlem, a dYlldmic llIod('lIillg probh'lIl 

was solved and the modellmg package was irnplemcntcd on thl:' VAX-7RO (MeHCIM). 

Th~associated formulae were dcrived usmg Kanl:' 's dynarDle al ('qUdt ion~ in 1.11(, following 
'1 

form: 

Tt + T, = 0 t =- 1, ., n (6.Ll) 

where T
t
* and Tt are the generalized inertia force and thé genNahzedJ a< tiv(> fOrf(>, f('

spectively, associated with the t-th joint The latter is calculatNJ as' 

aT daT aw 
r -::- -- - - --- -t ---

! a01 dt aÔ
t 

aOt 

1, ... , TI (fi.l 2) 

where T is the kinetlc energy of the manipulator , W is It,> potmtial (>T1<'fgy, 0t I~ ttH' 

i-th joint variable and n is the number of joints. Each tcrrn of rq (6 1.2) I~ (omput(>d 

numerically. The dynamlcal model of the robotlc manIpUldtor I~ finally obt.ull('d a.,> 

T = 1(0)0 ~ h(O,O) 

By giving the trajectory for each joint of the rnanipulator, ,the gCflerali:U'd inertia

matrix 1(0), and the vèctor which descfl bes the inertia, v Ïf,cous and gravit y t(>rrrl!-., 

h~O, é), can be calculated at any given tlme. 
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The modelling package was implemented in Fortr~r-77. Two examples were per

fonoc'cl for .Lhc tef>ting of the parkag~. 

In tlH' firf>t ('xéunple, a two-link maJllpulator with revolute joints was used. The 

r(>sultf> frorn the nurnerical method, namely, the method ba<>ed on the above algorithm, 

and thE' r1o~ed-form dynarnical model were compared with each other. The errors were 

found to be veryf>mall. The maximum error IS only O.OOOI(Nm). 

A!> 1,0 the second example, the test was performed on the Cmcinna.ti Milacron Robot, 

whlch has six revolute jomts. The results are in full agreement with those obtain.ed using 

Ma Ou's modellmg packagc(1987), which was developed independently. 

6.2 Model-Assignment 

A fcedback control schrme, called model-assignment control, is derived for linearized 

models of robot mampulators ThIS method is based on the linearized model of the 

man"lpulator ~ follows: 

I(t)oO + C(t)ofJ + D(t)M} = or(t) (.6.2.1 ) 

Thch, ~he posit;on and veloclty feedback controller is introduced as: 

(6.2.2) 

If\ The feedback gams arc deslgned to render the system a prescribed second-order sta-

tionary system of the following form: 

(2.4.2) 

.... 
vdH're q, is the 1l0ndimenswnaJ n x n damping mat rix and fin is the n x n matrix of -

undamped natruaJ {rt'quene}' of the s) stem. 

ln this case, the tïme-varying terms in the linearized robot model are cancelled by 

a corresponding time-varying control term. 
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() '3 C'ontroller E~tllllat\(lll fOI tltt' Adaptl\'t' C'olltH\1 (If }{,\bntH M.llllplll.It(l11> ~1 

The feedback gains are derived the!l as 

((i,2,3 ) 

2 Kp(i) = I(t)U n -- D(t) (G.2A) 

Compared with other approaches, IIke pole-a5~ignII1ellt, this IlIt;thod ha .... tht, (ld\'(\I1-

tage of leading to a simpler algorithrn and l1eeds lC'ss (()mp\lt.l1.ioll~ MOf('oY(\r \ t III~ 

scheme is not hmitC'd to stationary syst('ms, wht\rC'(l."i POk-d"'''lgIlII}('nt 15 Tht· [(' ... IIit ... 
4 

of the numerical example ~how that the gains obt~ined with tl1l5 PlO( t'dur(\ <If(' of a 

reasonablC' ;nagnitudc 

6.3 COlitroller Estimation for the Adaptive Control of Robot.ic 

Manfpulators 

A ne\'. method of adaptive control of robot manipulatofs b derived: The sUltabl(' 
J 

controller is designed by model assignment. The cstlmation ~(h('rn(' is lIltroduccd to 

identify the unknown gams ln the controller. " 

The controller estimat1 is based on the following di~cfctc-tirn(' pqudtion. 

y(k 1- 1) K(k)9(k) ((i.:U) 

In thi~ equatlOn, matflx li contalfls the f('edbdck galll~ to !Je ('..,tllllated and (I) «Jll-

tains the Input and output states of the sy~t('m. A r('(ur~lv(, !ed....,t,-... qlldf(· ... ('.,tlllltiIIOII 

scheme \Vas applied to eq (6 3 1). Slnc(' the robot IC '>y'it('rn i~ a tllll('-VdT} IIlg ... y,>t(·TII, ,HI 

estImation scheme WhlCh IS suitable for the tllllc-vdrying "'y~t('rm i~ d('f!v('d d..<' follow ... , 

to perform the parallleter cst nnatlOn of the fc('dback gaIn'> 

zl(k ,1) = zz(k) 1- r(k 1 1)P(k)ç(k -1 I)[Yt(k + 1) cjJT(k t 1)zz(k)] (f>:320) 
j 

P(k + 1) = P(k) - r(k + l)P(k)fj>(k -t l)fj>T(k -1 l)P(k) (6.3.2b) 

r(k + 1) = [p + fj>T(k + l)P(k + l)cp(k + 1)r 1 (6.3.2c) 

.' 
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wh('re <jJT(k-1 l)i!(k+ 1) is the predicted value of Yt(k+ 1), based on the estimated value 
. -

il (k). The wrrections are performed by r(k+ 1 )P(k+ 1)4>(k+ 1 )!y! (k+l) - q.,T (k+ l)Zt (k)] 

and 4>(k) contains the unknown parameters of the feedback gains, which are to be 

;- -, estimatcd. 

\:. 

Compare with Lce 's parameter estImation method( 1 984), this method has the ad-
• 

vantage of reducing the computations and simplifying the control algorithm. 

By u~mg the controller estimation scheme, the number of the unknown parameters, 

whl( h are e~timat('d, IS reduced to 2n2 -1 n, while the number of the estimated parameters 

in Lee's method wa,<, 6n2 For a six-link rnanipulator, the number of unknown parameters 

is rcduced from 2IG to 78. Because the conLroller is obtained from the estimation 

dlf(lctly, il, IS not neccssary to design the controller at each sampling period. Therefore, 

the (ont roi cllgflt hm I~ rnuch slmpler. 

The simulaI ions of a two-Imk robot manipulator and the PUMA '600 robot were 

pprforrrwd on a VAX-780 computC'r Satlsfactory rcsults were obtained. The adaptibility 

of the conlroller estimation srhernC' has been dernonstrated by the convergent and small-

ërror r('sults in the presence of errors in robot model during the simulation. 

6.4 Recommendations for the Further Research 

(1) The controller estimation method can be extended. The controller estimation scheme 

can bC' applied not only for the model-assignmen t scheme but for other optimum control 

algoflthms. 

(2)The estimation weigryting factor Cl III the state vector <p expressed in eq.(4.3.2.12) 
, 0 

might be obtained by using an on-line identificatIOn scheme This can probably done 

by introducing sorne stochastic theorem . 
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" Appehdix 1\ . 

• • q .- ( . . . . , 
LEMMA Let A,e, and A+.BCD be nonsiKular square matrices, thcn the matrix 

1-
ide~tify '''''' 

.. . . 
. (A;t BCD)-l == i-1 -;-.A-;lB(C- 1 + DA :l.Br·lD~ ~1 • • 

(A.l) 
• -

( 

holds. 

-. , . 
(' (1 ... 

Proof: Premultiply both "sides. of eq.(A.l t by A + DeD, 

- , 

. . 
(A.2) ~ 

th~ objective now is to prov,e the identity eq.(A.2). In other'words, wc wish to show . 
'. that the righrl\and sicle of eq.( #.1) can be recluced to an identity matrix. By dir(>(' t 

, \ . 
manipulation, we get' , . ) 

• 

.,. 

\ . 

[A - BCD][A- 1 - A-1B(C- 1 +DA-.-IBrlDA-lj, 

=I+~CDA-,l-'-B(C-l --t DA-IB),-ID~-I 

- BCDA -lB(C- 1 T DA -lB) -) DA- I 

1 .. 

!' ;= 1 + BCDA -1 - Bll + CDA ) BliC- 1 DA- J BJDA 1 

.. 

• 
=IBCDA- I -BClC- 1 1DA IBjlC J_'DA IBj IDA 1 

= 1 + BCDA"'-} ..! BCDA- 1 
o ~ , 

r= 1 .' 

'\ . ,/ 

....... 
." 

/ 
• 

. , 

p 

" 

• 

• . 

. " 

-

1 

, 
; . ,i; 
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Appenqix B 

Adap-tive Control Pàckage 
1 

C ••••••••• ' ••• ADAPTIVE PACKAGE FOR 6-LINK MAN1PULATORS •• ••••• •• ••• 
C ' (USING CONTROLLER ESTIMAnON SCHEME) ")' 
c 
c 
c 

-----t. 
c 
é 
c 
c 
c 
c 
C
C 
C 
C 

, C • 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C' 

IN THis PACKAGE, A NEW APPRAOCH OF ADAPTIVE CONTROL 1S 
IMPLEMENTED THE CONTROLLER OF THE ROBOT MANIPULATOR 
IS ESTIMATED sv USING LEAST-SQUARE SCHEME.' THIS PAGj<AGE 

" IS IMPLEMENTE'D SV GUa LIN IN MAV 1987. <fi' 

USER'S GUIDE; / 
(1) CREAT A INDIVIDUAL DATA FILE WHICH CONTAINS H-D 

PARAMETERS ANO DYNAMIC PARAMETERS OF THE ROBOT 
MANIPULATOR WHICH, 15 Ta BE TESTED. 

(II) WRITE A SUBROUTINE NAMEO 'TRAJ' TO CALCULATE 
THE CHOSEN TRAJECTORV IN THE FOLLOWING FORM. 

SU8Rj!UITNE JOTRAJ(T,THETAD,THDOTD,THDDOD) 

RETURN 
END 

WHERE THETAD,THDOTD,THOOOD ARE THE N-DIMENSIONAL 
VECTORS OF THE DE5IRED POSlrrON,VELOCITV AND 
ACCELERATION OF THE ROBOT IN THE JOINT SPACE. 

(Ill) INPUT THE SAMPLI'NG PERIOD, SIMUI!ATION TlME AND 
NUMBER OF THE LINKAGE (N=l, • ,6) ON THE KEYBOARD 

(IV)THE DVNAMICAL SIMULATOR USDE IN THE SIMULkTION OF 
THIS CONTROL PACKAGE IS IMPLEMNETED SY OU MA 
(fOR DETAILS SEE MA'MASTER THESIS 1987) 

C····················································· ............ . 
C----------------------~-MAIN PROGRAM-----------------------------

~ C , 
C INPUT: 
C TT---------SAMPLING PERIOD 
C TZ-----r---TATOL SIMULATION TIME 
C N----------LINKAGE NUM8~R 

C~ 
C 
C ~ 
C 
C 
C 

c 

OUTPUT: 

• 
• 

E----------POSITION ERROR"OF EACH JOINT 
ED-----:---VELOCITY ERROR OF EACH JOINT 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
-DOUBLE PRECISION IMO(3,3,6) ,MO(6) 

DIMENSION THETA(6), THDOT(6), THDDOT(6) ,THETAD(6) ,THDOTD(6). 
THDOOD (6) , DT AU (6) , AO (6) , BO (6) , SAD (6) , CAO ( 6) , 
GO ( 3) ,RHO (3 ,6) , l PO (6) , E ( 6) , ED (6) ,EDD (6) 

eOMMON leON/DHU, TT, TZ' 
OPf,-N(20,FILE='PSE DAT' ,STATUS='UNK'NOWN') 
OPEN(30,FILE='VLE.DAT' ,STATUS='UNKNOW~') • 

, C I~P~T SIMULATION PARAMETERS ON THE KEVBOARD AND SET INITI~ VALUES 
C 

100 

WRITE(',t) 'INP~T SAMPLING PERIOD AND SIMULATION TIME' 
- READ(.,.) TT, TZ • 
WRITE(.,t) 'PLEASE INPUT THE'; NUMBER OF THE LINKAGE' 
READ('.IDO) N 
WRITE(',·) 'PLEASE INPUT ALPHA' 
READ(-,·) AL 
FORMAT( 13) 

J 

Ri -
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WR 1 TE: ( • , .) 'SAMPLI NG PER 1 00 TT = ' , fT 
WRITE(*,.) 'SIMULATION TIME TZ=-' ,,.Z ... -
WRITE(·,l10) 'NUMBER OF LINKAGE' ,N 
FORMAT(A 1 7,....,13) 
1 J = 1 
JN=O 
Tl=O 000, 
T2=O,OOO. 

.IND=J- • 
'TOL=O 0000001000' 

DO 30 1 = l ,N , 
OTAU(I)=O.OOO 

CONTINUE 30 
C 
C 
C 

READ IN H-D PARAMETERS AND DVNAMICAL PARAMETERS 

" .' 

CALL READAT ( 'puma. ',nput"~ 1 J,N, IPO, AO,EIQ, SAD ,tAO, RHO ,GO ,MO, JMO)
prlnt *,'Just'before calling REAOAT: TI, T2 =',t1,t2 

c 
C START SIMUL~TION 
C 

200 

c 

C 
"-c 

1 S= 1 
lND= 1 
TOL"=O. 000001000 

, nn=O 
TI~T2 
T2=T·2+IT • 

or 

" . • il 

prlnt .,'Just before ca"1ng JOTRAJ' TI, T2 :'.,tl,t2 
CALL JOTRAJ(T2,THETAO,TKQOTO,THODOO) '\.. 
CALl TRAJ(T2,TT,TZ,THETAq,THOOTD.THDqOD) \ 
print t""Just before calling OSlMU: Tl, T2 :'~tl,t2 
CAlL OSIMU (T 1, T2, N, THETA /THDOT, THDDOT ;TOl, 1 ND, 15) 
prinll .,'Just after call1n9-0SIMU'',n 

at"; ,,'J tÙ=6 
(ALL CONT(AL.NI,IN,THETAtTHDOTtTHDDOT~fHETAO,THDOTD,THDDOO~ 

*È,ED.EDO,MO. IMO,AO,BO,--SAO,CAO, IPO,RHO) 

.. 

... 

, 
C 

,C 
C 

)ft. 

121 

120 

3.QL) 

O"TPUT RESUL TS 

write(.,') 't=',t2 
wr,t6l{',·) 'posi,tion error' 
WR 1 TE (20, 1 2 1) t 2, E • t 2 
write(30,121) t2,ed.t2 
forma t ( f 4 2, 1 )( , f 1 0 .7, 1 x , 1 )( , f 10 

• fI 0, 7 , 1)( , f 10. 7-, 1 x , f 4 . 2) 
FORMAT(6fI2' 9) 
IF(T2.GE.TZ) THEN 
GOTO 300 
ELSE 
1 N= 1 N+ 1 
GOTO 200 
END 1 F 
STOP 

,END 

1 • 

7 , \..x , f 1 0 7, 1 x , f 1 0 . 7 , 1 )( , 

.. 
<' 

SUBROUTINE JOTRAJ(T,THETA,THDOT,THDDOT) . 

C······································~·············· ..................• 
C Compu'te the positlons~ velocities"and accelerations ln joint space 
C wlth arb(trary glven t lme t -

C···············~···········~·······,················· ........ ~ ......... . 
IMPlICIT DOUBLE PRECISION (A-H! O-Z) • _ 

10 

\ 

' .. ' -

i 

1 

, 

1 
( 
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C· 
C 

, . 
1 

" 

-. 

Arrays used'to hold je)1n.t trajectory da~ " _, 
-DIMENSION AT~AJ(6} _ THETA(6}, THPO'r(6), THDOOT(6} 

1 C 
C 
c 
c 
C 
C 
C 

Ma Ou's H-D notat1Qn and \theta notat10'h 

• C 
C 
C 

c 
c 
c 
c • 
C 
C 
C 
C 
C 

30 

40 

c 
303 

, . 
DATA THETAOY 0,000, 0.,000, 0.000, 
DATA THTI 60 000, -;]'0.000: 60.000, 

Pl 2'= 0 A SIN (1 0 a a ) 
OD=P 1 2/9Q. 000 .... · 

o ~OOO, 
60.000, 

, 0 : 000,. 
60.000, 

1\ 

TT ~tands fOÎt,1m~ period of"'ttte 

TT= 1.000 

.' l , whol e mot 1.01'}. procedure 
" 

ATRA,J ( 1 )=60 OOO·OOf.TT 

A(RAJ (2) =68. DOO.-OD/C" 
, BTRAJ=4'PI2IT,T 

, , 

Compute t,he ten~~r of' lnertia 

1 

fi • 

\ ) 

• .. " . , .. 
In the fo Ilowing computat iO<\l, T denotes the t lme 

BT=BTRAJ'T 
SBT=DSIftHBT) 
DO 30 1::: 1, 2 • 

... 

THETA(I)=ATRAJ(I)'(T-SBT/BTRAJ) 
THOO!( 1 J::ATRA'J( l)' (1 .OOO-OCOS(BT» 
THODOT(I)=ATRAJ(I)'BTRAJ'SBT 

DO 40 1=3,·6 ... 

• 

-
., 

THETA(I)=THETA(l) 
THOOT(I)=THOOT(l) 
THDDOT(I)=THOOOT() 

WRI.TE (',303) NO, T, THETA, THpOT-, THDDOT 
FORM'AT(//2X, 'Point No. =' ,I3,5X,'rlme t ::' ,~·.41 

• 
• 

2X,'THETA (1,2, ' ., 6) :::',6F9.51 
2X,'THDOT(I, 2, .. " 6) "",6F9.51 
2X, 'THOUOT (1, 2, •.. , 6) =' ,6F9:51) 

" 

' .. 
, , 

0.0001 
.60.0001 

1 .' 

; '- t1( ~ 

"'\ 

• 
" 

RETURN 
END • 

~-. , 

• 

_ SUBROU'tINE TORQUE(T,TAU,N) 

C·································~···;··~~··········· ............... . 
C THIS~SUBROUTINE 15 uSED TO CALCULATE THE TORQUE FOR EACH JOINT 
C 
C. 
C 
C 
C 

I-NPUT '-.... \,;' 

JOINTS 
/ 

"C 
C 

T------~-----GIVEN TIME 
N------------NUMBER OF THE 

OUTPUT 
TAU----------N-OIMENSIONAL 

THE JOI NTS 
VECTOR CONTAINS l~RQUES(FORCES)FOR 

C ~ . - ...... .. 
C··············································~······ ............... . 

. 
• 

, . 
, 

/ . 

'. 

. f 

'. 

," 

", 

" 

1 

.1 
., . , 



.. 

: 

-
\-

.. 

\. 

. 
? 

... 

• .o1i\ 

c 

c 
c 
c 

100 

• '. 

f . . 
'. 

./ 

.. 

, \ 

IMPUCIT bOUBLE PREGISI@N (A-H,O-Z) 
DOUBLE PRECISI~N IM,M,ML,NL ~ 
CM MENS l ON TAU (6) , l P (6) , A (6) , B ( 6) • SA (6) , CA (6) , RD (3,6) , G <' J) , 

-. Q l3 , 3 , 6} ,A)\ (3,6) • M (6) ,lM (6) , ML (6) • NL( 6) ,DT l'U (6) , 
THET AD (6) • THDOTD (6) , THDOOO ( 6) , a 1 (6) 

eOMMON /HDOATA/IP.A.B.SA.CA.Q,AA.NT J 
COMMON /INOATA/RO,G,M.IM,ML,NL '. 
COM~ON /CON~DTAU,TT.TZ 
CALL rRA..J (T, TT, TZ.., T~ETAD. THOOTD, THODOD) 
CALL JOTRAJ( T" THETAO, THOOTD, THODOD) , oi 

INTRODUCE-ERRORe IN TH~PARAMETERS OF T~E '~YSTEMS 
~ f • ",'" ~ 

• 

, do 1200 1 = 1,6 
• a 1 ( 1 ) = i'l ( 1 ) • l , 10doO 

~ cont1nue , , -
CALL DYNAK 1 (N, 1 P, A l ,B, S'A. CA ,RO, G, THETAD, THDOTD, THIlDOD 

1 

M,tM',rAU) • • 
. DO 100 1=1,6 

TAU( 1) =TAUCI )+OTAUO) 
CONTINUE 
RE TURN' 
END 

SUBRoUT l,NE fONT (AL. N. 1 N • THE TA. THDOT • THDDOT • THE T 1\0. THOOl D. THDOOO, 
• ;' E,EDIEDD,MO,IMO.AO,BOtSAO,C~O,IPO.RHO) 1 

, . 

C-------------------CONTROL ROUTINE USING LEA5T-SQUARt:: METHOO------- ---
C-----.---------------------TO ESTIMATE "FEEDBACK '"AINS-----------------"'----

C····················································· ........... ~ ........ . c ... 
C INPUT: 
C. N~IN,THETA.iHOOT.THDpOT.THETAD.TH6oTD. THDDOD.TT.PS.BOM 
C OUTPUT' 
C E--------,--POSITION ERRoa OF EACH JOINT 
C \,.... ED----&.-----VELOCITY ERROR OF EACH JOINT 
C EDD---------ACE:ERATION EEROR OF EACl't\ ..JOINT ~ 
C , DTAU------<.-DEL TA' TORQUE ON EACH JoiNT' FORM THE FEEDBACK CONTROLLER 

" 

C " • 
C.~ •••••••• ~ ••••••••••••••• ~ •••••••••••••••••• ~ ••• ~ ••• •••••••• ", •• , •••••• 

IMPU'ÇIT DOUBLE ?RECISI'ON(~H,O-Z) , 
, . 
• 
• 
• 

f 

• 

'DIMENSION THETA(6) ,THDOT(6). THDDOT(b). THETAD(6). 
, THDOTD (6) / THOOQO (6) • ' , 
- AO (.6) , BD (6) • SAO (6) ,CAO (6) ,R~O (3.6) • 

E ( 6) • E 0 ( ~ , EDO ( 6) • P S ( 6 • b) • 
SOM (6 • 6) ,'i PO ( 6) • DT AU ( 6) ,G 1 ( 6 , 6) 

""DOUBLE PRECISION IMO(3.3,6).MO(6),KK(6.13) 
COMMON ICON/OTAU, TT, TZ 
CALL' IDEN(PS.6) 
CALL IDEN (BOM, 6) 
S=OSQRT (2,000) 
CALL MULT3(S.PS.PS.6.6) 

.' 
i 

CALL MULT3,.(S.BOM,BOM.6.6) " -
CALL EVALUI (N: I PO. AO. BD, SAd. CAO. THETAD. RHO. 1 MO, MO. GI ) 
CALL ERROR (N,IN. THET.A, THDOT , THDDOT, THETAD, THoorD, THOOOD. 

E,ED,EOOl -
CALL LS-E (GI, ~S. BOM:E. EO, ~DD,KK: l N,N,AL:) 
CAU FEED6-(KK,E.EQ,N) 

" RETURN 
END 

... 

.. 

, , 
" 

Jo 
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-
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• 

-, 

C:' 
1 

, 
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4 ~ 

" 

, , 
, 1 

1; 
" , . , 

,) 
1 

'. -v; , 
SUèRoUTI NE ERROR'(N, IN, THETA, THDOT, THDDO.:r ,'THETAD, THDOTD, TH~D, 

• E,EO,Eo'O)-} D 

C ------------THE CALCULkTIoN OF ERROR BETWEEN----------
C -r-----DESIREO TRAJECTORY AND,ACTUAL TRAJECTORY------- . 
C· ••• .,. • • • •.•• ., ... • • ...... • • ••••• • • •••••• • ••••••• • • ' ••••• • • •• ., ••• ~ ••••••••••••••• • • 
c 
C 

, , ... 
THIS 'SUBROUTINE PERFORM T.HE CALCULMTION OF ERROR BETWEEN THE 
DE~IRED TRAJECTORY AND ACTUAL TRAJECTORY., THE POSITION, VELOClTY 
AND ACCELERATION ERROR ARE STORED IN 'E','ED'AND 'EDO', RESPECTIVELV 

" -INPUT: 
N----------NUMBER OF THE LINKAGES 
IN-~-------RECURSIVE FLAG 
THETAD-----DESIRED P6SITION ~ 
THDOTD-----DESIREQ VELOCITV 
THDDOD----DESIRED ACCELERATION 
THETA------ACTUA~ POSITION 
THDOT------AëTUAL VELfrCITY ~ 
THDDOT----.-AÇTUAL ACCELER4.TI~N • 

'C 
C 
C
C 
C 
C 
C 
C 
C 
C 

-C 
C 
C 
C 
C 

OUTPOT: 

C" 
C 
C 

E----------POSITION ERROR . 
ED------V--VELÙCITY ERROR 
EDD--------ACCELERATION ERROR , 

C······················~······························ .............•........ 

• 

~ 110 

c '" 

IMPLlCIT DOUBLE PRECISION (A-H,o-Z) 
DIMENSION THETA (N), THDOT(N), THDDOT(N), THETAD(N), THDOTD(N), 

THDDOD(N) ,E(N) ,EDeN) ,~DD(N) 
DO 1~ 1 0 1 = l ,N 

E( 1) =THETA (1 )-THETAD( 1) 
ED ( 1 ) =THOOT (n -THOOTD (1 ) 
EDD(I)=THDDOr(I)-~HDOOD(I) 

CONTI NUE 
RETURN 
END 

SU~RoUTINE LSE(GI,PS,B6M,E,ED,EDD,KK,IN,N,AL) 
--------------LEAST-SQUARE ESTIMATION------------~----. 

~ ••••.••••• ~ • .!..~ •••• ., ••• ., ., ., ., •• ., ., ., •• " ., ., ~ .• ., ~., ••• ., • ., ., • ., ., ., ••••• ., ••••• ., •• 

c -- . -
C· THIS SUBRDUTINÉ IS IJSED To PERFORM LEAST SQUARE -ESTIMATION 
C OF THE FEED BAÇ,K GAIN ';K" ' 
C 
C 
C 
C 
C 
C 
C 
C 

• C 
C 
C 
C 
C 
C 
C -
C 

INPUT: 
Gr-------INERTIA MATRIX OF DYNAMIC MODEL OF R M. 
PS-------DAMPING. MATRIX OF THE SV STEM 
BOM------NATRUAL FREQUENCY OF THE SYSTEM 
E-..!------POSITION ERROR . 
ED~-----VELoCITV ERROR 
EDOl....----ACCELERA T ION ERROR 
TT-------SAMPLING PERIOD 
IN--"'---'!..-RECURSIVE FLAG 
N--------NUMBER OF TH~ LINKAGES 

OUTPUT: 
KK-------ESTIMATED MA~RIX 

.4" 

(INCLUOING FEEDBACK GAIN AND ERROR VECTOR) 
... --- - ----

C •••• ., ••••• • • i •••• • 0 ••••••••••••••••••••• ., • ., ••••• .,., ••• ••••••• ., ••••• ., 

'. 
( 

,'-" 

r 

). 
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1 

... ~-

>fi 
IMPLICIT DOUBLE PRECISION (A-t;t,O-Z) 
DOUBLE PRECISION KK,KKP1,KKOI,KKP,KKO· 
DI MEN S ION G 1 (6 , 6) , pst 6 , 6) ,B OM ( 6 , 6 ) , E. (6) , 

• EO(6).EDO(6)',BI(6),B2(6),B3(S), ~ .J." " û 

~ pl( 13 , 1 3 ) , PHE ( 13) , pp ( 13) , PF R ( 13, 13) , DT AU (6) , 
PT ( 13 , 13) , PE ( 13) , V ( 6) • V~ ( 6) • V T ( 6 )., VT 1 (6) , 

• PF ( 13, 13) , PP 1 ( 13 ,} 3) .. PH T ( 13, ,1 3 )', KK (6, 13) , 
KKP 1 ( e, 6) , KKD 1 (6,6) , K KP (6,6)" K KO (6,6) 

COMMON /cONioTAU,JT,TZ 
c 
c 
~ 

SET IIHIA!.: VALUES 'JI 

.. , 
.J 

,3D , 

• 

40 

50 

55 

" 60 

• IF(IN.EQ.O) THEN 
DO 30 I=l.N 

'00 30'" J= 1 • N+Ni- 1 
KK(I ,J)~O.OOO 

C.ONTI NUE • 
CALL MULT(GI ,8aM.~KP1.6,6,6J 
CALL MULT(KKP1",BOM,KKP,6,6,6) 
CALL MULT(BOM,GI,KK01,6,6,6) 

_CALL MULT(KKOI ,PS,KKO,6,6,6) 
DO 40 1 = 1.6 

DO 40 J=l.& 
\ KK ( l ,J) = Itk P ( l , J) 
• K K ( l ,J + 6 ) = K KO ( 1", j ) • 2 • 000 

CO~Ï NUE 
1 ELSE 

END 1 F ' ? 

CALL MULTl(KKP,E,Bl.N,N) 
• CALL MULT1(KKO,EO,B2,N,N) 

CALL MULT1CGI ,EO,B3.N-,N) , 
H(IN.EQ.O) THEN 

00 50 1 = l ,6 . 
KK ( l , 13)::r - ( 8 1 CI) + 2. 000 ~ B 2 ( 1 ) ) • TT + B 3 ( 1 ) 

CONTI NUE 
ELSE 

END IF 
DO 55 1=1,6 • 

YT 1 ( 1 ) = - ( B 1 ( 1 ) i- 2 ~ DO O· B 2 ( 1 ) ) • TT + B 3 ( 1 ) 
CONTINUE 0 • • 

S= 10.0'25 
~O 60 I=l,N+N+l 

P(I,I)=P(I,I)·S 
.- ' CONTINUE 

C 
t CALCULM' ERROR BETW-EEN OESIREO 'V: AND THE ACTUAL 
C 

. 70" , 

90 

110 . 
100 

c 

DO 70 1= l ,N 
'PHE CI) = E ( 1 ) q T 
PHE(I+6)=ED(I)·TT 

·"· .... CONTINUE 
PHE( 13)=AL 
DO 90 l = l ,N 

YCI')=O.DOO 
DO 90 J= 1, N 

Y ( 1 ) = ( EDO ( J ) ,. TT + E 0 ( J ) ) • G 1 ( r . J ) + y ( 1 ) 

CONT INUE • 
DO 100 1= 1 • N 

YT(I)=O.OOO 
DO 110 J=1 N+N+j 

~T(I)=Yi(I)+PHE(J).Kk(l,J) 0 

CONrtNUE 
,. VV(I)=Y(I)-VT(I) 

CONTINUE 
RU=9. 50- 1 

• 

'Y 1 

o • 

. -
! 
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• 
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0' 
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120 

C 

CALCULA TE SCALER 'RU' 

CALL MULT2(PHE;P,PP,N+N+l,N+N+l) 
v=O.OOO ' 
DO 1'20 I=I,N+N+l 

v=V,+PP(I)·PHE(I) 
CONTINUE f 
R=I.000/(V+l.000) 

C CALCULATE MATRIX 'P' 
C 

DO 130 1 = 1, N+N+ 1 
DO 130 J= 1 N+N+ 1 

PHET(i,J)=PHE(').~HE(J) 
130 CONTINUE 

CALL MULT(P,PHET,PT,N+N+l ,N+N+l,N+N+l) 
CALL MULT(PT,P,PF,N+N+l,N+N+l,N+N+l) 
~LL MULT3(R,PF,PFR,mr'N+l,N+N+l)· 
OÔ 140 I=I,~+N+l, ' 

DO 140 J=I,N+N+l 
PfI,J)=(P(I,J)-PFR(I,J»)/RU 

140 CONTI NUE 

c 
c 
c 

150 
GOO 

CALL MULT3(R,P,PP1, 13,13) 

CALCULATE MATRIX 'KK' 
, 

CALL MULT1(PP1,PHE,PE,N+N+l,N+N+l) 
DO 150 I=I',N 

DO 150 J= l ,N+N+ l " 
KK ( l , J) = PE (J ) • YY ( 1 ) + KK ( l ,J) 
CONTINUE 
format(GfI2.7) 
RETURN 
END 

\ 

SUBROUTINE FEEOB(KK,E,ED,N) 

... 

\ 

" 

C 
t ------CALCULATE MULTIPLY FO~CES------
c •• ··········~········································ •••••••••••• 

THIS SUBROUTINE IS USED TO CALCULATE THE MULTIPLY ~ORCES 
FROM THE FEE08ACK GAINS 

INPUT: 
KK--------ESTIMATEO MATRIX{INCLUDING 
E---------POSITION ERROR 
ED--------VELOCITY ERROR 
EDD-------ACCELERATION ERROR 
N----~----NUM{ER OF THE LINKAGES 

OUTPUT: J;. i 
OATU--~=MUL TIPLY FDRCES 

FEEDBACK GAINS) 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C··················································~·· ........... . 

H~PLlCIT DOUBLE PRECISION (A-H,O-Z) . '" 
• DOUBLE PRECISION KK,KP,KO . 

DIMENSION "K(6,13).KP(G.6),KD{6,G),E(G),ED(6), 
OTAU(G).DTTI(Gl.DTT2(Gl • 

COMMON /CON/DTAU.TT~TZ 
DO i 0 1 = 1, N 

00 10 J= 1. N 
K P ( 1 • J ) = K K (I , J ). 

93 
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10 
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c 
c 
c 
C 

20 
10 

10 

c 
c 
c 
c 

10 

.( 

. , ' 

1· 

KO(I,J)=KK(I',J+N) , 
CONTINUE • 
CALe MULTI(KP,E,DTT1,N,N) 

.CALL MULT1(KO,EO:OTT2,N,N) 
DO 20 I=I,N 

DTAU(I)t- OTT1 (I)-OTT2(1) 
CONTINUE 1 

RETURN ( <! 

END 

SUBROUHNE MULT(Al,-A2,A,Nl,N2,N3) 
a. 

• 

r 

'. 

THIS SUBROUTINE IS USEO TO PERFORM THE 'MULTIPLICATION BETWEEN 
- TWO MATRICES 

IMPLlClT DOUBLE PRECISION (A.:t1:0-Z) . 
o 1 MEN S ION A 1 (N l ,N 2) ,A 2 ( N 2 , N 3 )' , A ( NI, N 3 ) 
DO la 1 = l, N 1 

DO 10 J=1 ,N~ . . 

CONTINUE 
RETURN 
END 

A ( l , J ) =t0 . 000 
DO 20 K=1,N2 

A ( l , J ) = A ( l , J ) + A 1 (I , K) • A 2 ( 1 :K) 
CONTINUE - . 

SUBROUTINE MULTI (G,D,Ol,~I,'N2) 

f 

.. ' 
THIS SUBROUTINE "I"S USED TO PERFORM THE MULTIPLICATIQN BE14wEEN 
.oNE MA TR 1 X: AND ONE Ve;T.OR r.>" 

IMPLJCIT DOUBLE PRECISION (A-H,O-Z) 
DIMENSION G(Nl"N2),O(N2),Dl(Nl) 
DO 1 0 1 = 1 • N 1 \ 

01(1)=0-,000 
DO 10 J= l ,N2 

DI (I ) =0 1 ( 1 ) +G ( l , J) • 0 (J) 
CONTINUE 
RETURN 
END -

SUBROUTINE MULT2(D,~,Ol,Nl,N2) 
"-

THIS SUBRouTINE IS USED TO PERFORM THE MUTIPLICATlON BETWEEN 
ONE TRANSPOSEO VECTOR AND ONE MATRtX 

IMPLICIT DOUBLE PRECISIQN (A-H,O-Z) 
DIMENSION D-(NI),G(NI,N2),01(N2) ~ 
DO 1 a 1 = l , N 2 , • 

01(1)=0.000 
DO 10 J= l ,N 1 

'Ol{i)=OI(I)+O(J)·G(J,I) 
CONTI NUE 
RETURN 
~O 

) 
, .. 

• ~ 

Il 

,/ ~ 
-----
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C 
C 
C 
C 

10 

c 
c 
C 

10 

SUBROUTINE MULT3(S,A,B,NI,N2) 
o 

THIS SUBROUTINE IS USED TO PERFORM THE MULTIPLICATION BETWEEN 
ONE SCALAR AND ONE MATRIX 

IMPLICI.T DOUBLE PRECISION (A-H,O-Z) 
DIMENSION A(Nl,N2),B(Nl,N2) 
DO 10 1::; l, N 1 

DO ID J-I,N2 
B(I,J)=S·A(I,J) 

,CONT l NUE 
RETURN 
END 

SUBROU~ l NE IDEN (I DE, N 1) 

• , 

Il r 

THIS SUBROUTINE IS.USED TO GET AN IoENT.ITY MA1:RIX , 
DOUBLE PRECISION IDE(NI,NI) 
DO 10 1::; l, N 1 

DO la J- 1. N 1 
If(I.EQ.J) THE,;N 
. IDE( l, J)=I :000 
ElsE 

IDE ( l , J) =0.000 
END 1 F 

CONT l NU'!: 
RETURN 
END 

f 
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Appendix C 

'Dinamic Modellillg Package 

C ••••••••••••••••• DYNAM~C MODELLINû PACKAGE ••••••••••••••••••••••••••••••• 
C . . 

c 
;-...C 

C 
C· 
C 
C 
C 
C 
C 
C 
C 
G 
C 
C 
C 
C 
c 
C 
C 

INPUT ~ 

2. 

THE PACKAGE IS IMPLEMENTEO ON THE BASE OF KA~E:S DV~AMICAL 
EQUATIONS. SV USING THIS PACKAGE ONE CAN GET THE DYNAMIC 
MODEl OF THE ROBOT WI1H ANY NUMBER OF LINKAGES (UP TO 6). 
IT WAS TESTED ON A.VAX-780 (McRCIM) IN DEC. 198-6. 

P(l),I=I.18 

. 
PO(I),I=I.60 

M= NUMBER OF JHE EQUATIONS OF MOTION. 
N= NUMBER OF LINKAGES 

PARAMETERS OF OENAVIT&HARTENBERG 
1:'.6 ............ A(n • 

. 1-7,'2 ........ B{'O 
1=13.18 ........ ALPHA(L) 

DYNAMI CS PARAME TERS· OF EACH LI NKAGE: 
1=1 MASS 
1=2,4 CENTROIO COORDINATES 
1=5. la MOMENT OF INERTIA. 

C OUTPUT: " 

C 
C 

TF ( 1 ) ; 'TORQUES ACTING ON THE LINKAGES 

C····················································· ........ ~ .•....... 

1000 

1010 

RE-AV THETA(S).DF{7.6),P(480),V(6),A(6).PO(60),TF(6), 
XA (21 r. YA (21) • AX (21) . BX (21) • ex (21) . PA (24) 

CHARACTER'S4 FNAME 
DÂTA TOL.MAX,N,M/0.000001,30,6.71 
WRITE(·.1000) 
FORMAT(2X, 'NAME OF THE INPUT DATA FILE 
READ('.1010)FNAME 
FORMAT (A5) 
OPEN(6,FILE=FNAME.STATUS='UNKNOWN') 

. ) 

OPEN(7. F 1 LE=' FORCE. DAT' • STATUS=' UNKNOWN') 
OPE~(8, FI LE=' LI N D.AT', STATUS=' UNKNOWN' ) 

C THE OUTPUT IS STOREO'IN THE FILE NAMEO 'FORCE,OAT' 
READ(5.100)(P(I),I=I.18) . 

C203 

la 

100 

REAO (5, 100) (PD ( 1 ) ,1= l ,60) 
REAO(5.201) MN 

FORMAT(Fl0.5.13) 
WRITE(6,102) 
T=O.O 
OTA=3.-/MN 
PII=3.14159265359 
RAO=PI 1/180." 
00 la 1= 1 • N 

P(I+12) = RAD • P(I+12) 
P(I+18) = SIN(P(I+12» 
P(I~12) = COS(P(I+12» 

CONTINUÉ 
00 101 1 1 = l ,MN 
CALL TRAJ(T,THETA,V,A) 
CALL FUN(THETA.P.M,N) 
CALL OFDX(THETA.OF.P,M.N) 
CALL VELAC(M,N,DF.P,V) 
CALL FZA(PD,P,N,V.A,TF) 
WR 1 TE ( 7 , 1 7 0) T, TF ( 1 ) , TF ( 2 ) 
T=OTA+T 
FORMAT(S"F 1 0.5-) 

f 

'\ 

1 

~ 
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•. '1· , 
_~ 0, .. .' 101 

~02 
-

103 
t04 

, :..FORMAT(sF1Cl 5.13) ,",' , 
FQRMAT{/SX.'PARAMETERS OF MECHANI~M AND INITIAL ~ALUES'1111X. 

, A ' ,9X l ' B ' , 7 X, ' AL FA' • 6X, ' THE TA'·/ /} 
FORMAT(2X,I4,4F10.5) 
F.ORMAT(;2X,'I,- MASS'12X,'2 - ", CENTROID OF LINKAGE,',' 

, REFRREO TO SYSTEM I+l'/2X, '5.- IXX: 6.- IXV,' 
, 7,- IXZ. 8 - IYV XYl, ,10.- IlZ'/) ) 

FORMAT.tI4,6Fl0.5) ~ > 
.-

/ 
105 
Cl06 
107 
108 
200 
201 
300 
1011 

FORMAT{3X, 'VALUES OF VELOeITY A-ND ACEL.' IN JOINT SPACE') 
FORMAT{3PI: 13) 
fORMATe / /2X, 'TIME= 
FORMAT ( 2 F 10,5) 
FORMAT(I4) 
FORt.lAT(6F 12, 7) 
eQNTINUE 
STOP 
END 

.. 

• 

SU8ROUTINE fUN{THETA,P,M,N) 
REAL THETA(6).P(460).TCS(12), 

c············~·····4.~ ................................. , ..... ~ ......... . 
C THE'ROTATION AND DISPLACEMENT EQUATIOS VANISM(=O). HERE~Y. CALCULATE 
C THE .JOINT VARIABLE'S FOR ANY PARTICULAR CONFIG,uLRATION ., 
C OF THE ROBOT END EFFEeTOR, - ... 

c················································~···· ................ . C, . -
C LEFT-HAND SIDES OF DISPLACEMENT EQUATIONS' ARE COMPUTED 
C 

2 

DO 2 1= l ,N 
TeS(I) = COS(THET~(I» 
TCS(I+N) r .SIN(THETA(I) 

CONTINUE 
CALL PROO(TCS,P) 
CALL VECX (TeS, P) 
RETURN 
END 

.. 

.' 

v . 

SUBRQ!)TINE PROQ,liÇ_$. •. ~L_._ ,. , L "), 
REAL P(480),TCS(12) • • 

C •••••••••••••••••••••••••• • ' •••••••••••••••••••••••••••••••••••• ·f ••••• f. 
C IN THIS SUBROUTINE FOLlOWING PRODUCTS ARE COMPUTEO : 
C 01 IN P(33-41) -
C 01'02 IN P(42-50) 
C 01*02*03 IN P(51-59) 
C 01'Q2'03'04 IN P(60-68) 
C 01'02'03'04'05 IN P(69-77) 
C Q1'02'Q3-Q4'Q5-06 IN P(7B-SS) 
c····················································· ...•.............. 

P(33) = TCS(I) 
P(34) = -TeS(7) 
P ( 35) = 0,0 
P(36).='-rCS(7) • P(13) 
P(37) = TeS(~) • P(13) 
P(31r) = P( 19) 

o • 

, " l , 

.. 

, 



-

f 

0/ 
/ 

/ ,0 

, 

.or 
'. 

-

( 
la 

.. 

R 
P(39) .= TC5(7»)' p( 19) ( 
P(40) -TCS(I)' P'(19) 
P(41) ='P(13)\ 
IP = 32 
DO 10 1;2,6 

lA = 1 P 
IP ::: IP + 9 
A ... 'i. TCS(1+6) 
B ::: TC5(1) • 
C = TC 5 ( le+ 6 ) 
o = TCS(1) • 
bo 1"0 J=I,3 

• P(I"+12) 
P(I+12) 
• P(I+18) 
P(I-+IS) 

1 pj = 1 P + j 

CONTINUE 
RETURN 
END 

• 0 

P(IP+J) = P{IA+j)'TCS(I)+P(IA+j+3)tTCSCI+6) 
P(IP+J+3) = -P(IA+J)'A+P(IA+J+3)'S+P(IA+J+6)'P(1+ 18) 
p( IP+J+6) = P( 1 A+J) 'C-P( IA+J+3) 'Otp{ 1 A+J+6) 'P('I .12) 

• 

5UBROUTINE-VECX(TCS,P) 
REAL- TCS(12),P(480) 

\. 

c····················································· ...•.............. 
C- SUBROUTINE VECX. CALCULA TES THE CARTESIAN COOROINATES OF THE 
C END EFFECTOR -WITH RESPECT TO THE BASE 
C COORDINAT..E SYSTEM 

C··················································· ....•....... ~ •..•... 

la 

, . 

P( 102) h P(6) • TCS(6) 
P ( 1 63 ~ P ( 6) • TC S ( 1 2 ) 
P(104) = P(12) 
DO 10 1;;; 1 .5 

~ 
K";6-1 

-., KK ::: 83+,K+K+K 
KKP3 = KK + 3 
PXI::: P(K) .t. P(KKP3+1) 
PX2::: P(K+12)'P(KKP3+2) - P(K+1S)'P(KKP3+3) 
P(KK+l) TCS(K)'PXl - T,CS(K+6)'PX2 2-., !' 
P(KK+2) = TCS(K+6)'PXl + TCS(K)'PX2 
P(KK+3) = P(K+6)+ P(K+1B)'P(KKP3.:!:2)+ P(K+12')'P(KKP3+3) 

CONTINUE 
RETURN ' • 
END 

• 

'SUBROUTINE OFOX(THETA,DF.P.M,N) .. 
, REAL THETA(tb) ,OF(M.N) ,P(480), -

C·························~··························· .. ~ .............. . 
-C SUBROUTINE OFDX' CALCULATES JAC06IAN MATRIX .' • 

C····················································~ ...•............. 
L=23 
LX = 67 
LP = 104 
OF ( 1 • 1) ::: 
OF (2.1) = 
OF (3.1) ::: 
OF (4.1) = 
OF (5.1) = 
OF (6.1) = 
OF (7,1) = 

. 
-P(B4) 
-P (85) 
'P(78)+P(82) 
P (81 ) - P ( 79) 

-pesa) 
P(87) 

0 0 . 0 

"'. ---1 - ! 

• 



. c. 

~ J 

.C 

'. 

" ' 

DO 10 1 =2, N 
L = L ... ·'9 
LX ~ LX"'3 'tf ;:: LP"'3 
J = L' ... 7... • 

1 -

OF(l,I) :;: P(J).(P(82)+P(86»-P( +1).P(81)-P(~+2)·P(84) 
OF(2,I) :;:-P(J)·P(79)+P(J+I)'CP(7 )+P(B6»-P(J+2)·P(B5) 
OF(3,I) =-P(J)·P(8D)-peJ+l1,p(B3) P(J+2)'ep(7B)+P(82» 

TEMP:;: P(J)'(P(85)-P(83»+ p(J' 1) • .(P(BO)-P(84» , 
OF(4,1) ~ TEMP~ P(J+2)'(P(81)-pe7 )i 
00 4 K= 1.3 

oF(K+4,I)~ -P(L+K)'P(LX+l)+ P(L+3+K).P(~X) 
P(LP+K)=oF(K+4,I) 

4 CONTINUE ' 
'T _ .... 1 ___ 00---C 0 NT 1 NUE' 

P(IQ5) ~,1) 
P(106) OF(6,1) 
P(IQ7) = OF(7,l) 
RETURN ! 
END 

1 .. 

• • 

~ 
SUBR'OUTINE \tELAC(M,N,oF,P,V). ". "1 

REAL OF(7,&),P(480),V(6),A(6) . ' 
COMMON 00T(6,6,3) . ' 

C··.·.· .. ~ .• ~ .. ··· ... ·.·······!·.··········.·.·· .. ···· ....•............ 
C 

-C IN THIS SUBROUTINE WE CALCUJ •• ATE TH.E VELOCITY AND ACCEL_ERATION 
• C OF 7 LINKAGE KINEMATIC CHAIN , 

"'~--"-C--""V(I) .:. vECTOR OF.VELOCITY: ANGULAR el-3) AND END EFFECTOR (5-7) 
C A(I) - VECTOR OF ACCELERATION ANGULAR(I-3) AND ,END EFFECTOR(5-7) 
C 
C WE DeTAIN: • 
C THE VELotITY AND ACCELERATION IN veil AND AtI). o s 

C 1 

C·····························.······················· ...•..........•.•• 
C 
C 

CALCULATE THE 2ND DERIVATIVE OF ANGULAR ACCELERATION WITH RESPECT TO 
THETA DOT. • " ~ 

NM1=N-1 1 
P(123)=-P(40)·V(I) 
P(124)= P(39)'V(l) ,;Ç 
P(125):: 0.0 
VEC 1 = O. a 
VEC2= 0.0 
VEC3= V( 1) 

-IP= 153 
IW= 123 ~ 

101:;: 30 
DO 2 1 =2, NM 1 

1 0 l = 1 0 1 +9 Il ' 
IW=IW"'3' 
JP=IP ... 3 
VE'C 1 =VEC 1 +P( lOt) .V( 1) 
VEC2=-VEC2+P( lOI + 1) ·VJ 1) 

• VEC3~VEC3+P(IDt+2)·V(I) 
P(IP~=VECI . 
P(IP"'I):!VEC2 
P(IP+2)dVEC3 
102:: IDI ,.19 

• 

• 

, , 

t . , ' 

" / 

... 

., 



-a 

, 

o 

2 

C 

P(IW)=VEC2'P(ID2+2)-VEC3'P(lo2+1) 
P(IW+l)=VEC3'~(ID2)-VEC1'P(lo2+2) 
P(IW+2)=VEC1'P(ID2+1)-VEC2'P(lo2) 

CONTINUE 
P(16B)=P(75)'V(6)+P( lq5) 
P(169)=P(76)'V(6)+P( 166) 
P(170)=P(77)'V(6)+P( 167) 

C CALCULATE Tt"iE 2ND DERIVkTIVE OF DISPLACEMENT WITH RESPECT TO THETA 
C 

7 
8 

\ 
10 

. ooT( " 1,1 )=-P( 106) 
oDT( 1, l ,2)= P( 105) 
DDT ( 1 , l ,3) = 0 0 
DO B 1 =2, N 

103=102+3'1 
DoT( 1,1,1 )=-P(ID3+1) 
DDT(l,I,2)= P(ID3-) 
DDT ( l , 1 ,3) = 0.0 
DDT ( 1 , l , 1 ) = DOT ( l , l , 1 ) 
DoT(I.l,2)=00T(I,I,2) 
DDT(I,I,3)=DoT(I,I,3) 
104 = 2'-1 +9 t 1 
DO 7 J=I,N 

I05=102+3'J 
DDT ( l , J , 1 ) = P ( 104+ 1 ) • P ( 105+ 2) - P ( 104 + 2) • P ( 105 + 1 ) 
DDT ( l , J , 2) = P ( 104+ 2) .-p ( 105) - P ( 104)' P ( 105 + 2) 
00T{I,J,3)=P(104)'P(I05+1)-P(I04+1)'P(I05) 
1 F (1 EQ J) GO TO 7 • ' 
DOT (J • l , 1 ) =DDT ( 1 . J • 1) la_ 

DDT (J, l , 2) = DDT ( l , J, 2) 
ooT( J, l ,3) =DDT (l, J, 3) 

CONT 1 NUE 
CONTINUE 
IX1=134 
DO 10 1 = 1, N 

(Xl=IX1+3 
51=0.0 
52=1l·0 
53=0.0 
DO 9 J= 1, N 

SI=SI+DDT(J,I,1)'V(J) 
S2=S2+D~T(J,I.2)·V(J) 
S3=S3+DDT(J,I,3)'V(J) 

CONTI NUE 
P(IX1+1)';51 

. P(IX1+2)=52 
P(IX1+3)=S3 
CONTINUE 

RETURN 
END 

~BROUTINE CR05S(X,Y,Z) 
REAL X(3),Y(3) ,Z(3) 

.'. 
• 

C·······················,··,··,··~···················· .. ~ ....•....... ---. ~ 

C J l 

C THIS SUBROUTINE CALCULATE THE CROSS MULTIPLICATION Of TWO VECTORS 
C X ANo"y. THE RESULT IS STORED IN VECTOR Z. 
C 
c··············,·················~···················· ........... ~ .. . 

Z(I)=X(2)'Y(3)-Y(2)'X(3) 
Z(2)=X(3)'~(I)-Y(3)'X(I) 
Z(3)=X(I)'Y(2)-Y(I)'X(~) 

,. 

\tI1.\ 

, 



-, 

'. 

.. 

c. 
" 

; ~, , 

, , 
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o 
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\ 

l' 

R€TURN 
END 

Su8ROUTINE DRDT(PD,P,NMI) 
REAL PD(60),P(480),VECI(3),VEC2(3),VEC3(3) 

e············~····························· .•.•....... ....•..... e , 
e THIS SUBROUTINE CALCUL~TE THE DERIVATIVE OF R(I) 
C WITH RESPECT TO TIME AND STORE THEM, 
C 
e 
C 
c 
C 
C 
C 
C 
C 
C 
C 

DR ( 1) 
DR (2) 

-OR(3) 
OR(4) 
OR(5) 
DR(6) 

IN P(17i-173) 
IN P(174-179) 
IN P(180-188) 
IN P( 18Jj-200) 
1 N P (.201 - 215) 
IN P(10S-122) 

-
FIRST CALCULATE X(I+l)-RHO(I) REFERRED TO THE FIXÈO'SYSTEM, 
SECONDLY CALCULATE THE DERIVATIVE OF R(I). 

C·············t ............................... ~.) ..... ......... . 

5 
10 

IP=33 
IX=89 
IPD=O 
1 S= 171 
AI=P(90)-PD(2) 
BI=P(91 )-PD(3) 
CI=P(92)-PD(4) 
AA=P(33)·AI+P(36)·BI+P(39)·CI 
BB=P(34)·Al+P(37)·Bl+P(40)·Cl 
CC=P(35)·Al+P(38)·Bl~P(41)·Cl 
P(171)=P(105)+BB 
P( 172)=P( I06)-AA. 
P( 173)=P( 107) 
DO 10 I=~,NMI 

IP=IP+9 ;1 

IX=IX+3 r ' 

IPD=IPO+l0 
IS=15+3 
Al=P( IX+1 )-PO( If>D+2)~ 
81=P(IX+2)-PD(IPD+3) 
Cl=P(IX+3)-PO{IPO+4) 
VEC2(1)=P(lP).AI+P{IP+3)·BI+P(IP+6).CJ ~ 
VEC2(2)=P(IP+I)*Al+P(IP+4)·Bl+P(IP+7)·CI 
VEC2(3)=P(IP+2)*Al+P(IP+5)·Bl+P(IP+8)·Cl 

~ P(ISJcP(105)+VEC2(2) 
P(IS+l )=P(106)-VEC2( 1) 
PCIS+2)=P( 107) 
IOX= 1 05 ' 
1 Q=30 
DO 5 J=2,J 

IQ=IO+9 
IDX=IDX+3 
15=15+3 
VEC1(1)=P{IO) 
VEC1(2)=P(IO+I) 
VEC1(3)=P(IQ+2) 
CALL CR05S(VEC1,VEC2,VEC3) 
P(I5)=P(IDX)-VEC3(1) 
P(IS+l)=P(IOX+I)-VEC3(2) 
P1I5+2)=P(IOX+2)-VEC3(3) 

CONTI NUE
CONT (NUE 

.. 

, 
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REYURN 
END .. • J 

SU8R(OUTINE PIPTA(PD,P,9",N) 
REAL PD(60).P(480),B(3,21) 
CI3=PO(5)·P(35)+PD(6)*P(38)+PO(7)*P(41) 
C23=PD'6)*P(~5)+PD(8)·P(38)+PD(9)*P(41) 
1el3 = PD ( 7) * P ( 35) + PD (9) * P ( 38) + PO ( 10) * P (4 11) 

~B(I,I)=CI3*P(33)+C~3*P(36)+C33*P(39) ~ 
B (2, 1) =C 1 3· P (34) 1;C 2Sl'. 37) +C33. P (40) 
8 ( 3 , 1 ) = C 1 3 * P ( 35 ).;;.f:-2 3. (38) + C 3'3. P ( 4 1 ) 
18=1 
DO 2 1=2 N -

IPO=5 l ,0·(I-,) 
IP=24+9*I 
IB=IB+l 
CIl =pl} ( l PD) • P ( 1 P) ~ PD ( l POt 1 ) • P CI P+ 3) + PD ( 1 PD+ 2) • P ( 1 P+ 6) 
C21=PD(.IPD+l)·P(IP)+PD(IPD+3)·P(IP+3)+PD(IPD+4)·P(IP+b) • 
C31=PD(~PD+2)'P(IP)+PD(IPD+4),prIP+3)+PD(IPD+5)*P(IP+6) 
C12~PD(IPD)*P(IP+l)+PD(IPD+l)·P(IP+4)+PD(IPD+2)+P(IP+7) 
C 22= PD ( 1 PD+ 1 ) • P (J P+ 1 ) + PO (I PD+ 3) + P ( 1 P + 4) t PD ( 1 PD'" 4) * P ( 1 p ... 7 ) 
C32=PD(IPD+2).P(IP+l)+PD(IPD+4)*P(IP+4)+PD(IPD+S).P(IP+7) 
CI3=PD(IPD)*P(IP+2)+PD(IPD+l)·P(IP+5)+PD(IPD+2)*P(IP+B) 
C2-3=PD(IPD+l).PUP+2)+PD(IPD+3).P(IP+5)+PD(IPD+4)*P(IPtB) • 

, C33=PD(IPD+2).P(IP+2)+PD(IPD+4)*~(IPOS)oPD(IPO"'5)*P(IP08) 
BI 1 =C 1 1 • P ( 1 P) + C 21-+ P{jI P + 3) + C 3 1 * P ( 1 p ... 6 ) 
912=C12'R(IP)tC22*P(IP+3)+C32~P(IP+6) 
813=C13·P(IP)+C23*P(IP+3)+C33*P(IP+6) 
822=CI2·P(IP+l)+C22·P(IP+4)+C32·P(IP t 7) 
B23=C13·P(IP+l}"'C23*P(IP+4)~33·P(IP"'~) 
B~3=C13·P(IP+2)+C23·P(IP+S)+C33·P(IR+8) 
8 ( l , l 8") = B 1 3 " 
8{2,18)=823 
B(3,18)=;B33 / 
10=30 l' ' . 
ùO 1 J=2,I ~. 10=IQ+9 

19=18+1 -
B(I,18)=Bl1*P(IQ)+B12'P(IO+l}+BI3'P(IQ+2) 
B(2,IB)=B12·P(IQ)+B2Z·P(IQ+l)+B23·P(IQ t Z) 
B(3,IB)=B13'P(IQ)+B23'P(IQ+l)+B33'P(IQ+2) 

CONTINUE{ , • 
CONTINUE 
RETURN 
END ~ 

, SU~ROUTINE DRTDT(P,V,NMt) 
R'EÀt P(480) .. V(6),DR(S',5,3) . ,. ~ 

C····!··································~············· .•.... 
g CALCULATE THE DE,RIVATIVE Of PARTIAL R(l) ,O~R,PARTIAL THETA 
C WITH RESPECT TO TIME. 
C • • t' • 

c··································'·L.·.············· ........ . 
1$=171" 
IPS=314 
105=213 
DO 1 0 1:::.2, N M 1 

.. 
" 

,. 

JO.! 

. ! 



c 1 

, 

r 

.. 

2 
4 

1 

6 
8 
la 

1$=1$+3 
DR(I,I,I)=-P(IS+I) 
DR ( l , l , 2 ) = , P ( 1 S ) 
DR ( l , l , 3 ) = 0.0 
DO 4 J=2,I 

~ 15=IS+3 
ORel,J,I)=-P(IS;I) 
DR ( 1 • J , 2) = P ( 1 S) 
DR ( l , J , 3) = 0 a 
DR (J , l , 1 ) = OR ( l ,J : 1 ) 
OR(J, l ,2)= DR(I,J,2) 
DR ( J , l , 3):: DR ( l , J , 3 ) 
ISA=IS 
IP=21+9·J 
00 2 K= J, 1 

, . 

" \ 

• 

OR (J. K, 1 )= 
OR(J,K,2)= 
DR(J,.K,3)= 
ISA=15A+3 
IF(K.EQ.J) 

P(IP+l)·P(ISA+2)-P(fP+2)*P(ISA+l) 
P(IP+2)+P(ISA)-P(IP)*p(rSA+2) 
P(IP).P(ISA+l)-P(IP+l)·P(ISA) 

,DR ( K , J , 1 ) = 
DR(K,J,2)= 
OR(K,J,3)= 

CONT 1 NUE 
CONTINUE 
DO 8 J=I,I 

105=IOS+3 
-P(IDS) :: 0.0 

P(IDS+l).O 
P(IOS+2)=O 0 
00 6 K=l~ 

1 PS= 1 P"'!;+3 

GO TO 2 
DR (J, K. 1 ) 
DR(J,K,2) 
OR(J,~',3) 

P{IPS+l.)=DR(K,,A 1) 
P(IPS+2)=OR(K,J.2) 
~(IPS+3)=OR(K,J,3) 
P(IDS)=P(tO$)+DR{K,j,l)*V(K) 
P(ID§+I)=P(IDS+l)+OR(K,J,2)·V(K) 
P(IDS+2)=~(IDS+2)+DR(K,J,~)·V(K) 

CONT t'NU E '-. • 

1 

CONTINU~ , 

~ ') .. 

CONTINUE 
RETURN 
END 

• 

$UBRQUTINE GINECPO,P,B,GI,N) 
REAL PD(60),P(480),B(3,21),GI(6,6),VEC1(3),VEC2(3),VEC3(3) 

, .. 

C·····································~··············· ............. . 
C 
C 
C 

THE GENERALIZEO INERTIAL MATRIX IS CAlCUlATO IN THIS SUBROUTINE 
, 

C····································~················ .......•...... 
bo 133 I::l,N -

134 
133 

• DO 1 34 J = l , N 
GI(1 ,J)=O 0 

CbNTINUE 
_ CONTINUE 
10=1 
NMI =N-' 
10R= 1'71 

, 

im ç. 

1 , , 



"\ -

" 

•• 

Appt'JJ(bx (' 

. 
_ " J - tI 

t·l ........ -- .. ~ ..... .. ~'I!' ,. 

, SP= P ( 171 ) • P ( 171 ) + P ( 172) • P ( 172) + P ( 1 73) • P (-173) 
• GI( I,IJ=SP*PD(ID) 

DO 6 1=2,NMI 
IDR-=IDR+3 
ID=IQ+l0 
VEC1(1)=P(IDR) 
VEC1(2}=P(JDR+l} / 

1 

1 
1 

VEC1(3)=P(IDR+2)' ! 
S p::: V E C 1 ( f) • V E C 1 ( 1 ) + V E C 1 (2 ) • V E C 1 ( 2 ) + V E C 1 (3). V E C, 1 ( 3 ) 
G 1 ( l , 1 ) = G 1 ( l , t; + S p. PD ( ID) / 
004J=2,I _ l", 

IDA=IDR 1 

IDR=IDR-t3 /' 
VEC2( 1 )=P(IDR) 
VEC2(2)=P(IOR-tl) / 
VEC2(3)=P(10R+2) ! 

1 , 
1 

S P = V E C 1 ( 1 ) • V E C 2 ( 1 ) + V E C 1 ( 2 ) • V E C 2 ( 2 ) + V E C 1 (,3 ) • V E C 2 ( 3 ) 
GI(I,J)=GI(I,J)+SP.PD(ID) 1 

2 
4 
6 

e 
10 

DO 2 K=J, 1 
10A=IOA+3 " 
VEC3(1)=P(IOA1 
VEC3(2)=P(IDAtl ) 
VEC3(3) =P( IDA+2) , 
SP=VEC2(1).VEC3( 1)+VEC2(2)·VEC3(2)-tVEC2(3).VEC3(3l 
GI(J,K)=GI(J,K)+SP*PD(ID) 

" CONTI NUE 
CONTINUE 

CONTINUE 
IDR::: 1 05 
SP=P( 105).P( 105)+P( 106).P( l1jl6)+P( 10n-p( 107l 
G 1 ( l , 1 ) :" 1 ( 1', 1 ) + S p. PD ( 5 1 ) + 8 ( 3 , 1 ) 
DO 10 1 -~ ,N _ 

IDA=ID~ • 
IDR::roR+3 
VEC1(1)=P(IDR) 
VECI (2)=P(ID~+ 1) 
VEC1(3)=P(IDR+2) 

'SP=P(105)*VEC1(1)+P(106)*'ïlEC1(2)+P(IQ )*VEC1(3) 
GI(I,Il=GI(I,I)+$P*PO(51) 1 

DO B J=I,N 
10A=IDA+3 
VEC2( 1 )=P( IDA) 
VECi2(2)=P( IOA+l) 
VEC2(3)=P(IDA+2) 1 

SP=VEC1~1).VEC2(1)+VEC1(2).VEC2(2)-tVEC1(3).VEC2(3) 
G 1 ( l , JIIG 1 ( l , J) + SP· PD (51 ) 

CONTINUE 
CONTINUE 
IB=l 
DO 16 1 =2, N 

16=16+1 
GI(I,l)=GI(I,I)+B(3,IB) 
10=30 
DO 14 J=2,1 

I8A=IB 
18=18+1 
GI(I ,J)=GI(' ,~)+6(3,IB) 
1Q::IQ+9 
DO 12 K= J, 1 

.. 

, .. 

• 1 

I6A=IBA+l 1 -
S P = B ( l ,lB A ) • P ( 1 Q ) + e ( 2 ,Ii t\.):~J?..(.l,Q..t..L)...t.B..(..3.,..Lf1A.J...t.P ( 1 0" 2 ) 
GI(J,K)=GL(J,K)+SP • 

12 
14 
16 

CONTI NUE 1 
CONTINUE 1 

CONTINUE 
DO 18 1:;; 1, N 

" ' 

10·1 

. , 



( 

J 

.J' 

1 

18 

.... 

DO 1 B J= 1 .N 
GI(J.I)==GI(I.J) 
RETURN 
END 

J 

SU8ROUTINE DGINE(PD.P,B.DGI.DGIAP,DGIW,N) 

105 

• 

REAL PD (60) , P (~80) • B (3 , 21 ) , DG 1 (6,6) . VEC 1 ( 3 ) , VEC 2 (3) , VEC3 ( 3 ) , 
DGIAP(6,6),DGIW(6,6) 

C·····~·····················*························· •••••••••••••••• 

DERJVE THE GENER~L INERTIA MATRIX AND SIMPLICITY. ~ 
PERFORM THE PRODUCT MATRIX OF PARTIAL R(I) WITH RESPECT TO T~EJA 
AND STORE IN ~GI(I,J'). 

C 
C 
C 
C 
C c····················································· ............. ~ .. 

133 

6 
B 

10 

DO 133 I=I,N 
DO 133J=I,N 
DGI(I,J)=O a 
DG 1 A P ( l , J ) = 0 . 0 
DG 1 W ( 1 • J ) = 0 . .p 
CONTINUE 
10=1 
NM 1 =N-l 
l OR= l 'lI 
100=213 
DO 10 1=2, NM 1 

10:1D+l0 
IOA=IDD 
DO 8 J= 1, l 

IDR=IDRt-3 
V1X=P(IDR) 
V1Y=P(IDR+.l ) 
V1Z=P(IDR+2) 
IOA=IDD 
DO 6 K=I,I 

IDA=IDA+3 
V1DX=P(IDA) 

.. VIDY=P(IDA+l) 

... 

V1DZ=P(IDA+2) 
SP=V1X·V1DX+V1Y.V1DY+V1Z~VtDZ 
DGI(J.K)=DGI(J,K)+SP·PD(ID) 

CONTI NUE 
CONTI NUE ' 
IDD=IDA 

CONTINUE 
IOR=102 
1[10: 13'5 
DO 14 1 = 1. N 

IDR=IDR+3 
/V1X=P(IDR) 

v 1 y = P ( 1 DR + 1 ), 
\ 

V1Z=P(IDR+2) 
IDA= 1 DO 
DO 12 J=I,N 

-1 DA= 1 DA+3 
VI DX=P( IDA) 
V1DY=P(OIDA+ 1) 
V1DZ=P(IOA+2) 
SP=V1X*V1DX+V1Y*V10Y+V1Z·VIOZ 
DGI (I ,J)-=OGI (I .J)+SP·PD(51) 

.... 

... 

.. 

.. 



'" 

1 i 

ApPClldL\ (' 

... -

12 CONTINUE 
14 CONTINUE 
C 
C CALCULATE THE PRODUCT OF E(l)XW(J) 
C 

", 

VEC2(1)=P(156) 
VEC2(2)=P( 157) 
VEC2(3)=P( 158) 
P(258}=-VEC2(2) 
P(259)= VEC2( 1) 
P(260)= 0,0 
P(261)= P(40)*VEC2(3)-P(41)·VEC2(2) 
P(262)= P(41)*VEC2(1)-P(39)*VEC2(3) 
~(263)= P(39)*VEC2(2)-P(40)*VEC2(1) 
1 ~=261 
IW=156 
DO 4 I=3,N 

IR=IR+~ 
IW=IW+3 

, VEC2(1)=P(IW) 
VEC2(2)=P(IW+l ) 
VEC2(3)=P(lW+2) 
P(IR) =-VEC2(2) 
p(I R+ 1) =VEC2 CO 
P(IR+2)=O,O 
DO 2 J=2, 1 

IR=IR+3 
IPA=21+9*J 
VEC1(1)=P(IPA) 
VEC1(2)=P(IPA+l) 
VEC1(3)=P(IPA+2) 
CALL CROSS(VEC1,VEC2,VEC3) 
P(IR)=VEC3(1) 
P(IR+l)=VEC3(2) 
P(IR+2)=VEC3(3) 

CONTINUE 
CQNTINUE 

~ . 
" 

" 

, 

.' 

2 
4 
C 
C CALCULATE THE"'PRODUCT OF'AT(I)XW(I)*'I(I)*A(I) AND STORE IN DGIW(J,K) 
C THE CALCULATED VALUES OF DA{l)T*(l(I)*A(l» ARE STORED IN~GIAP(J,K) 
C 

16 

18 
20 

" 

IB=1 
IDI=~55 
DO 22.1 =2. N 

IDW=120 
DO 20 J=l,I 

J[}l=IDI+3 
V1X:::P{IDI) 
V1Y:::P(IDI+l) 
V1Z=P(IDI+2) 
1 BA= lB 
1 F (J • EQ. 1) GO TO 16 
lDW:::1DW+3 
E lX=P( lDW) 
E1Y=P(IDW+l) ~ 
El Z = P ( rI1W+ 2) L 
DO 18 K= 1, 1 

lBA=IBA+l 

.. 

SP=V1X*B(1 ,IBA)+V1Y.B(2,IBA)+V1Z·B(3,IB~) 
DGIW(J,~):::DGIW(J,K)+SP 
IF(J.EQ 1) GO TO 18 
SP1=E1X.8(l,IBA)~E1Y·B(2.IB~)+E1Z.B(3,I8A) 
DGIAP(J,K)=DGIAP(J,K)+SPI 

CONTJNUE ' 
CONTINUE 
IB=IBA 

• ) 

\ 

10" 

'-



c 

" 

Il 

22 CONTINUE 
RETURN 
END 

, 

• 

, 

SUBROU~INE FZA(PD,P,N,V,A,TF~. 
REAL PD(60) ,P(4BO) ,VeN) ,A(N) ,B(3, 21) ,Gl (6,6) ,DG} (6,6), \ ' 

DG 1 A P ( 6 , 6) ,DG 1 W ( 6 , 6) , DV ( 6) , TF (N) , PA ( 24) 
c·.···················!·········~··········,·········· ........ . 
C • . 
C GI(I,J) STORES THE ENTRIES OF GEN~RALIZED INERTIA MATRIX ~ 
C DGI(I,J) STORES THE PROOUCTS OF PARC(AL R(I) WITH RESPEC~ 
C TO THETA AND TEH D&RIVATIV~ WITH RESPECT TO TIME 
C DGIAP(I,J) STORE PRODUCT OF DA(I)T,*O,bI)*A(I). 
C DGIW (I.J) STORE PROOuCT OF AT(I) XW1)·(I(I).A(I» 
c ' 
c·········~·····**·*················· •••••••••••••••••••••••• 

NM1=N-l 
GRAV=9.81 
CALL' OROT(PD,P,NM1) 
CALL ~IPTA(PO.P.g.N) 
CALL ORTOT(P.V,NM1) 
CALL GINE(PO,P,B,GI,N) 
CALL OGINE(PD.P~~.DGI.DGIAP:DGIW~N) 
0\/(1 ) = PD ( 1 ) * P ( 173) + PD ( 11 ) * P ( 1 76) + PD (21 ) * P ( 182) + PD ( 3 1 )' P ( 191 ) 
OV ( l ) =DV ( 1 ) + PD (41 ) * P ( 203) + PD (51 ) * P ( 107) 
DV(2)=PD(11)*P(179)+PD(21)*P(185)+PO(31)*P(J94)+PD(41)'P(2~6) 
OV(2)=DV(2)+PD(51)*P(110) , 

'DV(3)=PO(21 )'P( lB8)+PD(31 )'P( 197)+PD(41 )'P(20!:ll)+PD(51)'P( 113) 
OV(4)=PO(31)*P(200)+PD(41)*P(212)+PD(SI)*P(116) 
DV(5)=PD(41)'P(215)+PD(51)*P(119) 
DV(6)=PD(51)*P(122) ) 
WRITE(6,100) 

100 FORMAT(/5X, ·VELOCIDAO'.5X. 'ACE~RACION' ,5X, 'PAR GRAV ',5X. 
- 'PAR TOTAL'/) 

1 110 FORMAT(2X.I2.4(E15.6~2X» 
DO 2 1;; 1, N 

• DV(I)=-DV(I)'GRAV 
5=0.0 
DO 1 J= 1 • N 

T 1 = DG 1 ( 1 • J ) + 0 G 1 W ( l , J ) + DG 1 A P ( J , 1 ) • 
S=S+GI(I,J)*A(J)+Tl'V(J) 

CONTINUE 
J TF(I)=S+DV(I) 

2 • CONT 1 NUE 
RETUR~ 
END 

SUBROUTINE TRAJ(T,THETA,V,A) 
REA-b THETA(6) ,V('6) ,A(6) 
pi=acos(-1.) , . 
THETA{1)=(15.+20.·T··2-40./9*T**3)·Pl/IBO. 
THE T A ( 2 ) = ( 30 . * P • 2 - 20 . /-3 . * T * * 3 ) • P 1 / 1 80 . 
THETA(3)=0.O,' ' 

. THETA(4)=O.O "-.. 
THETA(5)=O.O 
THETA(6)=0.O • 
V(')=140.·T-40./3.·T··2)·~i,180. 
V(2)=(60.·T-20.·T~'2).pi/180. ~ 
V(3)=O.O ! 
V(4~:O.O , 
V(5.~=0.E> 

"1 .. 

1 . -

, 

• 

, 

IOi 

\ . 



--, 

Appt'!ldt>. C 
\ 

V(6)=O.O 
,/ 

A(1)=(40.-80./3.·T)·pi/180. 
A(2)=(60.-40.·T)·pl/180. 
A(3)=O.O 
A(4)=O.O 
A(5)=O.O 
A(6)=O.O 
RETURN 
END 

.~ --• 

-


