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A method for estimating robotics systems controllers with time-varying parameters

- .

. [y

is presented n this thesis. Co .

-

The robotic manipulator model is obtained using Kane's dynamical equations, which

' s . . r . n .
are then lincarized about the desired trajectory The linearized time-varying dynamical
A} 3

system, so derived, becomes the “ plant” which is to be controlled,
A feedback control scheme. caljed model assignment, 1s derived. The feedback gains

are desig"‘ncd to render thejsystem|a prescribed second-order statiopary system by using

- .
- Y o

cancelling scheme. ‘ .

A recursive feasf-square identification method 1s introduced to perform the on-line

pi-irametcr estimation for the feedback gains of the conuioller. Instead of estimating the

LES

: pararpeters of the robotic dynamical jnodel, the pararhéte'rs of the controller are éti-
mated. Therefore, the adaptiv e control algorithm™s mudfslﬁnpler and computationally

. ) ) ,
« .« less demanding, compared with amilar control schemes for robotic manipulators

Dynamic modelling and adaptive control simulations were performed on a two-link

- - . B
manipulator, the Cincinnati Milacron Robot and PUM 4 600 Robot. Satifactory results
. : _were obtained ‘ .
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. , Résumé

g ’ ~ -

N ° . - ’ -‘ \ . '
. . .
v a
e Cette thése présente une méthode d'estimation de parameétres variables dans_fe &
. 3 N J N . - ! . )
temps, qui sert a la dmmande asservie de systemes robotiques - ~
N 7

,

. L . : N . .
— L’autg._ur obtient le modele dynamique du robot manipulateur au moyen des equdtions
1)

dynamiquges def\&\ané. Ces équations sont chsuite hnéansées autour de la trajectore .

suivie par le robot, ce qui produit un sy stt\l\ni‘ dvinamque linédaire & coeflicients variables
P - . -

.

< » [T B Sy . .
avec le temps, sur lequel se ba%(‘ Falgorithine de commande farsant Fobjet de la these
L’algorithme de commande asservie, appelé 11 algortthing d’assignation de modéleest =,

. obtenu a partir du¥modele inéaire mentionné, En fait, les eoefficients ‘t\’.nw;vl\smnont y
| . L R )
N N N T N ’ kY
sofit coflqus facon & de rendre le systeme asservi uil systeme hncéaie stable a coethaents

constants, ce qu est accompli au moyen d’llmo technique d'annulation de termes
L’introduction d'un algorithme récuraif dhdentification de momdres carres permet g

7 .
d’estimer en lique les parameétres du systeme asservi  Amsie au liecu destimer ey

parathétres du modele dynamique hnéarisé du robot, Talgonthme en questton estime les

¢ »
arametred de la commande directement Yce quide rend plius sirple que les algornithimes
I { 13

similaires trouvés dans la littérature -

ry

. L’auteur inclue comme exemples d’application la simulation des systemes asservis

A

d’un manipulateur a deux artuculations, du robat PUMA 600, ef du 1obot Cincinnaty
. \ ‘ - ;
) N

’

Milacron. . ; .

.
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- Chapter 1

o

- "

1.1 . Introduction -

Dynamic modelling is one!_of the rhost important parts of robotics research. Ma-
ipulatbrs represent complicated dynamical systems and if- we want Jo analyse their
dynamics, we must take a very systematic approach for sollving the problem We ar.v -

‘inte}gsied,in obtaining an efficient way to derivc: models of manipulators as this p/mvid«-a

insight into the control problem. : ‘ -

The dyrfamical model for a six-link robot manipulator can be obtained by using

physical laws such as the laws of Newtonian mecha;lics, Lagrangian mechanics and by
N * . ) . . .
using physical measurements. The task.is to-develop the dynamical equations of mogion

- forghe overall robot manipulator in terms of its parameters. Then, the procedres based-

either on Newton-Euler or Euler-Lagrange equations are used to develop the governing -

equations. 1o .

L2

The use of the FEuler-Lagrange formulation was studied by Uicker(1965), l_’at.xl(1972, '
1981), Bejczy(1974), Lewis(1974) and Lee et al. (1982). The derivation of the dynam-
ical model 01" a mar‘lipulator basegi on the Euler-Lagrange formulation is simple and
systematic. The importaﬁt feature of the work of the early researchers is'th(:ir. use :of
4 x 4 rotation 'translation matrices B, to represent the .motion of the kinematic chain.
Matrix B, transform_s components of.vectors and m.:atrices‘in the 1-th. link coordinz;ws

to the base coordinates. The kinetic’and potential energy of the kinematic chain is

expressed in terms of the B,s and their derivatives. Then the Lagrange equations can

»

Rl
=




~

N - ——

t
11 Intioduction 2
. ‘ . (

be psed to compute thesgeneralized fqgces as followings: .

n ’ ' n . . M

I B, . — oB -

7, = Tr(—23 BT) - m,gl —2r 1=1,..,n 1.1.1
1 j (aq 7 7 ) _,fg aql 2 . - ' ( ) .
L 4 1= 7=

where J, s the inertia tensor of the j-th Ik, g, is thp -t t variable (a,nJgIe for
_ Totation joint and length for prismat'lc joint),7, is the generalized folcg applied fo the

[4 . .
1-th link, T'r is, trace operator, r, is a vector from the origin of the j-th link torits ‘mass

L] »

centre and g is the graviy vector.

1

The Newton-Euler formulation is based on the Jaws ggyerning the dynamics. of rﬁg\i

"bodies. The relfﬁ“ipnship between the vector force acting at the mass centre:of a given
-~ - —_—

*

link and the acceleration of its mass centre is Newton’s second law:

- 3
-

. g F=mv - ' (1.1.2)

The vector moment about the mass centre is related to the angular velocity and

angular acceleration of the rigid body by Euler’s equation: .o,

-

)\7 l n=J-v+wx(J w o (1.1.3)

where w is the angular velocity and J is the inertia tensor The vector moment acting
‘on the lz-th link can be calculated by using Newton-Euler ‘equation. Stepaneni(o e;nd
Vukobratovic(1976) derived the dynamics of human limbs by using t}le Newton-Euler
equations In 1979 Onn et al re\';sed Stepanenko and Vukohratovic’s me(thod to make
it more efficient. They used the coordinate systems atta'ched to the links instead of the
fixed coordinates used by Stepaneko and Vukobratovic }./U}Dl, Walker and Paul(1980)
focu§§q on the efficiency of the foregoing computations’ They found that the computa-
tional time of the algorithm based on Newton-Fuler grows linearly with the number of
links, while the one of the algorithm based on the original Lagrange fomulation grows
with the fourth power of the number of links.

In 1980, Hollerbach realized that the recursive nature of the N(;\:'ton-Eulor formu-
I;lllOll that makes 1t <o eflicient could be achieved with-Lagranian formulations as well.

Silver(1982) found that there is mn fact no fundamental difference in computational

cfficiency between Langran jan"and Newton-Euler formulations.
g < .

?
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12 Manipulater Kinematics 3

4
Kane's dynamical equations (Kane, Likins and Levinson 1983), which were eriginally
. | )

" . l’ . .
derived for nonholonomic systems, have been used in robotics area in the recent years.

s -~

For a given robot, Kane's equations enabl& one to work systematically with dependent

‘variables ta eliminate effortless nonworking cqnstraint forces and torques.

L4
The package introduced here implements Kane's dynamical equations. Kinematic

and dynamic formulae were derived by RO_)&S (1987) and the program b.uwd on these
formulations was 1mplemented and tested on a VAX-780 (McRCIM) by the aul.hor of

this thesis. The simulation. results are reported here.

1.2 Manipulator Kinematics i : .

$
- .
“~ e v
JEESE S

~

1.2.1 Hértonborg-Do‘fi‘avit Notation and Rotation Matrix

- .

’
\

A systematic and generalized approach utilizing mqirix algebra for describing the
spatial geometry of coupled mechanical systems with rvspect to a fixed reference frame
was developed by Hartenberg and Denavit in 1955. It ha.s b;,g,n vudely used in the dr(-n
of r_obotlcs in recent years. The advantage of their representation of the linkages 15 its
algorithm universality in deriving the kinematic equations of a manipuldtor.

. -
The parameters of the Hartenberg-Denavit notation are described as follows:

oy twist angle from Z, ; axis to Zaxis in the positive direction of axis X, |y
a,: distance between Z, -} and Z, axes
vb,: Z,_y, coordinate of the intersec tion of axes /\"1 and Z, ’,
g, angle from X,_; to X, about the Z, axis using the right-hand rule

where 1 = 1,...n and-n 1s the number of joints
Hence, the rotation %natrix Q,, which transforms vector components in the (1 + 1)-st

link frame to the t-thelink frame, 1s expressed as

N
-

o0s 0, sinf, cosa, s b,sin q ) '
pa— M ) M v 1
. Q =1 sind, cosf cosq cos 0, sin a, (1.2.11)
. 0 sin ay cos a, .
. ‘ - f
-] N v
L - L4
o i
- ’ ° 4
5 .
- ' ¢ Q
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12 Manpulator Kimematics - e . 4
g
—eh e e — « )
 { : ) " ‘ 1’
. ) -~ 4
— . » ‘
g
. i
- vl
|
- - i
. Figm:e 1.1 Hartenberg-Denavit Parameters
. “
Let [c],;; be an arbitrary. vector expressed in {i + 1)-st coordinates, then, the fol-
( ) lowing relationship holds: - ‘ e
— . ey = Q- Qe » 5 <u > (r.2.1.2)
Based on the rotation matrix represented by eq.f172.1.1), matrix P, 1s,d;3ﬁned as
o follows: ’ / . ’
- ° / . N -
\ > Py =1
. . . s ®
’ . ) , Py =Q
/ . *? - . .
Py =P1Q; I . (1.2.1.3)
L}
. ‘ , “ f ) N
P, =P, 1Qn ~ - -
. N ’ a \
o [
. 122 Kinematic Analysis of the Robotic System
: ) . Based on the Hartenberg-Denavit notation described in the last sub-section, the
( .. kinematic analysis of the robotic system 1s performed. It is pointed out that a vector v
L N . . ¢ 2
'

A




12 » Mampulator Kinematic~ . 5
B - - Y
] ¢ S
z or a atrix A represented in the 1-th coordinates is indicated as [v), or |A],, respectively.
. Howg»vér, if no indication of coordinatfs is given, baseframe coordinates will be implied.

/will be proved to be very useful, 1s introduced  To
. e

’

' ' any 3-dimensional vector f, one can attribute a umque 3 « 3 ten~or F defined as
. ' ey o Af x) - -
. N [ F= « - (12.21)

. Ox
AS

e -

>

where X is*an arbitra.r‘ vector.

v N © . - ’
Alternatively, the forgoing tensor F can be defined as:
' " ' 1 3
! - ’ ! ’ “ U
. F=fx1=1xf (1.2.2.2)
- il A: » : : - - ¢« >
N . ‘.-
where L N .
- * A . - * ’ .
’ e -+ [ = vect(F) - (1.2 2.24)
- ’ ’ Y -\ E) 7 .
- Therefgpg, the/following relationship holds: .
o , f . b ¥ i —‘ - . -
fxg=(f>1)g - Fg . (1.2 2.3)
- ~ -~
L where g is an arbitrary 3-dimensional vector ' . -
v Let u, be the vector fram the hase coordinate origin Oy to the 1-th coordinate ongin
\ O,,r, be the vector from the base coordinate origin O to the cent roid of the 1-th hnkage
N Frm
A
C,, p,+1 be the vector from the (2 1 1)-st orngin to the centroid of the -th hnkage and
s,+1 be the vector from €, to the ongin of the robot end eflector O,y  The vector
» from the i-th origin to the end effectdr of the manipulator is defined as v, M
' . Ny v
- Y J ¢
k tvln}n = [an n
- . . r M
! - ’ . ¢’ .
. . Von = (@), ~Q Vit 1ha t-n Ln 2,1 (12.2.4)
*® - ) .»
N )
. Yo . .o
5, , $
. B V= Qive
5 » - . .
" where !a, ], is the vectqr Tfom the i-th osigin O, to the (1 - 1)-st origin O,, | expressed
) ¢/ . - .
:}}f in the 1-th coordinates.
- ' ‘,' ,
. . . 4
v N \ v v
> ¥
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‘ F'igure 1.2 Vector defimtions for the n-hnk manipulator
Let . e !
« . : .
v=[vili= agh ® Qi) _
. = faj)y + Pifagly + Pylas)s+ ... + Pr_ifan)n \
=la1]y ~ [ax] i~ - + lan'y ‘ (1.2.2.5)
Differentiat’ion of eq (1 225) with resp‘ect to time leads‘to: -
v @) - laz - .+ an)y : (1.2.2.6)
where « ot - ’
Agh =Praggi T Pa ] . (12.2.7)

\ -

and P, is defined n eq (1.2.13).
" In order to find i4,,,];. we have to calculate (4,1 1),41 and P, first. They &n be

derived as follows:

[ét+1]z+l = 01+1e x [aH»l]z-H , (1'2'2"8)'
Now P, is calculated as: ” .
. . 9Py " . 9P,
. ‘ P, =14 20, + .+ ¥ o (1.2.2.9)
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!

and . .

opP .

- \ 1 .
a0, P, jex P, SR
, ‘ i

7

~

(1.2(2/-#{)

where e is a unjt vector parallel to the Z, axis expressed in its own cbordinate, namely,

e =le], = 0,0, I]T and 0, is the jomt varble of the -th hink.

The angular velocity and angular acceleration of each link can be expressed as

4

[y

i.e.
wy = 0191

wy = wy + bzey
: .
- * ¢
- Wp = wp_1 & Oney
4

where.§ = [6;,. ,ﬁn}T is a vector of jeint variables.

Therefore, the angular accelerations is mn the following form:

w“ ) A
4 wy =dre .
\ wo =Wy F 5292 + wy > Oye)

A}

u:)n = U'J'n_‘] -+ 0,1871 f (Un 1 0n(’n

Rewriting eq.(1.2 2.13) 1n a simple way, we get:
i

Oa A0+ A8

f

A, = [0,w; ¥ Qe,. .,w, - Pe

From eqs.{(1.2 2.9) and (1.2.2 10}, we can obtain an expression

.. PzzalelrpzéOZPZ’.Pz' '0191’P1
) - (9101 + Ope) 1 i 0e,) P,

=uw, xP,

\% =fre;+... 4 O,e, - leg, ...e,,0, 080 A0

~

(12211)

(1.2.2.12)

(1.2.2.13)

* (1.2°2.14)

(122.15)

r P, as follows:

(1.2.2 16)
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—" ’
]
»e
8
°

L]

A

Substitution of eqs (1.227), (12 2.8) and (1.2.2.16)into eq.(1.2 2.6) ‘yie]ds.

Voo brey say t (Oreg 4 Ogep) # lag)y < - (Oep + .+ Bnen) ¥ Jan's

= blel v (ag ¢ lag;p b an 1) ¢ 52(’2 7 (lag]y + .. + [an}l) + . [971971 > [an]l

~fye s vy i OPy(e s vy) i .4 0uPpog(e ¥ vy) (1.2.2.17)
On the other hand, v can be written as. ) \
. a
’ N et 2
- V= — 0Ot .+
86, ¥ ET
av . f
= —-0 22.
3! ' (1.2:2.18)
£ .' \
Hence, - '
o _ exv ) ¢
1 00, B .
av 3 L
: 5“0“25 = P](e x Vg? '
: ) (1.2.2.19)
. ov .
. %_:Pn—l(exvn)
. n ‘
From eq.(1.2.2.4) we have [v,}, = [a,], ~ Q:[VHI..L;LI, hence, the derivative of [v,],
with respect to 8, (5 > ¢) is obtained as* \\
il . g 9Mriha .
00] 80] :
- ati.aj 7 . BQ] T < .
_ = Qzﬂ Q]~l éb‘]—w“%Qz QJ._I"é_O?Q\-QV ) “‘, (12220)
Notice that, for the rotation matrix Q,, the following relationship holds: ,
0 -1 0
d : .
3?-‘ T-l1 0 0]=E=1xe (1.2.2.21)
X 7 0 0 0
' \
Therefore, from eqs (1222 3), (122 20) and (1 2.2.21) we can get: ,
opv,| L |
”5;1 = 913""Q] - 1€ ([aj 17 - Q]!v]+l]y'+1)
J .
. =Q,..Q, (e x |v;]}) (1.2.2 22)
¢ Rl - \
- u ! ' ¥ ) ” a _
. \

L]

]
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Some other kinematic formulae, which will be used in the modelling of the robotic

up s v Pivihr L (12.2.23)
rz.’ LS Pt!pz i1 ]L SN 4 . (1'2'2‘2")
. ~
From egs.(1.2 2.23) and (1 2.2.24) we'get: . )
o, - ]
. r,=v-P
\ 1 /,z( t-H]Hl I/:;-H]z-H). <
= /pz[ z+l]’t+] ) . (1'.2.2.25) ¢
By applying%eqs.(l 2.2.5) and (1.2.2 25), r, can be expanded, as: :
\ -
. r, =ay T Q]{aZZZ - Pn~1[an2" \_ , . °
) Pz [am]]lz*l - Q1+1!3H 2]1+2 + -a\‘- : Qz+l"~Qn l[a"]na 1 [/’H 1}111) e
i =a; - Qrayy - .- Pl"l{az]z B szpz‘llﬂl ' -+ (1.22.26)
From eq (122 25). r, can be derpved as ’
Ay Q !
l."t v sz‘lx-] szz*l:1+l 'Pixbﬂl}z{]
()V R a!v s ]I vy ° !
t - 800 Wy P, Sl‘l}Hl P, 2()0’} 0
=f0erv i 0,P(e- vy c0,P, (e - [vn']n)% -
._” (0](’4'0.’1)10"' ~011)2 1") : Pfsull’zvl 01911)10 ’ 'vuljﬂlf '
0z+2P19L+ 1€ ’[vl . 2’]z 12 071Pn 1€’ ’vﬂ}n ol ’ (] 2.2.27)
Notice that, in eq (1.2 2 27), <ince p, .1 1s the constant in its own coordinate, hence,
‘ Axd -
i[pl-f-]}l"—] =0 .
However, r, can be presented in another way as follows.
R .
dr ; Jdr
P(0) < T0) "y, : *
1.( ) 001 ] ()0 . -\
B u?r
. - "0 . 1.2.2 28
- ‘ a6 . o ( . ) \
h - L4 ’ -
3 4
. . »
>

- . t

-manipulator, are derived as follows: .

. ) B ’ .

~
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By comp:iring eqs.(1.2.2.27) and (1.2.2.28), we get: -

R . . i -
' . ar, . N ‘ o
. 35 = Pr-1874V; ~ Qe Qulsiy 1 fird] J<i
], . ., . .
=0 .- 1>
. orn, -0V . :
. , =T y (1.2.2.29)
) . a6, 99, ,

Up to now, the kinematic formulae which are needed to perform the dynamical

J modéllipg have been derived. The dynamical anlysis w'&Il be! described in the next

. section. ‘. ‘ : -,
- < ‘
— . B . . . \ .
1.3 Dynamic Modelling
1.3.1 * Kinetic Energy L .
- ~

The kinetic ené'rgy/'f' of a robotic manipulator in a reference coordinate is defined
. o

as - .
. \ - . T=T,o+ Ty . (113.1.1) n
[4 . !
. T. is called rotational kinetic energy and Ty is called translational kinetic energy. They.
\ depend, respectively, on the angular velocn;y and the velocity of the mass centre f. So,
T can be,written as . . .
n )
: 1N~y LT T '
™ \ . T =20 (mifr 4w/l (1.3.1.2)
. ) 1=1 -

/

o
V-
1 -

Substitution -of eqs.(1.2 2.11) and-(1.2.2 28) into eq.(1.3.1.2) yields:

. . - 1. ‘ . .
" - . T = éaTJ(ow : " (1.3.1.3)
wl\er‘e ) * ‘ e T .
T(‘)l' ' t
E' +ATJ A, L - (13.1.49)

In-the abové equations, m, is mass of the :-th link and. A, is expressed in eg(1.2.2.11)..

L \,.




energy of the +-th link is-in the following form: - - .,
W, = -mgTr, 1=1,0.n" (1.3.2.1)
v " [ .
where g is the gravity acceleration vector of [gz,gy,‘Wz]T which is_expressed in the base
i
coordinates. For a system®at sea-level base, g = [0,0,- 9.81]T providing Z) is the
vertical. The total potential energy of the manipulator can be obtained by summing all
_the potential energies-of the links, i.e., . ‘
. n v '
. i - W=- Zng’rrz‘ . (1.3.2.2)
- ’ 121 ¢
1.3.3 Dynamical e('ations . B : ¢
Given a robotic system having n deér"ees of freedom in a Newtonian reference frame, .
the motidn of the system is .goverped by followiag equations: . ' /
- P ¢ .
[y . . . ) ,
T+, = 0 4= 1,...n — (1.3.3.1) v

13 Dynamic Modellmg : ! v I

1.3.2. Potential Engery
! - ©

Let the total potential energy of a robotic manipulator be W, Then, the potential

L]

»

where 74, ...,7, are the generalized a‘ctive forcgs and 77, .., 7, are the generalized inertia

forces. These equations are called Kane's dynamical equations. *

The glenerahzed inertia force acting on the j-th ]inﬂfm be‘expresaéd as
oT dJoT oW

= - -1 . 1.3.3.2
. (60] dt 99, 99, ) - " (1.3.3.2)
» - .
Now we compute each part of eq. (1.3 3 2) Lo
9 ) e , -
T - J o (1333)
| a0
For each link, we have.
g oT - arl arl . . ‘A
: —— =Y [m-* 6+ P, je-J, A0 : . |
B . , 30] _Zl[ 180] 90 ]n 1 1M Y| |
g hd n N *
- — or . ) .
! = L{m’f)—oi ']:1 +PJ_19'let} . (1.334)
‘ 1=1 J .
RN



-

<
i .y N \ - . s -
1% Dynamic Modelling . 12

Differentiation of both sides of eq. (1.3.3.4) with fespect to time yields:

A}

4T, d &v, - or, -
;{i(%) L( 1:1 dt(802)+60 mr1+P] le Jw +P] ]e le‘f'P —l'e lel}
J
e - (1.3.3.5)
where ) . f ‘ ’
d O, or, -
Zi—t(éb;) = 50—} | § (1.3.3.6)
"and ', 0 , ]
T I =w xJ, -3, xw, ’ (1:3.3.7)

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

-

© 40T, n or, o, .
dt 50—‘ Z[mz 2'60 +w IXPJ 1€’ (N) +m15bi‘mzrz+ !

+ PJ _Je (w, x Jw,) + P, _je-J 0] . A (1.3.3.8)

~

-
-

- 1Y .
The partial derivative of the kinetic energy T with respect to 0 is,
: . .

- . l.'z ow TaJ
'_ aF Zlms z'ag 02 ’ (J )+ ”".’Lz t] (1.§.3.9)
. . . ..
& - N ! . . s
From eq.(1.2.2.10) we can get- ) ’
\ ' v ‘ ~ ] . o~ !
s - . :
dw d . . . . .
: . '6—0—;" :.53’7[01@ -5--02?19 + ...+ 0,P,'_1e] . )
' ap )—1 . ..9P : - ’
= —271pT p _ 6; —’}-D?, T
1€ -+ + 60‘ 2

J 30 7-173 AL —1Pz—$
4 . ‘ - -

=P, _ex (()JPJ_16+ .+, Pz 1€)

- =P _gex (w —w_y) \ 7S (1.3.3.10)
And 8J,/80, is denved as: A _
v - ’ - 6-] _ aP J PgT + ;\t] ‘éﬁ )T ) J . '
. R " 80] - 80 11 ! 1}1150]
g“ . -‘ :P] ~10/)\P J PT+P[ﬂz( J lexf’[ ) ’
L 4 P, e, J(x P, e 3 - (1.3.3.11)
c. \
- ' 1 ] \

G

1
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. o , o 4

where J, = P,[Jf},PtT and [J,], is the inertia matrix of the i-th link abbut its centroid

and expressed in its own coordinates. . N . >

T ] ‘e .
By substituting egs.(1.3.3.10) and (1.3.3.11) inio eq.(1.3.3.9) and rearranging the

>
.~

- arising equation, we obtain:

-

n

- aT Coe . al.‘ l A N v \ ot -
9 f 67 :’Z]mlrl 50—+P] lex (w ,—wj_l)-J,w,+-2~ugl7(P]-}e 3w Py e)w
1=1 N ‘
= Z[m,n T + wy-1% Pyge; ()] ' (1.3.3.12)

From egs.(1.3.3. 12) and (l 3.3.8), the followmg is derived:

* d aT oT. Or _ 5
“E(ag “ a0, = L(-—lm F, +P]_1(?-(wl xﬂJ,w, i 3,0,)] (1.3.3.13)
By performing the denvatlye of the potential energy expressed in eq.(1.3.1.2), the
last term of the_ dynamical equation can be obtained as:
) ow N or
o0, = gl mléé'—) (1.3.3.14)
1=1
{ Hence, the d\ namlcal equatlon can be written as
ot - ATy 9T
R dt 99," 08, o4, —
a [
. ] .= Z[ mp f,+P,_ye-(w ¥ Jw +I,u,)]+ - 60 (1.3.3.].).)
- In this equation, ¥, can be derived as follows: ) L
‘ " ar, - d Or -
’ o — __1_ H l .
C - | | i, (0) 800+ dt( )19 .
or,. Jr, ) : .
' _ 9, on - 1.3.3.16
. ' 20" 59 ¢  (1:3.3.16)
ce where - Z ) o
~ » . .
' N 5{ g—rl’) j(ar’ )0 + ... + ; g;i)a . -
\ t~ a0 t°@e - t
: 9%, I 9% © ok
= | 05 LI i 01
‘ .. [agg 30,00, ' 2" " 3000, -
‘ - o, . O*r, .y
" + ) B ’8 ‘ .
4 : {aa,aoz b~ - aa v
2. ‘ i
~Ta X, . N -
=8 —=40 L 1.3.3.17
002 . ) ( )
~ ,'
L ﬂ “ .
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From eq. (1.2.2.29) the following is derived:

’ 32 ,- .
ot = Prjex QQyo1ex [V, — Q;Qul8 41k1] > j >k (1.3.3.180)
(?0 96, >3 \
and t . s
d*r, m .
a%aj-l’~¢xQJ‘% wak—chha+mH1-‘ ’ f>k2](L&&wM

o

Up to now all the terms have been derived. Finally, we obtain the following dynam-

i

ical equation of the robotic manipulatof‘:

1]

’ ~ dr, or, . - 6r‘ or, . - L % aw
Ty == %180] . (»-a——l;)() +‘m,50—] EY Lo + P . (“)1 X szt +:]1A29 + J,Aﬂ?)q] 'f‘ 6_0; .
n — - -

— ar or S '
- L[( :éé_ 601 P]—le'JlAz)0+ ‘\ )
1=1
J
a 3 : aW 2
¢+ (m,ar' —3%+’P‘_]e-J,A,+P]_lexwz-J,A) ]-’}——— ] :
. ) ¢
. . ’
-=1,(8 )3 + L,(0,0)0 + d,(6) . (1.3.3;19) )
_Therefore, 7, which is a torqu?e vector can be expressed as: T S
.7 =1(8)8 + L(6,0)8 + d(6) . ) (1.3.3.20)

<&
In above two-equations, I(8) -is the n X n matrix of generalized ‘i‘q#ertia,, L(9,0) is a

N

nxn matrix and,d(8) is a n-dimensional represents gravity forces.-1,(6) and L, (9, 8) are

the j-th row of matrices 1(8) and L(4,8), respectively, While d, (6) is the 7-th component,

-
. f -

o

‘of vector d(8). { \
' Now the last two terms of eq.(13.3.20). which are no‘nliqéar in 6 and 8, are written

as a single vector, which is a function of -@ and _Q, h(0,l§). Thus, we derive the dynamical

model of the ‘robotic manipulators as followings: “
. §
) r=10)0 + h(8,9) . . (1.3.3.21)
£ ‘e

where 7 is the n-dimensional vector of generalized force grouping the motor torques and

forces at the joints and h(8,0) is n-dirhensional vector describing the inertia terms¥hat

are quadratic in 0, as wellag-the viscoug and gravity terms. Eq.(1.3.3.21) represents the

"general form of the couplea nonlinear differential equations of the robotic' manipulator.

©

o

e
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Chapter 2

-

.

There are two major manners in the system control.
loop control and open-loop control. A typical control systern has the feature that some
output ‘quantities are measured and compared with the desired ;utp‘u(, values, and the
system’s uutput is corrected by using the. résllltlng errors from the comparison. Such

a kind of system is called feedback control systemn. A block diagram_of the feedback

control system is shown in Figu.r_g 2.1

2.1 Introduction

)

~

v

Feedback Control of Robotxc Mampulator

Usmg Model Aqmgnmcnt

: %

v

Desired
Output

Controller

Sensor _
o < _
1 = —
.
‘ Figure 2.1 Feedbgck Control System
gu ee %on o} Syste )
L ] e~

“*

namely, feedback “or cloSed-

-
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’ N \ LN s -
‘ } R —*'_—'WW“'"'—_‘*"‘ , ‘
‘ > i Desired . J
| “ ° . L ]
| Output .- . — |- Output | ‘
. | ———1{ Controller " System P—a o~ |
| : . o g
e e e
’ Figure 2.2 * Open-loop Control System . . ’ —-

.

In some cases, it is also possible to control the system in an open-loop manner. Such

° .

" a kind of system-is shown in Figure 2.2 o
} - ‘ o
Feedback control is widely used in robotic systems The reason is that, by. using
feedback, the dosignerfof the robotic systems is often able to use inexpensive and in-

accurate components, while the system is capable of achieving precise control in the

o
°

ptesence of* measuring errors and unPrcdictable disturbances.
Bl . & - -

N ’
\

°\ Since robotic anipulator systems are highly nonljnear, either a complicated control
‘\ ) scheme must_be designed or linearization must be performed in order to determine the
C . ,
. suitable cont‘rol
) Based on the linearized mO;;S! varigus fecd]_aack schermes have been prop(;sed.

Among these, pole-assighiment is the most popular because it is simple to use and
' to implement. However, the problem of the pole-assignment scheme is that the solu-
T . tionsforeach set of ‘desired poles are in'ﬁ\nilely many. and this scheme applies only to

linear time-invariant systems. Compljcated algorithms have to be derived to find aset .
" Fa q .

of optimal gains for pole-assignment problem. In‘recent)years, Bhattacharyya presented

a series of papers on this topie using Syhester’s eqwation(1983) Comparatively, the

A
Rt A

forgoing schemes are 1ather complicated and time-consuming Mecause they need too

many.computadions to obtain the solutions at each sampling step. .

q

In order to perform real-time control of robouc manipulators, it is important to re-

— P i
duce the cdmputations of the control algorithm  In this chapter. a method called mode/

t
[

‘ . assgment. which requirés less romputations, 1s used nstead of the pole-assigmment

I
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4 ' } ’ . '
- - scheme. The highly coupled nonlinear dynamical equations of the manipulator aresfin-
- ° v' ) - i . « . AN . . Py ..
earized about a nominal trajectory.. first and thep, the linearized system is rendered a
prescribed second-order system using cancelling scheme. The idea of cand elling® scheme
é - .
is described in the mext séetion. . i < -
2.2 Feedback Control of Dynamical@ystem Using Cancelling’
. i \ Scheme < - / — ,
. . . : . . - '
The dynamical equation of a nonlinear system can be expressed as:
) » mir+ f(r,r) - 71 . o {2.20)
? . . -
¢ .. e TV . .
r . where z,z,# are the actual position. velocity and.acceleyation, respectively
, o A .
¢ . .. n ‘ . L
- By introducing a nonlinear control term, a control schefne called lincarizing contiol .
law is used to cancel a nonlinearity in the controlled system. Such that the overall
- _ closed-loop system is linear. ~ +
’ .t . . .
- The model-Based portion of the control is: . .. _
]
‘ realv b (2.2.2)
" where . ] - ’ )
- ' . _ a=m . g L .
- L 4 ] (2-2.3) ' \
P , . e R
L - S 1 b = f(.T. -T)
and the servo portion is )
o . & 0y e
- ' igt koe ke (2.24)
This leads to the system equation of motiomnt written in error-space as: .
T v ky Kk .
e- e+ Te 0 (225) .°
m m
where 1, is the desired position and e is the'servo error, defined as r;  x. The,
o ~ . ) .
feedback gains k, and k, are adjusted to obtain a good contrel effort and a stabl‘g
»* ) system performance. .
- ‘ hl
1 , -
it
4
L3 -
’ L N .
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)

Let k|, = k,/m and k;, = ky,/m. Then. eq (2.2.5) can be written as:

— [

.

\
é+ kyé~kye=0 ) (2.2.6)
N - h\
7 N 17 ,
l‘\he characteristic equation of eq (2.2.6) is:
" §% 4 kys + kp =0 . ‘ (2.2.7)
Lo ]
which has the roots ) ~
. ,2 f
ko kv 4ky, .
' =2 Y 2.8) °
; : 1= -5 5 . (2.2.8)
i 2 -
2
. k! k{) - '4k;) !
¢ sp = m (2.2.9)

4 .

These roots are called the poles of the closed-loop syspem By chosing the Tocations
'd

of the Yoles on the imaginary plane we can make the system stable and with good

+ -dynamicgl characteristics. The block diagram of suchf: system is shown in Figure 23

~

vl -~ - L. e mwem o e .
\ ;
N ‘ N i
- ' ~
Id ~~ T T |
m = System —

/\/\ + ~
. o - ST r.r If
) - k,‘ kl,‘ f(‘t’i-) \
4 L fl\ - |
e 7 ! U - 1
Id 4 < N 2 I‘

'+ - ’

L [ P U e P LY

+

Figure 2.3 Control System Using Cancelling ‘Scheme

°

S

2.3 Linearization of the Dynamical(gflodel

* .
.

In the last section. the cancelling scheme 1s performed by designing: a nonlinear

feedback. In order to introducé model-assignment scheme based on a linear feedback,

Yo y

-




Al

v
Lutcarization of the Dvoonod Maoddl -

'
~ B

223

| . " ~
the dynamical model of the robotic system is linecarized first - Thien, the so called model-

assigment control 15 derned in the next section

The general-expression for the equation of motion of a robot mampulator is 1eadily

derived mn Chapter I as ‘ 0 .
1(0)0 « hio.0) 7 (2371)
n

where 8,0 are, respectively. the first and second time dervatives of jont \.nml\li- vee-
P
tor 0, h(0,0) being a n-dunentional vector that compnses the mertia terms that are

quadratic 1 0. as well as the dissipation and gravity terms kg (2 3 1) represents the

<

general form of the.coupled nonhinear differential equations of the robot mampulator
A} N v

Thesdyfiamical model of the robot mampulator s tmearnized about the deared tra-

+ jectory followed  This 1< done by using the Taylor senes expansion of both wides ol
: .
eq (23 1) Let 0,(t). 04(t) and 04(t) denote the tine histories of vector 8(1) along the
- " ‘r fa 7‘

. desired trajectory. which are obtamed from mverse kmematwes The higher-prder terms
are assumed to be nogl;gxblv and the hneanzed perturbation equation s obtamed as
follows: N ' .

. v % ., .
° W(Od)é() + de,od)bo 3 D(0(1,0d,0(1)()0 bT(fj (2 3.2)
- .
where . . ’
> 7 o
. J'1(0)0' ,
. ‘ Ww(d,) - () " ](011) - (2 3.2a)
L dJdi d
dh(0.0
C(04.04) - ”(‘- ) e, (2.3 2b)
06 tdid - - e

. . Jh(0.9 J1(d)

D(6,.0,,0 "2» . g, 2.3.2¢

] - . (- J d ({) (J(} ”J’I(:/ ()0 ‘1{[ { ( ) )

Now the robot manmpulator consists of feedforward control from trajectory plan-

# L

ning. and feedback control from the actual traectory The feedforward torques can

be obtained duectly from the dynarmcal model of the robot manmipulator The input

° £

of this part of the systemn 15 the desired position. velocity and acceleration histories,
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0,(t);0,4(t),0,4(t), which are obtained from imverse kinematics, and the output is the

-

desired torgues 7,4(t) ®

Thus, the control problem I reduced to determining a suitable é7(t) which drives
80(t) to zero The design of the controller 1s performed n the next section.

)

2.4 v’Design of the Controller Using Model Assignment

In Section 23, the lincarized perturbation equation s obtained. Since ﬂd,éd,bd are

i
o

all functions of timeeq (2 3 1) can be wnitten as -

I{1)60 + C(t)60  D(1)60 - - 67(t) ' (2.4.1)

-

Now we want to find a control scheme that renders the linearized equation a pre-

¢

scribed second-order stationary system of the form:

ro80 . 20T, 00 1 0,266 2 0 (24.2)

.

where W 1s the nondimmensional n » n damping matrix and {1y is the n x n matrix of
O, ¥ . . .
undamped natrual frequency of the system  Notice that, in this formulation, rather

than attempting to stablize the hnearnized model by pole assignment, its stabilization

’

is attempted by model assignment  For a stable performance, {1, twill be chosen as

positive defimite Moreover, for scumpliaty. W and ), can be chosen as diagonal 3@1

- 67(t) K, ()60 ~ Kq(t)60 < (2.4.3)
© &g

where K (t) and K (t) are two n» n time-varying fecdback matrices
k1

) ]
Hence, eq {2.4 1) can be wntten as
¢

-

60 - 1(t) e Kd(é)}élo B HENIGE K‘,,'(t)':éﬂ =0 (24..4)

a

Comparing eq (2 4 2) with eq.(2 4,4), the following 1s derived:

- K (t) = 20(t)@0,¥ - C(t) (2.4.5)

@




25 Example

.
&

[ K.() I(t)* DY) (24 6)

: Hence, the time-varying fecedback matrices Ky (t) and K (t) are obtamed for the

desired control effort Such a control «cheme could be called Linearized cancelling con-

. v

~

trol, since 1t uses a time-vary ing control term to “cancel™ the time-varyuig terms i the

linearized controlled system such that the overall closed-loop sy¥stem 1s time mvariant

i . Compare with Craig's canc ('lh;ng scheme(1986), this scheme has the advantage of sin-
‘ - 3 o .
plicity in controller design .
- A) » 4

However, both Kp(t)and K(t) depend on the pardmeters of the system When the

.7 precise parameters of the hineanzed equation are hnown, by usmg this method, we can
control the system perfectly  In reality, the parameters of- the system aie not known
perfectly, because of measurement and modelling errors and chanpes of the envipon-
ment. An estination scherne has to be derved in order to obtaimn accurate vatues of the

T ~ .
parameters A new approach of adaptive control using controller estunation 1 denved
) ‘ L
. to solve thus problemn The details are descnibed m the next two chapters
. 2.5 Example )

In this example, a Cincinnati Milacron robot whose Hartenberg-Denavit’ paramegers
and inertia pafameters are shown in Table 2 1 and 2 2, respectively, 15 used to illustrate
the procedure

. \
o The end effector of the mampulator s to move along a straught hne m the Cartesian
space as described by the following equations )
- 133125m. & 00ms ! F00ms ¢
B 2
- y I, Yy Jins L yoogms 2o (251)
. s @ £
z - 179875m. = 00ms b, 2 00ms ?
4 \ . .
; *  where 8 is _a prescribed function of time defined with cubic sphnes so as t meet the

. -

g ’
A ’ -
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G N . —
, . . ) . P4
following end conditions:

‘ D 40) = B(T)= 0 e (2.5.2)

\\ T - 1s q - _ .

\ h N
and 7T is the time it takes to traverse the trajectory. Details on how to construct such
a function were derived” by Angeles(1986) The pdrémoter matrices of the linearized
model of the manpulator at t  005s are the followmg

335 8 28 85 01 He6 0.2 :
2R 4716 2101 871 30 55.9

8.5 2101 3510 815 72 560 .9
N 5.
W(la) 01 871 815 478 00 561 ms (253)
356 30 79 .00 125 00 ‘
02 559 560 561 00 5816 T :
o v d L}
437.6 4529 10217 13071 5181 2571
1370 2875 373 -80T9 -32006 25897
: : 3986 1608 1072 -5556  -74.3 22132
N
C(84,6.) 48 1 56 5 62 1 2142 546 7453 ms (254)
-608 467 1117  -1380 -59 1 15.4
36 4 37.1 40 4 “1669  -376 584.6
512 335 145 - 1795 9927 10.9
T430 33268  5808.1 63354 19837 3889 6 ‘ v
. 5032 5159 -50722 106620  4625.7 1464 8
0,.0,0) |° ‘ N
D(04.04.04) 10RO 4498 - 14682 24834 12718 - 1389.8 m
207 416 316, 1219 - 19785 - 28
1075 2736 -9634 15507 115867  -1149.1
. < ‘ ' (2 5.5)
The prescribed second-order stationary system s designed by chosing matrices ¥ /"

and {1, to be diagonal Therefore, the prescribed hnearized dynamical model for each

joint can expressed as

o -

80, + 26,w,, 66, + w2, 66, = 0, i=1,..,6 (2.5.6)

\ -
’
- “ 1




y -

2H

A 4 » .
(l \ where ¢, = 1,/:3. The corresyerufdmg charateristic equation 1s: °
. sEauns w00+ 1=1,..,6 (2.5.7)
Erom eq.(2.5.7), we gét the poles as -
§ = — Wy, * me.\/l - S-.?» 1 1,...,6 (258)
] ’ s :
The poles for cach equation are chosen to be located at ( 1,7) and’ (- 1, 7). Thus,
’ ~ '2
Wy - \/23 § — t (2.5.())
-~ k—‘%’ o ° ) L
Hence, i . _
VBB
¥ = diag( 2 . 2—)’ .,.(2""]0)
. and .
) : - I, = diag(\/2,...,\/§) A (25.11)
From eqgs.(2.5.4),(2.5.5),(2.5 6)and (2.5 10),(2.5.11), the feedback gains are obtained
as: .
' ° /-7229 -392 24 179.5  992.7 408
37.3 —4275.9 5387.9 6509 7 1983.7 \ 3889 6
. K (t) . -520 2 -936.1 4370.3 108250 4611.3 4352 8 N“ X
P 1087 6341 13052 24792 12717 12776 Sl
. 91.8 506 - 17 2 1220 ® 1729 277
-107 1 -385 5 851.4 1662 9 1108 6 KOT O )
. (2512)
. and Y
’ €
11093 - 4586 10078 - 1307.1 -447.2 257.4
® 1314 —12366 -7672 6336  323.6 27017
-415.5 -5809 809 1 3826 KR.7 2325.2
_ : Nm (2.5 13
Kall)=| _g79 2308 251 1184 547 8576 m(2:51%)
132.0 407 97 4 138 1 342 ° 15 4
-36.0 ~-1490 T 152.4 54 6 375 8662
, , R
L J

Example *

~
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Table 2.1 Hartenberg-Denavit Parameters of the Cincinnati Milatron Robot

-; ‘Jovnlt\_mim_bczr . a,(m) 1 b ,(m) l(degrge_s) initial 6, {degrees) =
1 © 000 i 50 9000 . 0.00
2 T 102 0.00. 000 - 9000 h
3 02— 0:00————£:00— -135.00
4 0.20 0.00- 90.00 4500 )
5 : 0.00 0.00 90.00 90 00
6= 000 041 " 90.00 90 00 .
. . . . \ -
L : ‘ )

Tab\h\ 2.2 Inorha Parameters of the Cmcmnatl Milacron Robot

-

L wn'tgm—_ ~M"Jo;u 1 iQT‘L_i_W. Jom_tﬁ L Jomt_ﬂ— joint 5 joint 6 °
ml(kg) ! _ 680.0 3600 ¥ 180.0 55.0 36.0 68.0
T (m) G0 -0.87 064 . "-0.12 0.0 00
Yer (M) “0.33 0.0 - 004 . 004 -~ .0.05 00
2., (m) 0.0 -0.13 0.0 0.0 -0.08 0.0
I, (kgm?) 00 - 110 1.10 0.44 0.47 0.44

s (kgm®) 00 0.0 0.0 0.0 0.0 - 00
1. (kgm?®) 00 00 - 00 00 oo, 0.0
Ly (kgm?) 620 53.0 4.0 . - 091 0.38 0.64
I, (kgm?) " 00 0.0 0.0 0.0 0.0 00
" T (kgm?) 00 44.0 44.0 0.82 0.18 0.73
m,. . ... mass of the th link.
I .y\;.: .«n» . . .. «oordinates of the ynass center of the -th link. a
Lervodrins Tz - :
JETVRY TV PETR TR entries of the inertia-‘matrix of 2he :-th link)
- L B
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Chapter 3 Adaptive Control of Robotic Manipulators
pn o \ './ ~
) . / -~
< : .

3.1 - Introduction _

a "

In recent l’ears,ﬁiaptive control has beg\ﬁ widely used for robotic .syst.v;ns. Koivo
s — / )
and Guo(1983) proposed an adaptive self-tuning controller using an autoregressive

model to fit the input and output data of the robotic system  Lee et al.(1981) pro-
posed another adaptive control based on the linearized perturbation equation in the
vicinity of a manipulator trajectory The main idea of this’schetne will be described

i this chapter. Many'tother methods have also been used for adaptive control. For.

> .

» «
example. Sera)i(1986) derived a direct adaptive control scherne in Cartesian space using,

b \ L4

the Lyapundv method. . ’

An adaptive control systemn is required whep a convetional controller cannot work.

-

In our case, this happens because of

.

(a) Simphfication mntroduced in the dynamical modelling of the robotic manipulators

.

(b) Disturbances to which the system 1s subject

~

Obv 1ously when any of the above 15 non-neghgible, conventional feedback control
1

is no longer indifferent to variations and the robot will produce unacceptable errors 1
N

-~

tracktng the trajectory éither in Cartesian or in joint space  Farly atfemps to solve these

. D o
problems involved the design of nonlinear control systems, which in the simplest case

r

*
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~ . R

casc only program a deliberate adjustment of some system quantity, usually loop gain, to

20

compensate for a change of systeni parameters caused by changes of the environment.
The simple structure of such a system is shown in Figure 3.1. In this system the

difference between the actual and the desired responses 1s used to suppleg\nent the input

‘ 3
signal to achieve a Detter result. Such kind of systems have often been successful overa

restricted range of operating conditions. Outside this range the systeffi must be adapted

-

to fit the new conditions.

[ o
I ; -
. « o J N ‘ R
\ o ) -
Input 4~ "~ ] Outpur [t
Contr?ér - Process .
g . = -

L . S

Figure 3.1 ¢Nonlinear Control

) -
In these cases, the system is required to change its own compensation gnd this leads

to a requirement ofadaptive control The block diagram of an adaptive control system

is shown in Figure 32 In, this system, the control can be thought of as being the

combination of two closed loops The inner loop consists of the process and ay ordinary
~

linear feedback regulator The parameters of the system are ad'jusL%d by thd outer loop,
i\l ¢ -

> . \
which is composéd of 4 recursive parameter-estimation and a design calculation. The

, K

. - - - R 3 . ~ . -
design calculation box_in Figure 32 represents an on-line solution to a design problem
' A ]
BN sy . - *
for a system with kmown parameters. . .
. . AN -

°

q
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- — m e e e ——— mte e . . Sam— — T«.-..
- ' I ‘
\ y - - * :
p e i
. S .
y Design Parameter % -
Calculations Estimation . )
. : . _— Y
© > - a" 0
. _ Regulator . o i
4 Parameters . . ' .
. } . : !
Command " o ) ‘ '
v - Signal ' . X
2 Oulput '
Regulator] Process ‘ —
. - Control {. - s
Signal . e
oy T 1 )
, o i - /
- . [ 14 -
. . . ’ 1
o~ ¥ P T -7 TToT T T T T e -
PR - ) E
' Figare 3.2 Adaptive Control System .

s There are alwq&s at least two elements that appear ifi some form in adaptive®control
~ systems, namely, identification and actuation Identification refers to the measurement

Y L3
of the dynami¢ parameters of the process to“be controlled, whereas, actuation is the
€ \

k]

generation of an appropriate actuation signal ; - R
- . 1
The .identification problem is the most important aspect of adaptive control and
. s - 1

-

becoines the central element of such a system because gy good adaptability of a system

a

rnea_ms’a’frequent and rapid solution of the identification system.
5

A\ ]

Since the iden‘ti'fication problem is so important to the adaptive control-system, it -

[ . - ° - 4 3
/
-

will be discussed in more detail in the next section. N
\‘ ‘ »
2 “:" . ‘/“\3 . .

3.2 System Identification : :

. s » -

The task of system-jdentification is usually referred to as the determination of a

s mathematica) model for a syétem or @ process by\GBserving the relationships‘of the

5

input and the.output of the system. . S
! . ,

~
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v

The systemn model is a set of magxgmatical equations which relates the input and

the output of-the system. By investigating the system’szresponses under the condition
of a variety of inputs, we can derive such a snodel. ©tE .
< < - ]

. Generally speaking, we can divide the system-identification, problem into two cate-

r
-

gories: . ) A\

N °

.(a) The complete identiﬁcation~problem: This rgeans that we do not_know anything

about the basic propérties of the system, such as whether it is linear or nonlinear and

» o

s0 on. -Obviously, this is an extremely difficully problem to solve, For such a kind: of

a problem, some assumptions are usually made before a meaningful soluti}m can be-

@

v > - >
attempted. ) ;

e I

(b) Partial identification problem: This means that we know some of the basi¢ charac-
&

teristics of the system. However, we may not know some or all of-the parameters of the

system. In this case, it is easier for us to deal with such a kind of problem than the first

-

\ © e -

7 . ' S .
, .

. . .
In robotics systems, we kfiow a good deal about the structure of the system. so that -

one.

it is"possible for us to derive a specific mathematical:model of the robot dynamic spstem.

n

That is exactly what Has been dorie in the Chapter 1. But, as mentioned in Chapter &, in -
reality, because of measurement and modelling érrors and changes 6f the envirgnme t\

the charactorisgyi\cs of the system are not known perfectly. So system-identification has
7 »o.

e

to be introduced in order to solve the problem. -

Fortunately. in our case, anly a set of paramlzters’inﬁ the model are left to be deter--

v

3 - . * g
mined because we know the structure of the system, the system-_lden'tlﬁcatmn problem

N

3

{ .
is reduced to that of parameter-identification. . }

n
-

Since a majyority of system-identification problemis can be reduced to the afore-
M 14

¢

mentioned parameter-identification problem, the treatment of the parameter-eﬁ“ﬂq%tion

scheme is considered to be of greatest importance. The block diagram of a typical

~ v d

( ;
) ¢ ®

4
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i . @ .
. . ’
j Inpwt . Output
’ - - System to be
. - Identified
. ) . . ‘.,
. - Sensor
t : . B -
J ' v’
’ Parameter Identified
Identification [~ System
s L]
_c ’ ) \
Tt T T PR B
. ) . Figure 3.3 Parameter-Identification
*

parametr-identification system is shown in Figuse 3.3

a

29

_Therg'rput and the output of the system are~measured by sensors. These measure- .

ment are used as the information of the parameter-identification scheme. Then, the

fits the statistical data.

LY

@

N -

A . 3 . : ’ ’ - / ¥ )
parameter-identification 1s performed to select the nfodel in the specified class that best

o

-
v

” - . . . .
The study of an adaptive control scheme which is based on the linearized pertubation

equation mn the vicinity of.a nominal trajectory will be disscused in detail in the next
&

section. In this scheme, the parameters” and the feedback gains of the hnearized system
© Py ] -

o

LI

* = are updated and adjusted at each sampling period to obtain the satisfied control effort.

- In this way’ the total to'rquesﬂépplied to the actuators.of the robot joints <onsists of the

-

. < .. . A
—m6minal torques and the variational torques. The nominal tdrques are computed from
hd -

the theoretical model which has been derived in Chapter 1 and the vanational torques

are computed from the one-step optimal control law of the lincarized system.

%

N

0
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-~
.

. ‘ L
( 3.3 Parameter Identification of the Perturbation Equation _Af

’ Robotic Manipulators

. "
The general dynamic\&l equations-of the motion of a n-link manipulator are a set of .

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

<

- " 1(8)d + h(6,6) = (1) '(3.3.1)

By defining’a n-dimensional state vector for the system as:

. xT(t) = (21,22, ..., Z2p) -
. l‘ N ':, (3.3_.2)
= (01,02,..':,077_,01,8‘2,.‘..,0")0 -
and a n-dimensional input vector as: ' ) '
» e - T B i - . . N
S - () = (11,7250 mm) . (3.3.3)
- ’> s o
Eq.(3.3.1) can be written'in the state space a:
f—Q - 3 . S ‘i
b \ x(t) = f(x(t),7(t)) h (3.3.4)
The right hand side of eq.(3.3.4) is a nonlinear 2n-dimensional vector-valued func-
' tion. o
. Y

Then, the linearized perturbation equation can be obtained by introducing the Tay-

lor series expansion of eq.(3.3 4). It is assumed th—at the ligher order terms are negligible.
. Then the associated i)g,&rbation equations for this coutrol'syétem can be written as:
. Ox(t) = Vflgbx(t) + U, flg67(2)
. (3.3 5)
: = X(t)éx(t) +Y(t)6#(¢)

where*V fl; and V. f|; are the Jacobian matrices of j()\c(t)) with respect to r and 7,

. 6x(t) and 671(t) are
‘\.

error and servo input, respectively, i.e., » P

~ a7

C - 5x(t) :‘xit) —x4(t).

respectively, evaluated at desired state xdl and input 7

.
..
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A Y

§r(t) = 1(1) - 1ylt) o (3a)

The para@eters of the perturbation equation, €q.(3 35), X(t) and Y(t), are time
varying. They depend on the position and the veloaty of the mampulator at the current
“instant. In order to get the ideal controller to render the svstem a prescnbed system,

matrices X(¢) and Y{t) must be known all the time along the trajectory The problem

-
.

arises because of the complexity of the systern, nowses introduced to the system™duning

the operation ang~crrors in the measurements and calculations  In fact, the actual

parameters of the system are unkpown It 15 necessary to’find an estimation teehnique

m~~ »

: =)
to identify the unknown parameters of the systemm One method consists of estimating

»

the parameters of this perturbation equation. The diagram of such a control scheme is

-

shown in Figure 3.4

g — ——-? i — -
04,64,6 Td 7 . 04,046
. Lo Model -——-q\ < Robot e ‘}'—0-“*
+ -
’ + .
or = } ] f
B
H ) aramneter
Controller
Estimation
ot Parameter _
) * Matrices
9 o
s 4 . [4 ‘
N\t v
- ! . o/
J . .
' ! '
Figute 3.4 Adaptine Control with Moddl Fstimation .

4 {

N r
Ini;;: scheme, the overall control problem is reduced to finding suitable variational

py: .
torques 67 which drive the errors of th% system 6x(t) to zero
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A
' i

ﬁ The input of tho.systvm, namely, the torque for each joint now consists of two
'
components, one 1s the feedforward component obtamed from mverse dy namics, namely,
the normminal torques obtamed from the theoritical model of the system, and another one
is the feedback component which s calculated from the feedback control law o
In order to estimate the unknown parameters of the\porturbation equations, thé

discretized equation corresponding to eq {33 5) 15 written as

o

x(k i 1) ﬁ(k)x(k) L S(k)7(k) k=01,  (338)

Ywhere k means at the k-th samphng step, x(k) 1s a 2n-dimensional state vector given

by: .
x(k) - T(k,t,)x(tp) 4 /kl‘(k,l)Y(t)T(t)dt (3 3.9)
to .

where 7(t) is a constant control mput vector between k and (k + 1)-st step and T'(k,1p)

is the state-transition matrix of the system. Matrices R(k) and S(k) are next defined

(4

as:

. " R(k) =T(k+1,k) ' (3.3 10)
and
- k+1 .
) S(k)r (k) = /k I'(k + 1,0)Y ()7 (t)dt (3.3.11)

Now. the matrices to be estimated here are R{k) and S(k). For its simplicity an8i

ease of apphcation, a recursive least-square parameter-identification scheme 1s used to

. perform the estimation of P(k) and S(k).
Before this l@ast-square scheme can be used, the system equations, eq (3.3.8), have
f -
" to be rearranged as
x (k4 1) = T (k)z, (k) i=1,2,...,2n (3.3.12)

where z,(k) is a vector of the :-th row of the unknown parameter matrices, namely

’ ( ‘ ‘ z:(k) - (rtl(k)v . ’rt‘Zn(k)’stl(k)’ . ’sm(k)) 1= 17' '$2n . (3'3'_1/3)
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i ard vector ¢(k) contains the states and thie nputs of the \\\(vn{/x ¢, -
-
T, h 0
ol (k) (k). cra(K)ors () anlA) (-3 11)

Based on eq (33 12). a recursive least-square patameter-ifentification scheme can be
found that nunimizes an error cntenon. which s quadratictn the error The unknown

parameters can be estimated by vamg the following equations

By (k1) - a (k) r(k o PGk - )k 1)L el (A D (k)] (3313)

A t

P(k~1) P(k) ‘r(h DPE)OGH - Do (A1 1)P(A) (33 14)

L

rk 1) tol (kPRS- p ] (33 15)

4

j where p 1s the “forgetting factor™, which 1o defined between 0 and 1 poas uaually chosen

5

tobe 090 p- 008

After the parameters i R(A) and S{A) are obtamed, there are many ways of finding

-
. the proper control law  For imstance, Riccaty equation 1< widely tsed
M i
The mam 1dea of above adaptine control scheme was derived by Lee et al (1981)
However the computations of this scheme are quite large As we know, it 1y very
.
important to reduce the computations i the robot control scheme So; weshave 1o keep
A
A
on finding new adaptive algorithms which need less computations A new approach
Q

of adaptive control using controller estiunation is proposed  The detals of least-square

estination, discretization of dynamical systems and contioller estimation scheme are,

described 1n the next chapter N

t
s ‘ -
.
o
-¢

>
i i ' :




Controller Estimation—A New Abp;oach of
. Robotic Adaptive Control

»

4.1 Introduction - : \
“* ‘ A

Many approaches to the control of robotic manipulators\are based on linear time-
Vdr}’l‘{g compensation schemes  In order to mamtamn good pgerformance over a wide
range of motions and pay loads, adaptive control methods are ysed | As described 1n

| '

Chapter 3, the aum of adaptine control techniques for robotnc;xﬂems 15 to estimate
the parameters of the models recursively, and_then use the estimates to calculate the

bt

In this chapter. a new method of obtaining the controllers for the adaptive control

-,

oo
control law by a ~uitable design method

system of robotic mampulators 1s proposed Based on the linearized modei, a linear
time-varying controller has been designed to render the hnearized system a stationary
closed-loop second “order system of a prescribed form m Chapter 2. Now, a recursive

A

least-square dentification scheme 1s used to estimate the parameters m the controller.

The feedback gains of the controller are updated and adjusted in each samphng step to

obtam the desired control eflort

« Instead of estimating the mamipulator parameters of its dynamic model, the param-

eters of the controller are estimated directly. Therefore, the control algorithm is much




£
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simpler than other appraaches and the computations of the recursive estimation are

reduced. °

<
i

4.2 Least-square Estimation .

@—\ . .

>
The lcast-square technique provides us with a mathematical procedure by which a

model can achieve a best fit to experimental data «This procedure has been widely used
in the adaptive control systems .

The primciple of least-square 1< that _the unknown parameters of a model should
be chosen 1 such a way that the sum of the squares of the differences between the

actually ob<erved and computed values multiphed by numbers that measure the degree
i { .

of precision is a minimum

5
In order to derive an analytic solution to fhe least-square problem, tlng%nlvd

values are requued to be hnear functions(of/the unknown parameters |
&

4.2.1 General Description of Least-square Problem .

In formulating an identification problem, the measure of how \Z'H a model fits the
actual systey mput and output data 15 given by mtroduaing a cntenon The cniterion s

a function of the mput error, output error. or generahzed error The function 15 usually
1

. . ‘
chosen to be quadratic. although 1t 1s sometines of other forins So.the'cnterion for a

i
4

least-square procedure 1s expressed as ’ .
t
1 N o ’
Aw) =, Y ele (4211)
2
R g 11
where v 1s a vector of unhnown parameters, N 15 the number of observations and € 15

Ld

the error vector

The first one who gave the formulation, solution and apphcation of such an identi-
fication problem was Gauss(1809) He formulated this problem and-solved it based on

the mmimization of the surnation of the squares of the error

o
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The least-square method has the advantage of simplicity and ease to understand and
use  Althouth 1t sometimes gives estunates with the wrong mean values. this approach

is still widely used in <olving the identification problem One item that should be tahken

into account when we use this method s that the least-square method 15 restr}@/to

model structures that are lmear i the unknown parameters
. © . v\\ .
<n the general least-square problem, it 1s assumed that there 15 a variable, y, which

is related linearly to a set of hknown functions and the estimated unknown parameters
) »

as follows

?

Y ’:_ v1dy { V9o 4 .+ Undn . (4 21 2)

That is, y 15 computed by the hnown function and the estimated unknown parameters.

Where &), ..oy are funktions of the states of the system and vy....vy are unhnown
o] * .

parameters

Assume that a sequence of k observations on both ¢ and y have been miade at times

Then the obwerved data can be denoted as y(ij and ¢ (1), &,(1). @ (1)1 =

tiy oty

N

b A
].91 Lk In this way, the following <et of k hnear cquations can be used to relate these
data-
»

y(1) = (d)or (1) 4 vaor(a) - .+ vald). 1=1,2, .k (4.2.1 3)

as

To simphfy the expressions, eq (4 2.1.3) can be rearranged into a simple matrix form

as follows y
] y = dv i v (4.2 1.4)
whese, '
y(1)\ . v
y(2) v
: y=|0 ], ce= | , (4.2.15)
"\l vn '
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and -
- ¢1(l) 0571(1)
¢1(2) . Cbn(z)

(4.2.1 6)

[

. o1(k) ... én(k)

In order to solve this equation, matrix ¢ has to be inverted. Wiw‘g kK n,vcan be

uniquely solved from eq.(4.2 1 4) as'

v= o ly . (4.2.17)
£ - LY -
where I is the estimated value of v - :

However, when k > n, it 1s imEg!sibk\ to get v in this way. The alternative is to

Y

determine v using the the least-square theorem

The ewor vector is defined as : -
e=y—-dv . (4.2.1.8)

From the criterion exprtlzssed in eq(4,2.1.1) we can get:

2J = (y - ov)T(y - o)

)

=yly - vToTy - yTou + T 4 LT0T o0 (4.2.19)

J reaches minimum when the differentiation of 1t equals to zero
[ g

- ) (?J

A A oTy . oTor 0 (42.1.10)

Therefore, U can be solved as

1l
o
—~
]

5 3 S (1211

where ®/ is called Moore-Penrose generalized inverse of ® and the result U is the lcast-

square estimation of v.



477 Leastesquare b-tunation - ,

4.2.2 Recursive Least-square Estimation

~

In the case of observations t}‘tdl are obtained sequentially. it is waste ta, solve the’
problem from the beginning when the least-square problem has been solved for the k
observations and the (k ~"1)-st observation just came i Therefore, we should find a -
way to get the ("alll\llldi(:’a for k 11 (‘)bscrmtmns on the base of the results obtained for
k observations - In this case, our parameter estimates can be improved by making use
of the new data and the estunated parameters can be updated step by step without re-
peating the computation of eq (4 2 1.11)  Such a kind of least-square estimation scheme
is called recursive least-square estimatian

From eq (121 11), the least-square estimates.can be computed on the base of &

" observations as follows: . .
. >
p(k) = [oT (k) (k)] T @ (k)y(k) (42.21)
Based on the (k -+ 1)-st observation we can g‘btain a néw elquation as:
' ylk+ 1) - vyo(k+ 1) ~ vk~ 1)* .0 whrpdn(k+ 1) (42.22),
With the (k 4 1)-st observation. the solution of the system is gxpressed as:
A
ok +1) 0T (k- Dok +1) ToT (k + Dy(k+ 1) (4.2.2.3)
» where ~ » oo \ v
é1(1) én(1)
91(2 2
K, (2 o2 o
Bk + 1) = ' = --—= (4.2.2.4)
o1(k) én (k) ¢t (k+ 1)
é1(k - 1) on(k + 1) . 7
and !
- : y(1) ,
: y(k) .
y(k +§) = yk) |=P---- (4.2.2.5)
o y(k y 1)
' y(k + 1)
A -
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.

Then eq.(4 2.2.3) can be written as: ~

D(ZH) = !@T(k)¢(k)+¢T(k+1)¢(@+71); HoT (k)y(k) + o7 (k+ 1)y(k 1)] (4.2.2.6)°

Now we recall the folowing:

LEMMA (Matrix inversion) Let A.C and A + BS;'D be non-singuﬁ{;squg}(‘l matriced;

then . ' = _
(A+BCD) ! =A"! - A !B|C !4 DA” IB]t‘ (4.2:2.7)
The proof of this LEMMA is shown in Appendix A. bet ) )
_ k Ptk) = (&’T(k)¢(k)).' ! : \, (4.2.2.8)
- Hence, *
Plk+1)= (¢T (k4 1)k~ 1)) 1 (4.2.29)

By applying eqs.(4.2.2.4), (4.2.2.5) and the =Eatrix-invorsion letnma , P(k 1 1) can {

a

be written in the following form:
P(k +1) = P(k)"' +o(er 15" (k +1] |
= =Pk PRk + D11 o (k. )P (k)b (k IRV
) ol (K + 1)P(K) ; (4.2.2.10)
From egs.(4.2 2.6) and (4.2.2 10), the following is ‘do;lvvd:

vlk+1) =Pk + 1)i®T-(k)y(k) - ok 4 ])y(’k[ 1))

= P(k)eT (k)y(k)™ P(K)o(k 1)1 i o' (ki DP(k)(k 1 1)] !

o7 (k - 1)P(k>$’fiA-)y(A-) £ P(k)o(k  Nylk - 1) P(k)g(k 1 1)

14 6T (ki YP(K)o(k « D)) Yo (k + P(K)o(k + 1)y(k + 1)(4.2 2 11)
The last two terms of eq (4.2 2 11) can be rewritten o 4

P(k)ofk + 1)1 - ¢T (k ~ WP(k)p(k + 1)] "H + @7 (k + )P(K)B(Kk 1 1)

~ ¢ (k -~ )P(K)g(k + 1)ly(k + 1) . ' \
=P(k)o(k + 1)1+ ¢ (k i )P(K)o(k + 1)] Ty(k + 1) (4.2.2.12) .

- 4
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L3

’ -
Frorg eq.(4.2.2.1) and eq.(4.2.2.8), we can derive the relationship between Z and P

®

o(k) = P(k)®T (k)y(k) ‘ (4.2.2.13)

Therefore, ed.(4.2.2.11) is finally simplified as:

Bk + 1) =5 (k) + P(k)o(k + 1)[1 + 8T (k + )P(k)o(k + 1)] !

qyle +1) — ¢T(k+ D)o(k) - (4.2.2.14)]

From eq.(4.2.2.14) we can seey@b'viously that the estimated value o(k + 1) is ob-
tained from previous estimates that have been obtained based"}n k observations plus a
correction term. The correction term is p}‘oportional to y(k + 1) — ¢T (k + 1)v(k) and

P(k) in the correction term is updated by the recursive formulation at each step. In

E

eq.(4.2.2 14), vector P(k)¢(k + 1)1 + ¢ (k + 1)P(k)¢(k)]™! determines how the error
)

is weighted, hamely,‘gt tells how the correction and the previous estimates should be
by

-~

combined.

"By rearranging all above ‘equations, the recursive least-square estimation algorithm

is finally written as: . -
‘

Dk +1) = b(k) + r(k ~ )P(k)o(k + Diy(k +1) - o7 (k + 1)i(k))(4.2.2.15q)
’ ,317 - r(k+ P{k)S(k - l)éf(k +1)P(k) - [(4.2.2.15b)

rik41) = 14 ¢7 (k+ DP(k)o(k + 1)} (4.2 2.15¢)

¢

In the above formulation one can find that all the observations aje given the same
»
weight, which 1s smitable for time-invariant systems. But the robotic manipulator under

A

disscussion is a time-varying system, and hence it is neccssary to elimmnate the influence

of old data. This can be done by using a loss function with exponential weighting, 1e.,

Av) = ip" Kly(k+ 1) - ol (k)v(k))”. 0<p<1 (4.2.2.16)
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- . . 3 .
& el ] .
where t}_leiforgeuing factor” , p, is a measure’af how fast Old)\(jatﬁ are forgotten.

' The least-sqﬁare estimation, when using the loss function of eq.(4.2.2.16), is given

by’ ° - - '
) . , 4 : L\"
_ " Pk +1) = B(k) + r(K + )P pwu+¢nyk4y—¢Tu+no@mmfzn@
Nk+U—W@%4M+U()(k*U wJﬂN@] ©(4.2.2.175)
. r(k +1) = p+¢Tw+wﬁwu¢wn~{, LT (4.2.2010)

\vf‘\ ‘using eqs.(4.2.2.17a—c) reetirsively, the unknown vectors v(k) can be estimated at cach
‘sampling period. .
- - R A .

o
3

42.3 Se]ectiorg of the Initial Value of Matrix P

o

I
3

¢ 7 il - /-\ . ) & :
When we start the parameter estimation using recursive least;square scheme, the

initial value of matrix P should be chosen first. ) : 4 .

o

Substitute eq.(4'2 2.17¢) into eq.(4.2.2.17b), .we get:

LS

-
M L. Pk 1) = [P(k) + T(k = )g(k +1)]"1 S (4:230)
. , ) -
3 ) - ) !
N Starting from P(0) and iterating k times using ¢q.(4.2.3:3);-P (k) can be written as:
: | 1 . S |
- P(k) = [P(0)™! + o7 (k)o(k):s ' (4.2.32)
‘ Notice that, eq4{4.2.3.2) has fo agree w\h eq.(4.2.2.8). }le simple v\(:ay is to force
2 P(0)~ ! to zero. This can be done by letting P — al and a -» 0o. namely,
. l - o
‘ l : _1 ) 1 _ R ) .
~lim P(O)”™" = Iim = -1=20 (4.2.3.3)
(4 Sande o] . a 00 o
) ;where 1 is the n Xn identity maltrix. . . .
q ) o

- : P
These three equations are used to estimate the parameters at the k-th step. B_y_’

1]
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v

‘ . -/4:3  Controller Estimation

%

The method presented hereis aimed at estimating the controller directly. In this

<

way. we ¢an make the control schgn?e much simpler and reduce the computatiddné‘in-

volved The discretized equations of the system are derived K,ﬁrst,'thén the details about

L)

the controller estimation will be described. ) ] ,

<
0

A\

4.3.1 Discretization of the System -

- .

s
e

In order to provide an apropriate form for applying the model assignment con-

. . trol scheme derived in Chapter 2, the linearized equation of the system, eq.(2.4.1], is
expressed in the state space. Leto 4 .
R x1(t) =466 T (4.3.1.1a)
: x,(1) %66 . . . (4.3.1.1b)
. : . J
. u(t) =ar (4.3.1.1¢)

2

where x;(t).x;(t) and u(t) are all n-dimensional vec{ors, the first two denoting the states

-
-

‘ and the third one the control variable. ¥

‘-

Then, eq.(24.1) can be written in- the state spé"ce as.

<

5551 (’) = X2(1) ..

an

(4.3.1.24)

- - %p(t) = ()" u(e) - C(1)x2(t) - D(t)x; (2)] _ T(4.3.1.2b)

s, ) < .;“i . . o :

Let ' . ) Sl

Lo 0 : 1
Vit) = | - - - - — e (4.3.1.3)
~1(t)"'D(t) -1(t)~1c(2) .
and - .. .
wf = 0 Xy \ - °
Sy =| ---- 1, x=| --- (4.3.1.4)
b - * ’ ) yl(t) Xa - 8
( where 0'is a n X n zero matrix. . R )
l - ’ . . ° X . .- . § e‘ N

Y

[
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Egs.(4.3.1.2a) and (4.3.1.2b) can be rewritien " as:
° ' -
x(t) = V(t)x(t) + U(t)ut) (4.3.1.5)
" g

For ledst-square parameterc est.imation, the appropriate,(_iiscrotc lincar equations
éhou]é be derived on t};e base of eq.(4.3.1.5). -

It-is assumed that the discrete events «of interest can be indexed by a sequence of
real numbers t,t2,... ,tkz. .., which are thought of as dib:crete;tgmo points.

The relationship between the system variables at the sampling steps is_derived. The
state at the next éam}h’)gp time, ¢y can be obtained by the given state at the smnplin‘gx

time t;. Since robotic systems are slow time-varying, when teiq is close to t, matrices

° V and U and system input u can lﬁ. assurmned to be constant.

;v Q

"« ., «Therefore, the state at the next sampling step .t is given by:

e+l
x(tga) = eVl ey )y, ) / eV asu(r () (43.16)
, c .
Let
: S
. Mty 1, te) = & ek —t) : (43.1.7)
[ tk+17 %k
N(ekﬂ,zk):%,+ eV gty (4.3.1.8)

>

. The system equation of the sampling system is then written as:

X(tey1) = M(te. g e )x(t) + N(tgy o 15)u(ty) _ (4.3.1.9)

o

’ : -
For periodic sampling with period ts, the model of eq.(4.3.1.9) is simplified to the

following system: PR

x(kte +1ts) = M(kts +to)x(kts) + N(kt. i to)u(kty) (4.3.1.10)

-

}\ow, the problem left is how to compute matrices M and N. One way to simphfy

the computation is to calculate

, : ts th v2t3 vttH» 1
B = Vods = 1ty 4+ —S 4 =24 4-- % 4. 43.1.11
/(; O T (14 1) (4:3.1.11)

° [
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( Therefore, matrices M and N are givemr as_ y . " “ C . "
1 , “. N N L .
~ . ‘o . e .- ‘r_ N
M=1+VB -~ %, | t {4.3.1.120)
: { L oo
- - : . N=BU L . (4.3.1.12b)
' . Lo T « g
. . w..J\ . ¥
where 1 is an n x n identity matrix. -

When t; is chosen to be very;small, the higher-order term in eq. (4.3.1.11) can be
SN .

- ,
(Y

eliminated to obtain: ) L A . . -
\. . ‘ < % ) o \ ) e '
| M =14+ VL, | (4.3.1.13a),
' R A ‘ 3. -
N =1,U \ ° - (4.3.1.13h)

~

The discrete-time system .at hand _is obt,ai'f)ed by st:bstituting eqs.(4.3.1.13a) and

(4.3.1.13b) into eq.(4.3.1.9) ; .
Lo A,
‘ - » . . ° * o

x(kts + ts) = (1/,{ V(fc;t)s‘)lt‘s)x(k) +~;1t3 U{kts)u(kes) (4.3.1.14)
‘ M ey 5 - “ * -

* -
* i

~
This equation can be éxpr_esséd‘ in a simple.way as follows:

« 7

; . wx(k + 1) a4 ‘V(k))‘x(‘k‘) + 1 U(K)u(k) (4.3.1.15)

Py

Thus, the discrete-time system of the robot linearized model expressed in egs.(4.3 1.2a)’

\ and (4.3 12b) is finally derived as S
o
Xy(k + 1) = xq(k) 4 texp (k) w b, v (.3.1.16a)

.

xa(k4 1) - I Y (k)u(k) ~ Clk)xz(k) = D(k)x; (k)] + x2(k) (4.3.1.168)

~

A new approach of \ad'aptwo control scheme called controller estimation, based

on-model assignment, 1s derived. Instead of estimating the parameters in the above

discrete-time system, name’l);, matrices I,C and D, the parameters in the feedback gains -

( aré estimated. Details are described inthe next sub-section. .

<
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Co Vo .
structure of such a system i shown in Figure 4 1.
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4.3.2 Controller Estimation ) ]

In Chapter 2, a model-assignment control scheme has been derived. The position
and velocity feedback are used to render the system a prescrnibed second order station-
ary system. In this sub-section, a control estimation scheme s designed to petfonm

the parameter estimation for the feedback gains obtamed in model assignment  The

'

. ! he
) od‘éd‘éd Td T oﬂ'oaya-a
, Model —-(+ ) Robot -
- + _J
* Estimation ‘
< b1 Scheme « 17
»
‘ K
rd
[4
:/\_‘ . ]'
i
i
t Figure 4.1 Adaptine Control wath Controller E<timation ;

The following relationship already introduced i eqs (24 5) and (24 6) 1 recalled

’

4

K, ¢) 10l D@ - (4.3 2.1a)
&
: K, () 2ame’n,e i) (13.21h)

In the discrete-time system. the forgomg relationship can be expressed as

D(k) 1(k)5 K, (k) (4 3.2 2a)
C(k) - 21(k)®7 0% K,(k) (4 3.2.2b)
o~
%
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£

Substitution of eqs (4 32 2a) and (4 3.2 2b) into eq.(4.3.1.16b) and rearrangement

of the ansing equations yields

(k)xy(k + 1) = teu(k) - 1(k)02xq (k) - 21(k)®T 00, @xy (k)]

< A(k)xo (k) + t[Kp (k)xp (k) + Kq(k)xz (k)] (4.3.2.3)

where t; is the sampling period. In eq (4.3 2 3), the unknown matrices are K, K; and I.
K, and K, are the feedback gain matrices which will be estimated by using least-square

identification scheme I 1s the inertia matrix of the system which we want to avoid to

estimate. This problemn can be solved as follows

Let the theoretical linearized model of the robot manmipulator be represented as-
» I"(t)66 + C” (1)60 4 D*(1)66 ~ u(t) (4.3 2.4)

" where I*(t),C*(¢) and D*(t) are the theoretical parameter matrices of the robot manip-

' ulator model.

Then, I*(k), which denotes the theoretical inertia matrix of the robot manipulator
al the k-th step, is used mstead of the actual I(k) in eq (4 3 2 3) and an arbitrary error

vector p(k) 15 added to the night-hand side of eq.(4 3.2.3) to obtain

I (k)xy(k 1) - tofulk) T (K)0Ex(K) - 21" (k)@ T 0, ¥xy (k) + I (k)xy (k)

oKy (k)1 (K) + Kglk)xz ()] + (k) (43.2.5

Let N
y(k+1) =T'(k)xp(k + 1) . (4.3.2.6a)
b(k) = ts[lrk) - ]‘(k)ﬂixl(k) -~ 21*(k)\IfTﬂn\I'x2(k)] + I"(k)x2 (k][4.3.2.6b)

Eq.(4 3.2.5) can be written as:

y(k + 1) = Kp(k)x) (k)ts + K (k)x2(k)ts + b(k) + u(k) (4.3.2.7)
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. Let o -

x1(k)ts = [81(k) "(f)n(k)ET - (4.3 2 8)

Xa(k)te = [én- 1 (k) op (k)T S (132.9)

e(k)a - b(k) + pu(k) “ (132 10)

o

where e\(k) is a n-dimensional unknown vector and a 15 an estimation weighting factor
which can be adjusted during the recursive dentification procedure

Finally, eq (4.3 2 5) can be written in the following form

y(k o 1) K(k)o(k) (132.11)

where i
” yi{k+ 1) d)]Fk) 13
yk+1)=| wkt) |, ok)- | % (k) (13212)
- . d”ln(k)
. yn(lx 4 ]) g o ) \
and
\ ky(k)u oo kplk)in kq(k)n kok)in  ey(K)
K(K) = | KRy b (K)o kalk) kb)) (a2
k}f(k)‘nl . kl'(k)”” ku’(k)]n k‘{(k)nn "n(l‘-')

Now we define the -th row of the unknown parameters m matrix K(k) as the

following (2n + 1)-dimensional vector z,(k), where 2 1,20 n

a

Zl(lf) - ]k}'(l“)z]- 'k] (/‘.)m'kd(k)ll' : ’kd(k)zn'c’?(k) 1 (4,"';.'2'14)
Hence, eq.(4.3.2 10) can be written as

y(k+ 1) = @7 (k)z, (k); 1= 1,2,...n - (4.3.2.15)

K4 N
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-
In the framework of the above formulation, the model output_is linear. in the un-
known parameters to be identified. Hence, based on ey (4 3 2 15), the recursive lgast-

square estimation scheme, which has been derived-in the last section can be introduced

as: !
<

3,(k +1) = 3,(k) + rlk+ DP(k)S(k 2 Dya (k +1) = " (k + i (k)]

Pk 1 1) - P(k) - r(k+ 1)P(K)g(k + 1)¢7 (k + 1)P (k) (4.3.2.17)

sk 1 1) - [t T (k4 1)P(k)(k + 1)}

Eq.(4 3.2 17) 15 used to estimate the parameters in the fecdback gain matrix at the
k-th step d)T(k 1)z, (k) 15 the predicted value of y, (k4 1) based on the estimated value
z,(k). The corrections are performed by r(k - 1)P(k)#(k+4 1)y, (k4 1) — o7 (k+ 1)z, (k)]

where r(k + 1)P(k)d(kt lwwcightmg factor which indicates how the corrections and

N
the previous estimates are weightell to obtam the new estimated 7,(k + 1), 1e , 2,(k 4 1)

is a combmation of the estimate yalue at the k-th step, z,(k), and the corrections.
The “forgetting factor” is usually chosen to be 0.91 < p <0.99 By using eq (4.3.2.17)

recursively, the unhnown vectors z, (k)can be estimated at each sampling period, thereby

estimating the feedback gain matrix. &
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Dynamic Modelling and Adaptive

bhapter 5
Control Simulations

gk

A

+

5.1 Introduction

»

In order to test the dy namic modelling algorithm and the adaptive control dlgo-
rithm, simulations of the two algorithms were performed A two-hink nmmp“ulalor wWds
used in the simulation The reason for using this manipulator is that we can get the
closed form dynamic model of it This closed-form model can be used to check the
dynamic modelling pachage derned by using numerical method ‘The sunulations were
also performed on the Cincinnaty Milacron and PUMA 600 Robot  An IMSL subroutine

that implements the fifth- 'sixth-order Runge-Kutta method was used in the simulation

a

Satisfagtory results of the sunulation were odtained

5.2 Simulations of Dynamical Package

4
24

' JThe dynamic modelling package was implemented on a VA X-780 computer(McRCIMY}.
Two examples wére performed, one on a two-hnk manipulator and another one on the

Cincinnati Milacron Robot.

¢
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5.2.1 Simulation.on the Two-link Manipulator

a . .
In this example, a two-hnk manmipulator 1s used to perform the simulation. The
architecture of the robot s shown i Figure 5.1, the mput parameters are listed 1n
Table 5.1 Both hinks are assumed to be the slender, umform and rigid bars  The

rnasses and lengths of link 1 and link 2 are 1y, m) and {1l respectively The closed-

forrn dynamical equations of, this mampulator 1~ derived as

<m0“ moﬂ) <g;> ) (:;) - <::;> | (5.2.1.1)

where
‘ 1 2 o 2 .
. my 3771111 4+ m(ly + {ilyconl) + 313 cos*“ 4,) (5.2.1.1a)
1 : .

. moy - 317’12[2)' ! - . (5 2.1 lb)

I . 2 .
h) - 7712[2Si110](11 + 5’,12 COs 02)0193 t b191 (5.2 1.1(‘)
1 1 l
' hy - m~;(21112 f ?1:: cos® 03)05 sinf) + ‘)gmzlg cos 0 + b0, (5.2.11d)
The joint trajectories are given as
v 40 .
B, = 15+ 20% - b—t‘ (deg)

20 .
i (deg) ™~ (5.212)

2
o 03 - 30t -

]
@

and the total simulation time is 3(s) Simulations are performed for. both closed form
dynamical model and the dynamic modelling pachage using the same trajectories as
shown ineq (52 2)

We can find that the results obtained from numerical modelling package and closed-
form model are almost the same. namely, the errors between them are very very smalk
The maximum error between torques from the two packages 1s only 0.0001(Nm). The

outputs are shown mn Table 52 and 5.3.
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5.2.2 Simulation on the Cincinnati Milacron Robot

In this example, the dynamic modelling package is tested on the Cincinnati Milacron
&

%obot The end effector of the robot moves along a straight line in the Cartesian space

v described by following equations

r = 133125m, r - 00ms ! F00ms °
y - Bm, y = Sms !, y  Oms * ¥5.2.2.1)
» ” z= 1.79875m, » - 00ms ', z 00ms % :

~

where (3 is a prescribed function of time defined with cubic splines so as to meet the

following end conditions

3(0') o, H(T) tm T
, 3(0) = (1) - 0 o
o) = B(r)=o ‘ / (5222)
T = 1s ,/
- //’

where T is the total simulation time. Details about the splines used to create the

o o

trajectories were derived by Angeles (1986)

L 3
The architecture of the manipulator 1s shown m Figure 5/2. and the Hartengerg-

I

{
Denavit parameters and the mertia parameters of the robot (u/* shown 1 Table 54 and

5.5. respectively. The trajectories of the siv jommt obtained frdm mnverse kineratics are

shown in Figure 53 -5 % The outputs torques are shown ni Figure 59 5 11 These

. / .
results are the same as those from Ma Ou’s dynamic modelling package (1987) by using

/

the same trajectories for the same robot ]

. Table 541 Input Parameters of the Two—linkf Manipulator

mikg)  mo(kg)  h(m) bm)
10.00 , 10.00 1.00 100 <J |
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|

Table SN.\ZJ Output of Numerical Solution

T ”‘zfs)" J e e 6:9°) S R 0 NPy
00 ) 1.8617 o 55407
2 0.3 | 14 8434 . 51.8081 £
‘ 0.6 ’ 10 1574 504711 ~
09 ' 50767 47.8179
1.2 jo-02436 ‘ 42.8631
15 ! -4.6461 35.2343 ‘
18 . \ 72514 % 25.4771
2.1 ‘i 81306 15.0168
24 | 81368 5.6608
2.7 -8.2923 -0.9521
os0 b g1 © -3.3957

Table 5.3 Output of Closed Form Solution

oty n(Nm) 7o(Nm)

0.0 1.8617 - 52.5407
, 0.3 ' 14 8454 51.8081
06 © .| 101875 50.4710
0.9 I 50767 47.8178
) 12 . / 0.2436 - 42.8632
1.5 ' | -4.6460 35.2343

1.8 72514 25.4772
2.1 4 81305 . 15.0168

2.4 ; l" . -8.1369 56608
2.7 //I -8.2923 -0.9522
30 - . -0.1319 . 33957
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l - : Table 5.4 Hartonborg, Denavit Paramotore of the Cincinnati Milacron Robot
\\ #int number ' —*(i(;]j “"bq( ) o (dAc'grov 5) injtial @, {degrees)

1 000 130  90.00 0.00

T ) 102 0.00 0.00 90 00
3 ‘ 1.02 0.00 0.00 -135.00
4 = 020 0.00 9000  , 4500
5 0.00 000 90.0 © 90.00

6 000 04l 90.00 90.00

L

Table 5.5 Inertia Parameters of the (,mcmnatl Milacron Robot

item  joint 1 joint 2 Jomt 3 joint 4 joint 5"
m,(kg) 6800 360.0 1800 550 360
‘ to(m) 00 - ~087 -0.64 1().12—? 00
Yo (M) -0.33 £ 0.0 004 ?.04 -0.05
s (m)l 00 -0.13 0.0 00 -0.08
A  Linlkgm®) 00 110 1.10 0.44 0.47
I (kgm?) 0.0 00 0.0 0.0 00
;.. (kgm?) 00 0.0 0.0 0.0 00
1, (kgm?) 62.0 53.0 440 091 0.38
. I,z (kgm?) 0.0 00 00 ‘00 00
I,,,(kgm?) 0.0 44.0 440 082 - 018
T e o the -th ik ‘ .

TooYepnlep e ..jcoordinates of the mass center of the o-th hink

' ]I115 Ily‘l’IIZl
yyrr Lyze

) oy,

}

by T SR O S /entnes of the mertia matrix of the 1-th link

¢ 3

./‘

joint 6

68.0
0.0
0.0
0.0
0.44
0.0
00
0-64
00

0,73




©

<,

-
. -

" N

X3

1Y

Figure 5.2 The Architecture of the Cicinnati Milacron Robot,
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5.3 Simulations of Adaptive Control Package

Gl

Two examples were performed for the simulation of adaptive control package. This

Yy

package was also implemented on a VAX-TR0(McRCIM)
\

5.3.1 Simulation on the Two-link Manipulator

The simulation of the control algorithm on a two-link robot manipulator is per-

formed. The architecture of this manipulator 15 shown n g 5.1

model of this manipulator is expressed m eq (521 1)

earized perturbation equation 1s obtained as follows

myp 0 N[ 60 ) fen e (00 [0 dp
0 m;) 60, 12 € 60, 0 dp

where
* 1
e = —-m‘g“{lb-z(l, ~ ,;133 cos ;)0 sm0,,
1 .
cyp = —myly(ly - 4208 042)0,4) 5in 04

2 .
c21 = mply(ly + 51r €05 04))04y 5in by

- cpp =0

I3

¥

, Lo 20 wp
dyp = —mala{|licosy, 4 :,;12(“)8 040 s1n%04,)]04,04

9 .
+ sin 6({2(11 4 512 cOoSs 0(12)0(“}

The dynamical

Based on this model the hn-

b0,
b0,

¢

[)T] .o
bT:) (\'\{I.')

(53.1 1a)
(5.3.1 lb)J
(53.1 1c)

(5.3.1.1d)

(531 1¢)

1 1 , S
dos = mglg{{éllcos 040 1 glz(coszm_) slnzﬂdz)JO(Z“ AL Op) (h311])

B

In the simulation, the manipulator moves along a desired trajectory from an wmitial

configuration described by the jomt coordinates 0. (15
described by the jont coordinates 0y

the form
0,(t) = a9 + a,yt 4 a,212 '} a,;,t’g

[ d

1,2

©,07), to a final conhiguration

(75,90 ) m 4 seconds A cubic polynoral of

(53.1.2)

°

8.




4

5% Siulatsons of Adaptive Control Package 02

Qp is used for trajectory planning (Craig 1986). In order to test the adaptibility of the con-
trol scheme a 10% error is added to the model of the robot manipulator The simulation
results are shown in Figure 515 -5 18 The position errors, are found to be very small.

The maxirmum position error of 0 1s below 0 00032 rad and that of 8, is below 000016

rad kven when there 15 a 10% error in the model, the position errors of the two joints

8

are very small.

5.3.2 Simulaiion on PUMA 600 Robot

The adaptive control package was also tested on PUMA 600 Robot. The architecture
of the robot are shown i Kigure 5 19, while the Hartenberg-Denavit parameters and the
dynamical parameters of the robot are shown in Table 56 and Table 5.7 | respectively.
The jomnt trajectories for the six joints are of the following form

1 2
0,7t - . 5m(7[7§4‘)’“, !

L/

0 . .,6 (5.3.2.1)

4 1

i
Ja—

where T, which is the time period of the whole trajectory, equals to 1(9) and 6,7 is the

.~

final value of each joint variable given by the following equation. -
T
b = 3. 1 =1,2,4,5,6
o LT
’ = -, 1=3 5.3.2.2
. (5.5:22)

In the simulation, the “forgeting factor” p and the estimation weighting factor a were
chosen {o be 095 and 00001, respectively 'I.‘he simulation sampling period t;was chosen
to be 0.01(s). The adaptibilfty of the control algonthm was tested by mtrodu’éiné 5%
and 10% of parameter errors in the model This was done by varying the parameters
in the direct dynamic part, namely, the Robot box (sea Figure 41), by 5% and 10%,
respectively  The position and velocity errors were found to be convergent and of very
small magnitude, in b;)th cases In the first caée, the maximum positxon‘and velocity

g )
( errors are below 0.001(rad ) and 0.002(rad./s), respectively. In the second case, the

< o

°

Al
4
Ki
4
3
&
o/
é
€
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5% Sunulation~ of Adaptive Contiol Package ' . 63

4

maximum position and velocity errors are below 00012(rad.} and 00035(rad /s), rea-

spectively The position errors e, and velocity errors e, are shown i Figure 520 5 43
Table 5.6 Hartenberg-Denavit Parameters of PUMA 60() Robot ' )

joint number fal(m)éiﬂz(mg " a,r(;ieig‘rieos) initial 6, (.d'cgroos)

1 000 000 - 000 0 00

2 0.00 -0 149 -90 00 000,

3 0432 000 0.00 000 e

4 002  -0.432 90.00 ° 000

5 0.00 000 . \90.0'0 0.00

6 t 0.00 -0.056  90.00 0 00

Table 5.7 Inertia Pa;'amefers -of PUMA 600 Robot

item joint 1 jﬂoimtt:{* _::j(;;;l:; vu:jé)viitfti: . j;)‘invt 5 Joint 6 ¢
m, (kg). 10521 15781 8767 1052 Los2 0851 :
T, (m) 0.0 0.14 00 00 00 h()'()
Yer () 0654 0.0 0197 00 0007 00
2,,(m) 0.0 0.0 0.0 £0.057 0,007 * - -0.019
I (kgm?) 1612 0.4898 33768 01810 00735 00071
Ip(kgm®) 00 0.0 00. .00 do 0.0
I, (kgm?) 00 0.0 0.0 - 0.0 0.0 00
Ipn(kgm?®) 05001  8.0783 03000 01810 00735 0.007 |
Iye(kgm®) 00 0.0 0.0’_ 0.0 00 00
I,,.(kgm?) 1612 8,287 33768 © 01273 01273 « 0014] .
m,....o.  ...masof the vth ik~ | |
Ty s YegsZog ove vovnns Lo coordinates of the mass center of the 1-th link s
PPN P P ‘
Iyyl,']yzz,lzzz ............. entries of the inertia matrix of the :-th link ,
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Figure 5.19 The Structure of PUMA 600 Robot
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Figure 5.30 Velocity Error n Jont 5(with 5% error the model)
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Conclusions and Recommendations for

Chapter 6 .
N ¥ Further Research

6.1 Dynamic Modelling Package

In order to gain some insight into the control problem, a dynamic modelling problem
was solved and the modelling package was implemented on the VAX-780 (McRCIM).
The,associated formulae were derived using Kane’s dynamical equations in the following

form:
3

t+7, =0 1=1, .,n (6.1:1)

v

where 7" and 7, are the generalized inertia force and thé generahized active force, re-

spectively, associated with the 1-th joint The latter is calculated as-

aT doT oW -
t 1,..,n (6.1 2)

-~

T, - T
a0, dige, 99, _
where T is the kinetic energy of the manipulator , W is its potential energy, 0, 1s the

z-th joint variable and n is the number of joints. Each term of eq (6 1.2) 1s computed

-

numerically. The dynamical model of the robotic mampulator s finally obtained as

v

7 = 1(6)0 ~ h(0,0) (6.1 3)

By giving the trajectory for each joint of the manipulator, the gonéralized inertia’

" matrix I(6), and the vector which describes the inertia, viscous and gravity terms,

h(ﬂ,()), can be calculated at any given time.

i
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The modelling package was implemented in Fortrébn-??. Two examples were per-
formed for the testing of the package. ( —

In the first example, a two-link manipulator with revolute joints was used. The
results from the numerical method, namely, the method based on the above algorithm,
and the closed-form dynamical model were compared with each other. The errors were
found to be very small. The maximum error 1s only 0.0001(Nm).

As to the second example, the test was performed on the Cincinnati Milacron Robot,
which has six revolute joints. The results are in full agreement with those obtained using

Ma Ou’s modelhng package(1987), which was developed independently.

6.2 Model-Assignment

A feedback control scheme, called model-assignment control, is derived for linearized

models of robot mampulators This method is based on the linearized model of the

manipulator as follows:

1(t)68 + C(t)66 + D(t)66 = 67(t) o (82.1)
Then, the position and velocity feedback controller is introduced as:
\ i 6r(t) = -Kp(t)60 — K,y(t)é0 - (6.2.2)

s The feedback gains are designed to render the system a prescribed second-order sta-

tionary system of the following form:

50 + 29T 0, w60 + NZ60 =0 , (2.4.2)

-

where W is the nondimensional n x n damping matrix and 1, is the n x n matrix of -

undamped natrual frequency of the system.

In this case, the time-varying terms in the linearized robot model are cancelled by

a corresponding time-varying control term.
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63 Controller Esumation for the Adaptive Control of Robotic: Mampulators &1
¢
The feedback gains are derived then as .
Kq(t) = 21(1) %7 0,% - C(1) (6.2.3)
K,(¢) = 1{)2 - b(t) (6.2.4)

Compared with other approaches, like pole-assigninent, this method has the advan-
tage of leading to a simpler algorithm and needs less computations  Morcover, this

scheme is not hmited to stationary systems, whereas pole-assignment 15 The results
4
of the numerical example show that the gains obtained with this procedure are of a

!

reasonable ;nagnitude

6.3 Controller Estimation for the Adaptive Control of Robotic
Manipulators - '

A new method of adaptive control of robot manipulators is derived: The suitable
J
controller is designed by model assignment. The estimation scheme is introduced to

identify the unknown gains 1n the controller. .

The controller estimation is based on the following discrete-time equation.
y(k +1) K(k)¢(k) (6.3.1)

In this equation, matrix K contains the feedback gams to be estunated and ¢ con-
tains the input and output states of the system. A recursive least-squares estimation
scheme was applied to eq (6 3 1). Since the robotic system is a time-varymg system, an
estimatton scheme which 15 suitable for the time-varying systems is derived as follows,

/

to perform the parameter estimation of the feedback gains

2l(k +1) = g,(k) -k DPR)S(k 4 Dy, (k +1) &7 (k + 1)E, (k)] (63 20a)

P(kH+ 1) = P(k) - r(k + DP(K)o(k + )T (k4 DP(K)  (63.20)

r(k+1) = [p+ o7 (k+1)P(k + 1)o(k +1)]7? (6.3.2¢)
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where ¢7 (k4 1)Z,(k+ 1) is the predicted value of y,(k+1), based on the estimated value
z,(k). | The corrections are performed by r(k+1)P(k+1)¢(k+1)|y, ()c+1)—¢T(k+ 1)z, (k)|
and ¢(k) contains the unknown parameters of the feedback gains, which are to be
estimated.

Compare with Lee’s parameter estimation method(1984), this method has the ad-
vantage of reducing the computations and simplifying the control algorithm.

By using the controller estimation scheme, the number of ihé unknown parameters,
which are estimated, 1s reduced to n? 4 n, while the number of the estimated parameters
in Lee’s method was 6n2  For a six-link manipulator, the number of unknown parameters
is reduced from 216 to 78. Because the controller is obtained from the estimation
Jdlroctly, it 1s not necessary to design the controller at each sampling perioc.l. Therefore,
the control algrithm 1s much simpler.

The simulations of a two-link robc;t manipulator and the PUMA 600 robot were
perforined on a VAX-780 computer Satisfactory results were obtained. The adaptibility
of the controller estimation scheme has been demonstrated by the convergent and small-
érror results 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 be applied not only for the model-assignment scheme but for other optimum control

algorithms.

(2)The estimation weighting factor a in the state vector ¢ expressed in eq.(4.3.2.12)

might be obtained by using an on-line identification scheme This can proobably done

by introducing some stochastic theorem.
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+- :F ‘ \ . : a . ’ )
The objective now is to prove the identity eq.(A.2). In other‘words, we wish toshow
that the right hand side of eq.(A1) can be reduced to an identity matrix. By direct
- {
) .+ manipulation, we get' N B -
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[ 4
Adaptive Control Package ' '
/
Cossssess0gass ADAPTIVE PACKAGE FOR 6-LINK MANIPULATORS***¢ksstssns
. c - (USING CONTROLLER ESTIMATION SCHEME) ‘\ °
@ hd ) c ’ : -

c IN THI'S PACKAGE, A NEW APPRAOCH OF ADAPTIVE CONTROL IS

a C IMPLEMENTED THE CONTROLLER OF THE ROBOT MANIPULATOR .

IS ESTIMATED BY USING LEAST-SQUARE SCHEME. THIS PAGKAGE
. ¢ “ IS IMPLEMENTED BY GUO LIN IN MAY 1987, v

c
’ C USER’S GUIDE; N
: c (1) CREAT A INDIVIDUAL DATA FILE WHICH CONTAINS H-D 3

b

. c PARAMETERS AND DYNAMIC PARAMETERS OF THE ROBOT
c ., + MANIPULATOR WHICH.IS TO BE TESTED. -
- S o (11) WRITE A SUBROUTINE NAMED 'TRAJ' TO CALCULATE
" C- THE CHOSEN TRAJECTORY IN THE FOLLOWING FORM.
SUBROUITNE JOTRAJ(T, THETAD, THDOTD, THDDOD)

C
(o e
C \ RETURN

c - END .

C WHERE THETAD, THDOTD,THDDOD ARE THE N-DIMENSIONAL

c VECTORS OF THE DESIRED POSITION,VELOCITY AND

C ACCELERATION OF THE ROBOT IN THE JOINT SPACE.

c (I11) INPUT THE SAMPLING PERIOD, SIMUUATION TIME AND

c v NUMBER OF THE LINKAGE (N=1, .,6) ON THE KEYBOARD
c '

c

C

C

C

c

(IV)THE DYNAMICAL SiMULATOR USDE IN THE SIMUL&TION OF~
THIS CONTROL PACKAGE 1S IMPLEMNETED BY OU MA
(FOR DETAILS SEE MA'MASTER THESIS 1987)

’

-

(AR R N RS R RS R E R E R RN R R R R R R R R R R AR E RS S R EE R R R R R RS R R RS ER L R B

’ ’ ' -~

\ ]
[z XaXe!

‘ L) R pEpp—— SAMPLING PERIOQD
T2~ m F~--TATOL SIMULATION TIME
e LINKAGE NUMBER

»
[4

~

OUTPUT:
---------- POSITION ERROR 'OF EACH JOINT

ED-~~-----~VELOCITY ERROR OF EACH JOINT

OOOO0COOOO00
B
m

IMPLICIT DOUBLE PRECISION (A-H,0-2)

—DOUBLE PRECISION IMO(3,3,6).M0(6)
DIMENSION THETA(6),THDOT(6) , THDDOT(6),THETAD(6) ,THDOTD(6),

> . THDDOD(6) ,DTAU(6) ,A0(6),BO(6),SAD(6),CA0(B),
’ . GO(3),RHO(3,6),1PO(6),E(6) ,ED(6),EDD(6)
B ’ COMMON /CON/DTAU,TT,TZ
OPEN(20,FILE="PSE DAT’ ,STATUS="UNKNOWN ') . v
OPEN(30,FILE='VLE.DAT’ ,STATUS="'UNKNOWN")

c -
C INPUT SIMULATION PARAMETERS ON THE KEYBOARD AND SET INITIAL VALUES

c

1

WRITE(*,?*) ‘INdQT SAMPLING PERIOD AND SIMULATION TIME®

-READ(® ,*) TT,¥Z i ‘
WRITE(*,*) 'PLEASE INPUT THE, NUMBER OF THE LINKAGE "

t - . READ(*,100) N -
WRITE(*,*) 'PLEASE INPUT ALPHA’ \ .
. . READ(*.*) AL . :
100 FORMAT(13)
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WRITE(*,*) 'SAMPLING PERIOD TT=' fr
WRITE(%,#¢) 'SIMULATION TIME Tz=',72 #

WRITE(*,110) 'NUMBER OF LINKAGE'.N - ’ v
110 FORMAT(A17,13) '
. 19=1 . ,
IN=0 . ) T - P :
T1=0 DOO, ‘ .
T2=0.D00, :
JIND=T— . -y ’ '
‘70L=0 0000001000' )
- DO 30 I=1,N . , _ .
' DTAU(I)=0.D00
30 CONTINUE
C “
C READ IN H- o PARAMETERS AND DVNAMICAL "PARAMETERS BN
c
CALL READAT('puma. 1nput-:XJ.N.xpo.Ao.aq.SAo.tAo.RHo,Go,Mo.JMoy
print *,’'Just before calling READAT: T1, T2 =’ t1,t2
C 7
C START SIMULATION - .
c . ' ‘ .
1S=1 “ .
IND=1 . . : L . \ .
T0L°=0, 000001000 - :
snn=0 i . .
200 |, Ti=zT2 L v .
123 T1247T
c print *, ’Just before calling JOTRAJ: T1, T2 =:,t1,t2
CALL JOTRAJ(T2,THETAD, THROTD, THDDOD) \
c. CALL TRAJ(T2,TT,TZ, THETAQ THDOTD , THODOD) |
c print *, “Just before call mg PSIMU: T1, T2 ="7t1,t2 M

CALL DSIMU(TI T2,N,THETA, THDOT THODOT, TOL IND,IS)
pring %, 'Just after callxng,DSlMU',n v L
¢ o0° g NI 6

e CALL CONT{AL ,NI,IN,THETA, THDOT, THDDOT THETAD,THDOTD, THDDODM

*E£ ED,EDD,MO, IMO, AO BO .SAO, CAO 1P0, RHO) -

. C ODTPUT RESULTS ) T ) ‘
C -

x write(*,*) 't=',t2 ')
! write{*,*) ‘position error’
WRITE(20,121) t2,E, t2 e -
write(30,121) t2,ed,t2 - .
121 format(fd4 2,1x,f10.7,1x,1x,f10 7, tx,f10 7,1x,F10.7,1x
‘flO.?.lx,flO.]ﬂIx,fd.Z) .
120 FORMAT(6f12 9) .
IF(T2.GE.TZ) THEN : M
GOTO 300 o
ELSE i
IN=IN+1 - .
GOTO 200 < '
- END IF .
3Q0 STOP -
LEND

N L} - .

SUBROUTINE JOTRAJ(T, THETA, THOOT, THDDOT)

C““C.‘.‘.““!.‘l‘“““O“‘t‘.“‘.““““.‘.‘00‘.0‘00‘0“‘.0‘.‘00.00.

C Compute the positions, velocities,,and accelerations in joint space
C with arbitrary given time t -
C““.“U“““.,“Ollt.t.“!“"‘.‘e."'U“.‘“0000‘0‘..‘0‘..‘0‘00"0'.‘
IMPLICIT DOUBLE PRECISION (A- H, O- Z) . .
. N
.. \ -
. —
Vi . o -
. .
. :

[N}
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« SUBROUTINE TORQUE(T TAU N)
c.‘t“t“ovotttatttttlt‘t‘t‘ttto‘ti‘tttttt‘tttt‘tat‘tt‘tittt‘t)tttttttt

THIS "SUBROUTINE 1S USED TO CALCULATE THE TORQUE FOR EACH JOINT

c
C .
C. INPUT N
o Tomomm = Z e GIVEN TIME -
c N-momm = mmmm e NUMBER OF THE JOINTS , ™~
C ouTePuT R
«C TAY--—=——===== N-DIMENSIONAL VECTOR CONTAXNS FORQUES(FORCES)FOR
c THE JOINTS
C . .
C..0.0“.l..‘..“'b‘...0“0.“‘.“‘0“.““‘t“t‘t‘tI.“‘t““..!.“"
. ) \ ) /e . "\.')
. s r ‘ 1
3 P ’ —_
t ' % ¢ ! ,

Appendix B ) . '
' " ' * . ! [y L] .
< ® v . “« . , o
c- . t o
C Arrays used'to hold jeint trajectory dat¥ N
. DIMENSION ATRAJ(6),THETA(G) , THPOT(6) , THDDOT (6) , .
c )
C Ma Ou’'s H-D notation ang \theta notatron . .,
¢, DATA THETAOY 0.D00, 0.000, 0.000, 0.000, -+ 0.000,- 0.000/
c DATA THT/ 60 D00, -3D.D0O0O, 60.000, 60.DO0O0, 60.000, .BO.DOO/
C . . ' & .
' ., . h - N ) .
C - \ . . - .
PI2=DASIN(! DOO) . ’ ) ..
. DD=PI2/90.D00, " - .. « RN
C . v v s
C , TT stands for)time period of “the whole motipor;'proceduré .
c . . s e & ', -y
. TT=1.DQ0 - ! ’
ATRAJ ( 1)=600 DOOSDDATT C ’ . .
ATRAJ(2)=60.D00%DD/IT &, . o Ky
 BTRAU=4#P12/TT ' \ oo
c . . .
C ) ’ e
C Compute the tensor of \(nertia . o e &
c . ) ! -
C \ . a ° . . Vo
C . » s ° > ¢
C " ~ - X i Sac
C _ In the following computatiog, T denotes the time t ’ ’
c L p , '
BT=BTRAJ*T . iy
SBT=DSIN(BT) , . -
D0 30 I=1, 2 P .
THETA(I) ATRAJ(I) *(T- SBT/BTRAJ) *
THDOT(IJ=ATRAJ(1)*(1.000-DCOS(BT)) , | B
30 , THDOOT(I)= ATRAJ(I)'BTRAJ‘SBT ’
00 40 1=3,-6 .
THETA(]) THETA(1) . P
THDOT(I)=THDOT(1) !
40 THDDOT(I)=THDDOT(_\) d
c WRLTE(*,303) NO,T,THETA,THDOT,THDDOT °
303 FORMAT(//ZX ‘Point No. =',13,5X,'Trme : t ="' F8.4/ &
. 2%, 'THETA (1, 2, . ., 6) =’ ,6F9.5/ , N
. 2X.‘THDOT (v, 2, ..., 6) = ,6F9.5/ -
LI TN 2X, ‘THDDOT (1, 2, .., 6) =',6F9:5/)
RETURN ‘ . e
END ¢ -
. L] - y
v -
' 4 ! . -
. . . o .
' >
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IMPLICIT DOUBLE PREGISIGN (A-H,0-2) .
DOUBLE PRECISIGN IM,M,ML NL
DIMENSION TAU(6) ,1P(6),A(6),B(6),SA(6), CA(6) ,RO(3,6).G(3).
* ".q{3,3,6),AM(3,6),M(6),IM(8) . ML(6),NL(6), DTAU(6),
' ‘s . THETAD(G) THDOTD(G) THDDOD(G) a\(G) v
P COMMON /HDDATA/IP,A,B,SA,CA,Q,AA NT 1 s
COMMON /INDATA/RO,G,M, IM, ML, NL “ .
U COMMON /CON/DTAU,TT.TZ - o
G Cawe TRAJ(T,TT, T2, THETAD, THDOTD., THDDOD) . "
CALL JOTRAJ(T,THETAD, THDOTD, THDDOD) 4
\ - — ]

»

INTRODUCE-ERRORE IN THE, PARAMETERS OF THE -SYSTEMS .
9 . ,’ o N hd -,
-do 200 1=1,6 -
! . 'ar(r)=a(1)*1.10d00 - . . .
200 | contifue . : N
- - CALL DYNAKI(N,IP,A1,B,SA,CA,RO,G,THETAD ,THDOTD, THQDOD, Q
5 . M, 1M TAU) .
N . ,DO 100 1=1,6 . - .
' TAU(I)=TAU(I)+DTAUEI) . —
100 CONTINUE . )
. : , RETURN: _ N
END . .

a0

.~ - N

= SUBROUTINE EONT (AL ,N,IN,THETA, THDOT, THDDOT, THETAD,THDOTD, THDDOD,
e * ~ E,ED,EDD,MO,IMO,A0,BO, SAQ,CAO, IPO,RHO)
Crmmmmmmmmmem e — - CONTROL ROUTINE USING LEAST-SQUARE MLTHOD---~--- ----

C----~ mm e mmm e TO ESTIMATE FEEDBACK GAINS=--r-m===mommm e o e
\_ v C"'U‘.t““’#’#t&tt‘*““t““““i‘t‘t““"'i‘t“".#“‘t‘t“.._““..l..t

-8
» -

INPUT
N, IN,THETA,THDOT , THDDOT , THETAD, THO0TD, THDDOD, TT,PS,BOM \
OuUTPUT - - . *
. E-=------- <--POSITION ERROR OF EACH JOINT
\ » ED----t—— -~ VELOCITY ERROR OF EACH JOEINT L
EDD-~~---~--~ ACEERATION EEROR OF EACTN JOQINT
DTAY----— —%-DELTA TORQUE ON EACH JOINT FORM THE FEEDB)\CK CONTROLLER

\ <
‘X‘tt‘#‘.“i“‘lt"t"“".“‘"llll".l‘!‘!‘l'tt“"l!!“.‘.‘.““““"‘.

. IMpugIT DOUBLE PRECISION(AAH,0-2)
: DIMENSION THETA(6),THDOT(6),THDDOT(6) , THETAD(6),
. THDOTD(G) THODOO(6) , -
'Ao(s).30(6).SAO(‘G),CAO(e),RHO(a,e),
E(s),Eo(el,eoo(s).Ps(e,e).
80M(6,6) M1PO(6),DTAU(6),61(6.86) .
~DOUBLE PRECISION IMO(3,3,6),MO(6),KK(6,13)
COMMON /CON/DTAU,TT,TZ .
CALL' IDEN(PS,6) ’ . -
. CALL IDEN(BOM,6) - - -
S=DSQRT(2.000) y, .
. CALL MULT3(S,PS,PS5,6,6) : ) - i
: ) CALL MULT3(S,BOM ,BOM,6,6) ,~
. CALL EVALUI(N,IPO,A0.BO, SAJ,CAQ, THETAD , RHO, IMO , MO, G1 ) .
CALL ERROR(N,IN, THETA, THDOT,THDDOT,THETAD, THDOTD, THODOD,
. E,.ED,EODD)
\ CALL LSE(GI,PS,BOME,ED,EDD,KK, IN,N,AL)
CALL FEEDB(KK E.EQ.N)
. - RETURN . .
END ) .

Oﬁﬂﬁﬁﬂﬂqﬂﬂﬂ

L4
* ® ¥ »

«
“as




JAppendn B . - o

. SUBROUTINE ERROR(N IN, THETA,THDOT, THDDOI THETAD THOOTD, THQQOD
. E,ED,EDD)~

C e ittt THE CALCULATION OF ERROR BETWEEN--w-=m==—=--

C o - DESIRED TRAJECTORY AND:ACTUAL TRAJECTORY-------

-
C“....“..‘.“*t.l,&“.“t‘.“".‘t‘.“t‘t.“t‘ttll"t““‘#‘l#““““!t‘tt‘

) -,

*~ ¥ C )
}, .. s C THIS SUBROUTINE PERFORM T,HE CALCULATION OF ERROR BETWEEN THE
¢ ‘C DESIRED TRAJECTORY AND ACTUAL TRAJECTORY. THE POSITION, VELOCITY

AND ACCELERATION ERROR ARE STORED IN ‘E/,‘ED'AND 'EDD’, RESPECTIVELY

A L

-

. INPUT : R B ! ° '
N mmmmmm o m NUMBER OF THE LINKAGES o : : ¥

IN-=~--==—- RECURSIVE FLAG
THETAD-—~~~ DESIRED PBSITION . .
THDOTD---~-~- DESIRED VELOCITY ) ‘ :
THDDOD---~-DESIRED ACCELERATION .

THETA---~ -~ ACTUAL POSITION !

THDOT--~~—~ ACTUAL VELOCITY » 5
THDDOT---—-ACTUAL ACCELERATIDN : .

*
OQﬁ

OUTPUT : . e
Emmmmmmm o~ POSITION ERROR * - i
------ y--VELOCITY ERROR ‘

EDD—-—«--—-ACCELERATION ERROR ‘ - &

nnqnnnnﬁnnhnnn
m
o

Ct“.“““#tttt*#tt“t&tt‘tt#*##‘ttttt##*t‘##*###tttt#‘*tti#t#*tt.#ttt#‘#t#
IMPLICIT DOUBLE PRECISION (A-H,0-2)

" DIMENSION THETA(N),THOOT(N),THDDOT(N), THETAD(N),THDOTD(N),

. THDDOD(N),E(N) ,ED(N) ,EDD(N) ,
-’ DO 110 I=1,N ’ -
E(TI)=THETA{I)-THETAD(I) . P
- P ED(I)=THDOT (I')-THDOTD(1) . ) - )

’ EDD(I)=THODOT(1)-THDDOD(1) . '

%110 CONTINUE ) . .
RETURN . _ -
END .

-

a.

N

C

C

c .

(o THIS SUBRDUTINE IS USED TO PERFORM LEAST SOUARE fSTIMATION
o c OF THE FEED BACK GAIN K

C

C

C

C

INPUT : - .
GI------~ INERTIA MATRIX OF DYNAMIC MODEL OF R M. . '
pPS—-=---- DAMPING. MATRIX OF THE SYSTEM -

c BOM=-=~=~~ NATRUAL FREQUENCY OF THE SYSTEM ) .

c E-Zmm-mnn POSITION ERROR . ‘

c EDY----- VELOCITY ERROR _ ' :

¢ EDD ™ ----ACCELERATION ERROR R

c TT-=rues- SAMPLING PERIOD \\

c IN=-—=-=~ “-RECURSIVE FLAG

C p N-——m=n== NUMBER OF THE L INKAGES '

C

C

c

¢

C

C

1)
-~ N
¢ . ¢

OUTPUT : e
KK=—~===-= ESTIMATED MATRIX
- (INCLUDING FEEDBACK GAIN AND ERROR VECTOR)

'...“l.“‘"A“UO““t‘!‘.“.“#“‘!‘tl-'_‘ttttil‘#‘0“"'..‘t’t‘.‘tl

-

4 -
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9

il

'S

30 |

40

50

56

ncoo,

gt

110

Y00

B (Y

. » “
IMPLICIT DOUBLE PRECISION (A-H,0-2)
DOUBLE PRECISION KK,KKP1 ,KKD!,KKP , KKD -
DIMENSION GI(6,6).PS(6,6),B0M(6,6) . E(6),
s ED(6) . EDD(6), 81(6) az(a) B3(6),
. P13,

. PF(13,13),PP1(13, 13)..PH T(1¥3,.13), KK(S
! KKP](G 6),KKD1(6, 6) KKP(G GL.KKD(G 6)
COMMON /CON/DTAU, IT, TZ .
' ‘ 3

A v
*

SET INTIAL VALUES  ° : ca

.IF(IN.EQ.O) THEN
Do 30 I1=1,N .
DO 30" J=1,N+N+1 .
KK(I,J)50.000
. CONTINUE .
CALL MULT(GI, BOM RKP1,6,6.6)
CALL MULT(KKP1"BOM KKP,G.G,G)
CALL MULT(BOM,GI ,KKD1,6,6,6) .
_CALL MULT(KKD1 ,PS,KKD,6,6,6) . -
DO 40 1=1,6 ¢
D0 40 J—l & .
CVKK(T ,J)= ka(x J) .
' KK (I,J+6)= KKD(I Jys2- DOO

2
13),PHE(13),PP(13),PFR(13, 13),DTAU(6),
PT(13,13),PE(13), Y(6),YY(6),YT(6)" VT1(6)

1

CON’INUE

.

ELSE

0

END IF

-

CALL MULTl(KKP E,B1,N,N) .
" CALL MULTI(KKD,ED, BZ,N,N)
CALL MULT](GI,ED,BS,N&N)-

IF(IN.EQ.O0) THEN

00 50 1=1,6 '

KK(TI, \3);—(81(I)+2 DOO*BZ(I))‘TT+83(I)

CONTINUE

ELSE . - o

-

P

END IF
DO 55 1=1,6
VTl(I)——(Bl(I)+2 DOO‘B2(I))‘TT+B3(I)
CONTINUE °
$=10.D25

.

4R0 60 I=1,

N+N+1

P(I,

CONTINUE .

1)=pP(I,

I1)*sS

AND THE ACTUAL

CALCULKi% ERROR BETWEEN DESIRED V!

DO 70 I=1,N

PHE(I)=E(L)*TT
e PHE(I+6)=ED{1)*TT

CONTINUE N

PHE (13)=AL .

DO 90 I=1,N ~ )
Y(1)=0. DOO

. 00 90 J=1,

[

.

«° V(I)—(EDD(J)‘TT+ED(J))‘GI(X J)ov(x)

CONTINUE - "
DO 100 L=1,N

YT(1)=0.D00

DO 110 J=1,N+N+1i

YT(1)= YT(I)*PHE(J)‘KK(I J)

: CONTiNUE

T vv{1)=v(l)- VT(I)
CONTINUE
RU.Q.SDT\

- i

[N

4

13)

Ivl

N
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Q CALCULATE SCALER ‘RU’ o
C
. CALL MULT2{(PHE,P,PP ,N+N+1,N+N+1) '
v=0.D00 !
° DO 120 I=1,N+N+1
vaV+PP(1) *PHE(I) . ; . s
120 CONTINUE § ) .
=1.000/(Vv+1.0D00) . . , N

OO0

CALCULATE MATRIX ‘P’

! DO 130 I=1,N+N+]
DO 130 J=1,N+N+1 ~
: PHET (T, JP= PHE(I)‘PHE(J)
130 _ CONTINUE
CALL MULT(P,PHET,PT , N+N+1 ,N+N+1 N+N+1) . \
CALL MULT(PT,P,PF,N+N+1 ,N+N+1, N+N+1) -
LL MULT3(R,PF,PFR,RXN+1, N+N+1)
DO 140 I=1,N+N+1 . :
DO 140 J=1,N+N+1
P(I, J)=(P(1,J)- PFR(I J)I/RU |
140 CONTINUE
CALL MULT3(R,P,PP1,13,13) -

CALCULATE MATRIX ‘KK’

[eXeXy]

CALL MULT)(PP),PHE,PE,N+N+).N+N+I)
DO 150 I=1,
DO 150 J'1 N+N+1
KK(1,0)= PE(J)‘VV(I)*KK(I J)
150 CONTINUE
600 format(6fi12.7)
RETURN o
_ END . ‘

N !
SYBROUTINE FEEDB(KK,E,ED,N)

------ CALCULATE MULTIPLY FORCES-~----
“‘t‘t..tt.“‘t“t"t‘t“‘t#‘ttttt‘t‘tt.tttt‘t#t‘ttt‘t“t##t‘t“‘

THIS SUBROUTINE IS USED TO CALCULATE THE MULTIPLY %ORCES
FROM THE FEEDBACK GAINS .

I 1)

c’
T
C
C
C
C
C
c INPUT: : ’

c KK==m === ESTIMATED MATRIX{INCLUDING FEEDBACK GAINS)
c | POSITION ERROR
c ED-=--~--- VELOCITY ERROR
(o EDD------- ACCELERATION ERROR
C
C
C
C
C
C

N__-_L__——NUM?ER OF THE LINKAGES
2
DATU-=~== MULTIPLY FORCES

OO.!‘.““."“““!.‘.‘Ql.“#“tt“‘#““.tt‘tt‘(*t.“‘tt“".“

IMPLICIT DOUBLE PRECISION (A-H,0-Z) .
- DOUBLE PRECISION KK,KP, KD -
DIMENSION KK(6,13), xp(s 6) ,KD(6,6) ,E(6),ED(6),
. DTAU(S6), DTTI(6). 0TT2(6) ,
COMMON /CON/DTAU.TT.TZ
D0 10 I=1,N .
DO 10 J=1,N .
RP(I,J)=KK(I,6J), -

v




et " Appendin B , .
. 1 N ) . . <N
. . ‘~
‘ “ KD(I,J)=KK(I',J+N) .,
10 - CONTINUE, . .
- CALL MULTY(KP,E, DTT1,N,N) ‘
. . .CALL MULTI(KD,ED' DTTZ,N,N) : o .
- DO 20 I=1,N . L
. DTAU(I)f*DTTl(I)—DTTZ(I) 4
- 20¢ -« CONT INUE . .
. . RETURN < a . . .
- d . . ' END . ¢ - .

¥ 2
- - N

SUBROUTENE MULT(A1,A2,A N1 ,N2,N3)

- C 4 -
; C THIS SUBROUTINE IS USED TO PERFORM THE MULTIPLICATION BETWEEN
. N C " TWO MATRICES N
o - "
- . IMPLICIT DOUBLE PRECISION (A=H,0-2) ¢
- . DIMENSION AT1(N1,N2) ,A2(N2,N3),A(NY N3)
. Do 10 I=1t N1
- DO 10 J=1,N - \ )
A(I,J)F0. 000 o S
< DO 20 K=1,N2 . (. .
L i ACI, J) A{1,J)+A1 (1, K)*A2(1,K) . -
: 20 . CONTINUE . . ‘
— & 10 CONT INUE
. o RETURN .
> . END R . M .
£ . \ . -
. . SUBROUTINE MULTI1(G,D,D1,N1,N2) «
LY c . Ml
c THIS SUBROUTINE TS USED TO PERFORM THE MULTIPLICATIQN BETWEEN
a c ONE MATRIX,AND ONE VELTOR o
Cﬁ- IMPLICIT DOUBLE PRECISION (A-H,0-2) \\
DIMENSION G(N1,N2),D(N2),D1(NT) .
DO 10 I=1,NY 1} y - ‘
- . D1(1)=0.000 . '
DO 10 J=1,N2 » .
- D1(1)= DI(I)*G(I J)‘D(J)
e L0 10 ¢ CONTINUE . - ‘
' N RETURN - .
» v END - . "

. SUBROUTINE MULTZ(D,QJDI,N1,N2) "
C .
tor c THIS SUBROUTINE IS USED TO PERFORM THE MUTIPLICATION BETWEEN
C =  ONE TRANSPOSED VECTOR AND ONE MATRIX
r c . e ,
IMPLICIT DOUBLE PRECISION (A-H,0-Z) .
’ _ DIMENSION D(N1),G(N1,N2),D1(N2) N .
: 00 10 1=1,N2 X . . o
. D1(1)=0.D00 J ¢ \
. ? DO 10 J=1,N1 ‘ -~ .
' -7 DI1(1)= D1(1)+D(J)*G(J 1) ‘
' . - 10 CONTINUE
RETURN L. .
- Eﬂo t M a

’
3 . »

2
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SUBROUTINE MULT3(S,A,B,N1,N2)

THIS SUBROUTINE IS USED TO PERFORM THE MULTIPLICATIONGBETWEEN

ONE SCALAR AND ONE MATRIX

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

DIMENSION A(N1,N2),B(N1,N2)
DO 10 I=1,N1
DO 10 J=1,N2
B(I,J)=S*A(I,J)
CONTINUE ‘
RETURN -
END

SUBROUTINE IDEN(IDE,N1)

. -
THIS SUBROUTINE IS .USED TO GET AN IDENTITY MATRIX
)

DOUBLE PRECISION IDE(NI1,NT)
DO 10 I=1,N1

DO 10 J=t,N1 . -

IF(I.EQ.J) THEN
. IDE(I,J)=1{D0O
ELSE
IDE(I1,J)=0.D00

END IF

CONTINUE

RETURN v

END

py

5
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3 . Appendix C : ‘

L_ ° R ' ﬁ )

’ P " 'Dynamic Modelling Package : \ .

CHesseseesstssssssDYNAMIC MODELLING PACKAGE®**#+4srsssvsesrssneostsrssvsrvee

s : . C ' .
< C THE PACKAGE IS IMPLEMENTED ON THE BASE OF KANE'S DVNAMICAL ,
™~ EQUATIONS. BY USING THIS PACKAGE ONE CAN GET THE DYNAMIC 4 °
c _ MODEL OF THE ROBOT WITH ANY NUMBER OF LINKAGES (UP TO 6).
c IT WAS TESTED ON A.VAX-780 (McRCIM) IN DEC. 1986.
C ° R < ’
C INPUT: u . -
- c - *
. c .- . i M= NUMBER OF THE EQUATIONS OF MOTION.
c h P - Ty N= NUMBER OF LINKAGES .
c .
Cc 1. P(r).I=1,18 ; PARAMETERS OF DENAVITRHARTENBERG :
- c . . I=1,6.......... g—(z) R
C 1=7,12..... .. 1) .
~ C ) o . I=13,18........ ALPHA (1)
Cc 2. PD(1),1=1,60 ; DYNAMICS PARAMETERS.- OF EACH LINKAGE:
‘ c S _1=1 MASS
c ' I1=2,4 CENTROID COORDINATES
- C " - 1=5, 10 MOMENT OF INERTIA, - "
\ c » - ' .
C QUTPUT: s B -
Cc TF(I) - ; TORQUES ACTING ON THE L INKAGES
g#ltttttttttttttttttttt“‘tttttt#ttttttttt‘t.tt.00000“0‘0“0‘\00‘0.000‘

REAL- THETA(6),DF(7,6),P(480),Vv(6),A(6),PD(60),TF(6),
XA(21F,YA(21),AX(21),8X(21),CX(21),PA(24) .
CHARACTER*64 FNAME
' DATA TOL ,MAX,N,M/0.000001,30,6,7/
WRITE(*, 1000) . .
N 1000 FORMAT(2X, 'NAME OF THE INPUT DATA FILE - *) ) -
. READ(*, 1010)FNAME .
1010  FORMAT(AS) .
OPEN(6,FILE=FNAME , STATUS=‘UNKNOWN ')

) . . OPEN(7,FILE=*FORCE.DAT’, STATUS= ' UNKNOWN ")
8 ot OPEN(B,FILE=‘LIN DAT’,STATUS='UNKNOWN’)
. C THE OUTPUT IS STORED IN THE FILE NAMED 'FORCE,DAT' -
READ(5,100)(P(L),I=1,18) - .

READ(5,100)(PD(1),1=1,60)
READ(5,201) MN
€203 FORMAT(F10.5,13)

~a
#

WRITE(6,102) . ‘
T=0.0 ¢
DTA=3./MN - Lo b va
' P1123,14159265359 B 3 ‘ - .
RAD=PI1/180. ) . .
- DO 10 I=1,N N
. . P(I+12) = RAD * P(1+12) v -
P(I+18) = SIN(P(I+12)) ‘ ’ - .
. . , P(1+12) = COS(P(I+12)) y -
10 CONTINUE - s
N DO 1011 I=1,MN
. CALL TRAJ(T,THETA,V, A)
CALL FUN(THETA,P,M,N)
, CALL DFOX(THETA,OF,P,M,N) .
CALL VELAC(M,N,DF,P,V)
_ @ K CALL FZA(PD,P,N,V.A.TF)
- WRITE(7,170) T,TF(1),TF(2) .ot
o T=DTA+T ‘ -

" 100 ° FORMAT(6F10.5) N

a




- e .
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/ ' ° . ; ; ‘ -

101 | FORMAT(SF1d 5,13) , L "»

102 FQRMAT(/5X, 'PARAMETERS OF MECHANISM AND INITIAL VALUES'//11X, ’

.- "A,9X, B’ ,TX, ‘ALFA‘ ,B6X, ‘THETA*Y /) . .
103 | FORMAT(2X,14,4F10.5) s
104 ' - FORMAT(/2X,'1.~ MASS'/2X,'2 =- 4., CENTROID OF LINKAGE,’
- * REFRRED TO SYSTEM I+1°/2X,’5.- IXX, 6.- IXY,"’ ..

- ¢ 7,- IXZ, 8 - IvY
105 FORMATE14 ,6F10.5) -7

= 1vZ, 00.- 122°/7) .?

c106 FORMAT (3X, ‘VALUES OF SICTION, VELOCITY AND ACEL’ IN JOINT SPACE )

107 . FORMAT(3E21.13)

108 FORMAT(//2X, TIME= ' ,F10.5) - ¢

200 FORMAT(2F10.5) ° R A . -

201 FORMAT(I4) .

300 FORMAT(6F12.7) . . -

101 CONTINUE - )
sTopP : | K ) -

‘ END —_— .

SUBROUTINE FUN(THETA,P,M,N)

REAL THETA(6),P(480), TCS(IZ)\
cctoaottnoont..oococ%ttuoatttotmnu:ottttttt-&ttotttt-tttt.toq.nuttcttt
c THE “ROTATION AND DISPLACEMENT EQUATIOS VANISH(=0). HEREBY, CALCULATE
C THE JOINT VARIABLES FOR ANY PARTICULAR CONFIGULRATION R
C OF THE ROBOT END EFFECTOR. °
LI N I T T T T T T P Y T )

]

C .
C LEFT-HAND SIDES OF DISPLACEMENT EQUATIONS ARE COMPUTED
¢ ; .
DO 2 1=1,N ks
. TCS(I) = COS(THETA(I)) . . -
. " TCS(I+N) = SIN(THETA(I)) ¢ -
2 CONTINUE - SR .
CALL PROD(TCS,P) ! ‘ . C *
T CALL VECX(TCS,P) ' . o
., RETURN )
END . & - - . ’
» - -
) ) * - o T o v “
SUBROUTINE PROD(TCS.P) Tl S

REAL P(480),7CS(12) .
c..‘.“‘tt‘."tt“tl‘ttUt‘t‘ttl‘0‘!‘!"#4““‘“tl#‘t“'tt‘lttttttttlt#!t -

C IN THIS SUBROUTINE FOLLOWING PRODUCTS ARE COMPUTED :
C Q! IN P(33-41) ‘

C Q1*Q2 IN P(42-50)

C  Q1*Q2%Q3 IN P(51-59) .
¢ )

c

c

c

-

Q1*Q2*Q3*Q4 IN P(60-68)
Q1*Q2+Q3*Q4*Q5 IN P(69-77) . -
Q1%Q2*Q3*Q4*Q5*Q6 IN P(78-86) .

[ Z 2 R EER N RS EARR AR R R REREERERER REE R E R RS SRR E R R R R R R R R RS R R R R RS SRR E RS R RN R

P(33) = TCS(1) . L
P(34) = -TCS(7) ’ ™\
P(35) = 0.0 ) - .
P(36).4~TCS(7) * P(13) - )
P(37) = TCS(VY) * P(13) . o
, P(38) = P(19) g ' )
- i




Appendin €
- 4 ‘ - «
P(39) = TCS(7))* P(19) [ . ' '
P§40) = -TCS(1) * P(19) - - .
P(41) =-P(13) .
IP = 32 \\ ) . .
DO 10 1=2,6 , ' . :
. IA = 1P . .
IP = IP + ] . B . —_ ’
As TCS(I+6) * P(I+12) : T e
B = TCS(1) * P(1+12) .
. C = TCS(I+6) * P(l1+18) . ° o
D = TCS(I) * P(14+18)
B . bo 1o J=1,3 . -
1P = 1P + J
(‘ P(IP+J) = P(IA+J)*TCS(I)+P(TA+J+3)*TCS5(I+6) . .
PLIP+J+3) = ~P(IA+J)%A+P(IA+J+3)*B+P(TA+J+6)*P(1+18)
) . P(IP+J+6) = P(IA+J)*C-P(IA+J+3)*D+P(IA+J+6)*P(T1+12)
T 10 CONTINUE -
RETURN . .
END : ,

»

SUBROUTINE ~VECX(TCS,P)
REAL.- TCS(12),P(480)

’

.

.C SUBROUTINE DFDX- CALCULATES JACOBIAN MATRIX . i

C.tt#‘.tttt.“tttttt“ttO‘ttt‘tttt‘tlt"ttt“ittt‘tto‘.‘0“*‘000"00“000
L:23 o

, LX = 87 - .

LP = 104 . .
DF(1,1) = -P(84) . .
OF(2.1) = -P(BS) :
DF(3,1) = 'P(78)+P(8B2) *
OF(a,1) = P(B1)-P(79) ’
DF(5,1) = -P(88) -
DF(6,1) = P(87) .
OF(7,!') = ,0.0 < ’ ..

.
C‘#.““““““t#“““““lt““*“##‘#““"‘“‘000.0.0‘0\““0.“‘..0

C- SUBROUTINE VECX. CALCULATES THE CARTESIAN COORDINATES OF THE
c END EFFECTOR WITH RESPECT TO THE BASE
c COORDINATE SYSTEM - .

C“t**’t#*tt##t!t****..t*##t.‘t"0#;"#'t"t.’t’tt‘.‘."t

P(102) = P(6) * TCS(6) .

° ' P(103) = P(B) * TCS(12)
. . p(104) = P(12) " :
DO 10 I=1,5 5
- K=6-1 .
N KK = B3+K+K+K
KKP3 = KK + 3 -
PX1 = P(K) + P(KKR3+1) -
PX2 = P(K+12)*P(KKP3+2) - P(K+18)*¥P(KKP3+3) ,
. P(KK+1) = TCS(K)*PX1 - TCS(K+6)%PX2 & :
P(KK+2) = TCS(K+6)*PX1 + TCS(K)*PX2 -
P(KK+3) = P(K+6)+ P(K+1B)¥P(KKP322)+ P(K+12)*P(KKP3+3)
10  CONTINUE
RETURN * ° - «
e END . ] .

“SUBROUTINE OFDX(THETA,DF ,P,M,N) \
. REAL THETA(N) ,OF (M,N),P(480) .

Ct“...““““ttt“t".‘#ﬂt...'t“““t#

[ A XY ENREERS NE N4

Y AR EE s A AR R R R RN R N L
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99

00 10 1=2,N -
L =L+9 . ~

- LX = LX*+3 . '
\\f = LP+3 )
Jr= LU+ 7 - - ., " '
DF(1,1) = P(J)*(P(B2)+P(86))~P({+1)*P(B1)-P(J+2)*P(84)
DF(2,1) =-P(J)*P(79)+P(J+1)*(P(TR)+P(B6))-P(u+2)*P(85)
OF(3,1) =~-P(J)*P(80)-P(J+1)*P(83)YP(J+2)*(P(78B)+P(8B2))

///,. TEMP = P(J)*(P(85)-P(83))+ P(JY1)*(P(BO)-P(84))
DF(4,1) & TEMp¥ P(J+2)‘(P(81) P(79)) ..
- . DO 4 K=1,3 )
-~ DF(K+4,1)s —-P(L+K)*P(LX+1)+ P(L+3+K)*P (LX)
P(LP+K)= DF(K+4 1) .
4 CONT]NUE ‘
10— _CONTINU - ¢ p
. P(105) = BFT5,1) N :
N P(106) = DF(6,1) -y ¢
* P(107) = DF(7,1) )
' ’ . RETURN : - "
’ END
L]
- e
- L3 ’ Py .
. . . »
) T ® b
. . , .
‘ . SUBROUTINE VELAC(M,N,DF,P,V) . Y "
o REAL OF(7,6),P(480),Vv(6),A(86) . h
COMMON DDT(6,6,3) ,
¢ o - C"l““‘ﬁt?{:“tt#tt“‘tt#tt.tt‘##tt“‘##t‘n‘t.*t'ttt#'tttt‘tttt.l“‘*t
. . c
’ “T—=C "IN THIS SUBROUTINE WE CALCULATE THE VELOCITY AND ACCELERATION -
. ‘ . C OF 7 LINKAGE KINEMATIC CHAIN
. i TTTTTTTTE T T V(L) - VECTOR OF,VELOCITY: ANGULAR (1-3) AND END EFFECTOR (6-7)
C A(I) - VECTOR OF ACCELERATION ANGULAR(1-3) AND END EFFECTOR(5-7)
C ’ .
: C  WE OBTAIN : -, B . '
c THE VELOTITY AND ACCELERATION IN V(I) AND A{I). e~
C . t -
c"‘0“.'#0.0.0‘.t‘ttttttt“tl‘#.t.##t‘t.t#‘ttt#ttttt*‘l“ttt‘ttt#tt"“‘
C CALCULATE THE 2ND DERIVATIVE OF ANGULAR ACCELERATION WITH RESPECT TO
C THETA oor
NM1=N . /
. P(|23)=-P(40)‘V(1) o .
. . P(124)= P(39)*V(1) ' ) - Y -
- P(125)= 0.0 . .
\W\\ VEC1= 0.0 RN - ,
. VEC2= 0.0 : ,
_VEC3= V(1) ¢ o
Ip= 153 : - .
Iw= 123 A : o ,
ID1= 30 .
- DO 2 I=2.NM’ . . . D -
- 10)=1D1+9 . . , &
IW=Tw+3 ’ .
IP=1p+3 ~

VEC1=VECI+P(ID1)*V(])
VEC2=VEC2+P(ID1+1)*Vv(I)

. VEC3IaVEC3+P(1D1+2)*V(1) . .
= P(IPY=VECI
P(1P+1)4VEC2 . . , .
. P(1P+2)2VEC3 . p N
ID2=1D1+9 .
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P(IW)=VEC2+P(1D2+2)-VEC3*P(1D2+1) i
P(IW+1)=VEC3*P(ID2)-VECI1*P(1D2+2)

- P(IW+2)=VEC
2 CONTINUE

1*P(ID2+1)-VEC2*P(1D2)

P(168)=P(75)*Vv(6)+P(1§5)
P(169)=P(76)*V(6)+P(166)
P(170)=P(77)*Vv(6)+P(187)

o . SUBROUTINE CROSS(X,v,Z)
REAL X(3),¥(3),2(3)

C".‘.“..‘..“.“.“‘.l.“..“"0'..-.‘..".'.‘0‘.......‘_.‘.“.‘.‘...
_—

c .
C CALCULATE THE 2ND DERIVATIVE OF DISPLACEMENT WITH RESPECT TO THETA
c 1 :
"pOT(1,1,1)=-P(106) !
DDT(1,1,2)= (105) .
DDT(1,1,3)= © -
‘ 0O 8 I=2,N
ID3=102+3%1
DDT(1,1,1)=~P(ID3+1) "
- DOT(1,1,2)= P(ID3) -
. oDT(1,1,3)= 0.0 \
DOT(1,1,1)=DDT(1,1,1) ~
DOT(I,1,2)=DDT(1,1,2)
DDT (I, 1.3)=DDT(I.I,3) .
1D4=24+9¢]
DO 7 J=I,N B
1D5=102+ 3 - .
. A ODT(1,4,1)= p(xo4+1)‘p(105+2) P(IDQ+2)'P(IDS+1)
ODT(1,J,2)=P(IDA4+2)%P(IDS)-P(1DA)*P(1D5+2) ‘ -
- DDT{I,J,3)=P(ID4)*P(ID5+1)-P(IDA+1)*P(1D5) . -
IF(I EQ J) GO TO 7 .
DOT(J,1,1)=DDT(I,J,1) -
DDT(J,I.2)=DDT(I.J.2)
, DDT(J,1,3)=DDT(I,J,3)
S CONT INUE & .
8 CONTINUE -
IX1=134 -~ Z - - *
- - - DO 10 I=1,N . .
IX1=1IX1+3 ‘
$1=0.0 . . *
$2=Q.0
- 53=8.0 " N
DO 9 J=1,N i
. S1=S1+DDT(J, I, 1)*Vv(J) ’ .
5 $2=52+DDT(J,1,2)*v(J) -
_ $3=S3+0DT(J,1,3)*v(J)
9 CONTINUE . . ”
CP{IX1+1)=81 "
P(IX1+2)=S2 .
\ P(IX1+3)=S3 R - -
.10 CONTINUE '
. "RETURN o .
END s
A e

-

3

C J
C THIS SUBROUTINE CALCULATE THE CROSS MULTIPLICATION OF TwO VECTORS
C . X AND-Y, THE RESULT IS STORED IN VECTOR Z.
C .
,' C“..‘.t“““““"“..““‘0““-“.““.C‘...‘..‘.."0..‘..““_‘.‘0 4

Z(1)=X(2)*V(3)-v(2)*X(3) o ,

Z(2)=X(3)*w(1)-y(3)*X(1)
Z(3)=x(1)*¥(2)-v(1)*X(2)

. ©

’

~ : )

.
N
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. SUBROUTINE OROT(PD,P,NM1)

REAL PD(60),P(480),VEC1(3),VEC2(3),VEC3(3)
I N N T R i I wr

C _ _
Cc THIS SUBROUTINE CALCULKTE THE DERIVATIVE OF R(1)

WITH RESPECT TO TIME AND STORE THEM,

c
C - ) " o
c DR(1) IN P(171-173) . ) :
C _DR(2) IN P(174-179) ,
C DR(3) IN P({180-188) -
C DR(4) IN P(189-200)
C DR(5) IN P(201-215)
c DR(6) IN P(105-122)
c M .
C  FIRST CALCULATE X(I+1)-RHO(1) REFERRED TO THE FIXED SYSTEM,
¢  SECONDLY CALCULATE THE DERIVATIVE OF R(I).
o o -
C““.l‘t‘lt“tttt.t“t.tt*“"#tt#t*‘tt‘t**tt#_‘.}*#lttt#lttttttt
1P=33 —
I1X=89
1PD=0 a :
1S=171 . ‘ o
A1=P(90)-PD(2) T N
B1=P(91)-PD(3) . 9
' C1=P(92)-PD(4) ‘ o
AA=P(33)*A1+P(36)*B1+P(39)4CH
BB=P(34)*A1+P(37)*B1P(40)*C]I . o o
CC=P(35)*A1+P(38)*B1+P(41)%CI .
P(171)=P(105)+8B8 ' -
P(172)=P{106)-AA_ |, .
P(173)=P(107) ) !
DO 10 I=2,NMI g
IP=IP+9 g <
IX=1X+3 - .
_ 1PD=IPD+10
15=15+3 ) .
A1=P(IX+1)-PDO(IPD+2). .
B1=P(1X+2)-PD(IPD+3) -
- C1=P(IX+3)-PDYIPD+4)_ . .

_ VEC2(1)=P(1P)*A1+P(IP+3)*B1+P(1P+6)*C)
VEC2(2)=P(IP+1)*A1+P(1P+4)*B1+P(IP+7)*C)
VEC2(3)=P(IP+2)*A1+P(1P+5)*B1+P(IP+B)*C1

& P(IS)=P(105)+VEC2(2) .
P{IS+1)=P(106)-VEC2(1) f -
P(1S+2)=pP(107)

10X=105
. 1Q=30 ) ,‘\0 .
D0 5 u=2,d ° -
1Q=1Q+9 ’ B
N IDX=1DX+3 _
I1S=15+3 - -
VEC1(1)=P(1Q) N
VEC1(2)=P(1Q+1) . ©t
! VEC1(3)=P(1Q+2) .

CALL CROSS(VEC!,VEC2,VEC3)
P(IS)=P(IDX)~VEC3(1)

P(IS+1)=P(IDX+1)~-VEC3(2) . P
P{IS+2)=P(IDX+2)-VEC3(3) .
5 . CONTINUE. .

10 , CONTINUE , K
»

10




-

.

SUBRDUTINE PIPTA(PD,P,B-N) -
REAL PD(60),P(480),B8(3,21)
C13=PD(5)*P(35)+PD(6)*P(38)+PD(7)*P(41) -
C23=PD(6)*P(35)+PD(B)*P(38)+PD(S)*P(41) :
3=PD(7)*P(35)+PD(9)*P(38)+PD(10)*P(41p
*B(1,1)=C13*P(33)+C3*P(36)+C33+P(39)
B8(2,1)=C13*%P(34)+C28*P£37)+C33+P(40)
B(3,1)=C13*P(35)«E23*P(38)+CI3*P(41) ) o
18=1 .
DO 2 I=2,N - . .
1po=sdio*(1-1) —
1P=24+9*1 . ‘- .
1B=1B+1 - C
C11=PD(IPD)*P(1P)+PD(IPD+1)*P(IP+3)+PD(1PD+2)4P(1P+6)
C21<PD(-1PD+1)*P (IP)+PD(IPD+3)*P(1P+3)+PD(IPD+4)*P(IP+b)
C31=PD(1PD+2)*P(IP)+PD(IPD+4)*P(IP+3)+PD(1PD+5)*P(1P+6)
C12=PD(IPD)*P(IP+1)+PD(IPD+1)*P(IP+4) +PD(IPD+2)*P(1P+7)
C22=PD(IPD+1)*P(IP+1)+PD(IPD+3)*P(IP+4)+PD(1PD+4)*P(IP+7)
. C32=PD(IPD+2)*P(1P+1)+PD(IPD+4)*P(1P+4)+PD(IPD+5)*P(IP+7)

4

. C13=PD(IPD)*P(IP+2)+PD(IPD+1)*P(IP+5)+PD(IPD+2)*P(1P+8)

C23=PD(IPD+1)*P(IP+2)+PD(IPD+3)*P(IP+5)+PD(IPD+4)*P(1P+B)
~ * €33=PD(IPD+2)*P(1P+2)+PD(IPD+4)*P(1P+5)+PD(IPD+5)*P(1P+8)
B11=C114P(1P)+C21*PGIP+3)+C31*P(1P+6)
B12=C12+R(IP)+C22*P(IP+3)+C32%P(1P+6) .
B13=C13*P(IP)+C23*P(1P+3)+C33+P(1P+6)
B22=C12%P(1P+1)+C22%P(IP+4)+C32+P(IP+7) -
B23=C13+P(IP+1)+C23+P (I1P+4)TE33+P(1P+7)
B33=C13*P(I1P+2)+C23¢P(IP+5)+C33+P(IR+B)

B(1,I8)=813 oo

= 8(2,18)=823

B(3,18)sB833 . 7
10=30 . ' :
Do 1 J=2,1 . .
1Q=1Q+9 -
18=1B+1 - .
, . B(1,IB)=B11%P(IQ)+B12*P(1Q+1)+B13*P(1Q+2)
. B(2,18)=B12%P(IQ)+B22*P(IQ+1)+B23*P(1Q+2)
B8(3,1B)=B13*P(IQ)+B23*P(1Q+1)+B33*P(1Q+2)
1 CONTINUE/ e
2 CONTINUE
. RETURN
END

e Ve
P .\}\
. SUBROUTINE DRTDT(P,V,NMT) ‘
REAL P(480),V(6).DR(5°5.3) T4
C.""‘"‘#"“."‘t.‘".‘.‘.“.“"“t‘ I TR EEEREENEE NSNS RN N N

c
C CALCULATE THE DERIVATIVE OF PARTIAL R(I) OVER (PARTIAL THETA
C WITH RESPECT TO TIME. . ; ’
c . ) .
Ctl““‘t.‘t“tt‘tt".““l‘.t‘:‘tt‘t“__o't“ttt‘3'.0‘00‘0O‘OQOOOOO
IS=171"
1PS=314 *
105=213 !

DO 10 I=x2,NM1 "

J—-

.
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(4
1S=15+3 rs >
DR(1,1,1)=-P(1S+1) - - )
o DR(1,1,2)=.P(1S) o “
OR(1,1,3)= 0.0
DO 4 y=2,1 | Y
- ) ®1$=1S+3 . .
DR(1,J,1)==-P(1S+1) - . ~
DR(1,J,2)= P(IS) “ \
' DR(1,J,3)= 0 0 . .
DR(J,1,1)= DR{1,J4,1)
DR(J,1.,2)= DR(1,4,2) - -
DR(J,1,3)= DR(1,J,3)
I1SA=1S . ’ -
’ I1P=21+9%J )
. ( D0 2 K=J,1
. - DR(J,K,1)= P(IP+1)*P(ISA+2)-P{IP+2)*P(15A+1)
. ‘ - DR(J,K,2)= P(IP+2)}*P(ISA)~-P(IP)*P(1SA+2) .
DR(J+K,3)= P(IP)*P(ISA+1)-P(IP+1)*P(ISA) TN
ISA=ISA+3 .

IF(K.EQ.J) GO TO 2
DR(K,J,1)= DR(J,K,1)
DR(K,J,2)= DR(J,K,2)
DR(K,J,3)= DR(J,K'3) .
2 CONTINUE . .
CONTINUE -
DO 8 J=1,1 :
° IDS=1DS+3 i -
~pP(IDS) = 0.0 '
. p(IDS+1)™ 0 ° . .
< P(IDS+2)=0 O - '
DO 6 K=1 . .
1PS=1P5+3 y,
- P(IPS+1)=0DR(K, K1) . R
P(IPS+2)=DR(K,J,2) )
P(IPS+3)=DR(K,J,3) &

oF

P(IDS)=P(IDS)+DR{K,J,1)*V(K)
, : P(IOB+1)=P(IDS+1)+DR(K,J, 2)*V(K)
~  P(IDS+2)=R(IDS+2)+DR(K,J,8)*V(K)
6 ——— EONTINUE - :
8 CONTINUE ) v
10 CONTINUE . .
RETURN ,
END . ) .

'l ° -

. b SUBROUTINE GINE(PD,P,B,GI,N)
REAL PD(60),P(480),8(3,21),G1(6,6),VECT(3),VEC2(3),VEC3(3)
IR e e R R R I R R AL R A AL
c -
C THE GENERALIZED INERTIAL MATRIX IS CALCULATD IN THIS SUBROUTINE
c .

c““““'“““.‘.‘l‘.‘lt."“““;‘('l‘l‘#t‘#‘t%““t""““““‘

bo 133 I=1,N

.

rd

° DO 134 J=1,N .
GI(I,J)=00 - N
134 CONTINUE .
133 . CONTINUE . ’
. 10=1 i~ ’
NM1=N-1 . . ’

IOR=171

°

.
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Paprerin—e o« = =
’ SP= P(l7l)‘P(l7l)+P(172)'P(172)+P(l73)‘P(473)

, GI(1,1)=SP*PO(1D)
DO 6 I=2,NM!? - '
IOR=IDR+3
- ID=ID¥1D /
VEC1(1)=P(IDR) ' /

VEC!1(2)=P(IDR+1)
VEC1(3)=P(1DR+2) '

’ SP= VECl(f)‘VECl(1)+VECI(2)‘VEC\(2)*VEC\(3)'VEQ\(3)
GI(1,1)=GI(1,1)+SP*PD(1D) /
) . DO 4 J=2,1 i [ v
. . - IDA=IDR t
IDR=IDR+3 /‘
VEC2(1)=P(IDR) /
VEC2(2)=P(IDR+1) . \ / .
! - . VEC2(3)=P(IDR+2)
) ° . Sp= vsc1(1)tvecz(|)+vec1(2)‘vEc2(2)+VEC|(3)~vec2(3)
GI(1,J)=GI1(1,J)+SP*PD(ID) /
DO 2 K=J,1
: . IDA=SIDA+3 - ~ ,
¢ : VEC3(1)=P(I1DAY ,
VEC3(2)=P(IDAt1) . - T
\ VEC3(3)=P(IDA+2) !
. sp= VEC2(l)‘VEca(1)+VEC2(2)‘VEC3(2)#VECZ(3)°VEC3(3)
s . GI(J.K)=41(4, K)+SP‘PD(ID)
. 2 " CONTINUE
4 CONTINUE .
6 CONTINUE .
IDR=105% ‘ '
" SP=P(105)*P(105)+P(106)*P(1§6) +P(IO7)‘P(IO7) .
7" GI(1,1)= I(I 1)+SP*PO(51)+B(3,
0O 10 I= . / . )
IDA-‘-IDR‘ ¢ /'
IDR=TDR+3 /
' ‘ VEC1(1)=P(IDR) - e, .
- VEC1(2)=P(IDR+1)
VEC1(3)=P(IDR+2) ’
\SP= P(1OS)‘VEC1(l)*P(\OG)*VECl(?)*P(107)‘VEC1(3)
GI(1,1)=GI(1,1}+5P*PD(51) |
DO 8 J=I,N i .
IDA=IDA+] . "
VEC2(1)=P(IDA) ;
VECR(2)=P(IDA+1) ;
. . VEC2(3)=P(IDA+2) /
. SP=VEC1 l)‘VECZ(1)+VEC1(2)‘VEC2(2)*VEC|(3)'VEC2(3)
GI(I,JEGI(1,4)+SPsPD(51) |
. 8 CONTINUE / .
. 10 CONTINUE .
- * 18=1
. . DO 16 I=2,N
I18=1B+1
_ GI(1,1)=GI(1,1)+B(3,18) . '
1Q0=30 T
= DO 14 u=2,1
, 18A=18 ~ .- o .
18=1B+1
. ¢ GI(1,J)=G1(1,4)+B(3,18B) .
) “ . 1Q=1Q+9 . ’
, DO 12 K=J,1 ‘
IBA=ZIBA+1 /
SP=B(1,IBA)*P(IQ)+B(2,! AJ%RLJQAJ4&BLQTLEA¢LP(10‘2)
GI(J,K)=GI(J,K)+SP
12 CONTINUE N o -
14 CONTINUE /
16 CONTINUE . )
DO 18 I=1,N *
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T DO 18 J=1,N .
18 GI(J,1)=GI(1,J) . .
RETURN . A
END )
- - " ~ M
. . . a
’ SUBROUTINE DGINE(PD,P,B,0GI ,DGIAP,DGIW,N)

REAL PD(SO),P(&BO).B(3,21).DGI(6.6).VECI(G),VECZ(S).VEC3(3).

~ DGIAP(6,6),DGIW(6,6)
iy PR T R R R A A AR AR A AL R A A AR L AR AR AR AR

C
C DERIVE THE GENERAL INERTIA MATRIX AND SIMPLICITY. i

C PERFORM THE PRODUCT MATRIX OF PARTIAL R(I) WITH RESPECT TO THETA
C AND STORE IN BGI(I,J). *
(o
Cl‘tttttt“ttt‘t‘ttttt‘“‘*ttt.#t#t#tt“tt‘t“ttt#‘t‘ttttt!ttttttl*’tl
DO 133 I=1,N . . -
D0 133 J=1,N ’
0GI(l,J)=0 O .
DGIAP(1,J4)=0.0 ' N
DGIW(I,J)=0.0
133 CONTINUE . . . -
I1D=1 ' o,
NM1=N~1 v -
IDR=171 _
10D=213 .
DO 10 I=2,NM}
P 10=1D+10 .
1DA=1IDD ¢ . ‘ -
DO 8 u=1,1 N . ‘
IDR=IDR+3 " . °
VIX=P(IDR) » . ’
V1Y=P(IDR+:1)
V1Z=P(IDR+2) ) .
I1D0A=100 & .
DO 6 K=1,1 ) . .
— IDA=IDA+3 :
v1iDX=P(IDA)
VIDY=P(IDA+1) . .
VIDZ=P(IDA+2) L
T §P=VIX*VIDX+VIV*VIDY+VIZRVIDZ »
DGI(J,K)=DGI(J,K)+SP*PD(ID) E§E

¥

6 CONTINUE . .
8 . CONTINUE ' ] «
IDD=IDA
10 CONTINUE
IDRz102 ) . i
10D0=135 - t
po 14 1=1,N ° - v
‘ IOR=IDR+3 . ‘
JV1X=P(IDR) ‘ \ ‘
Viv=pP (IDR+1), .
V1Z=P(IDR+2)
IDA=IDD ;
D0 12 J=1,N
JIDA=IDA+3
VIOX=P(IDA) ‘
’ VI0Y=P(IDA+1) ) :
V1DZ=P(IDA+2) !
. SPSVIXSVIDX+V1Y*VIDY+V1Z4ViDZ ~
DGI(I,J)=DGI(1,J)+SP*PD(51) 1

v
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C CALCULATE THE PRODUCT OF E(I)xw(J) .

CONTINUE . .
CONTINUE

VEC2(1)=P(156) . . -
VEC2(2)=P(157) . rN
VEC2(3)=P(158) : ‘ .
P(258)=-VEC2(2)} -
P(259)= VEC2(1) .
P(260)= 0.0
P(261)= P(40)*VEC2(3)- p(41)~v5c2(2)
P(262)= P(41)*VEC2(1)-P(39)*VEC2(3)
P(263)= P(39)*VEC2(2)-P(40)*VEC2(1)
IR=261 . )
1W=156 .
DO 4 1=3,N
IR=IR+3 <
Iw=Iw+3 ‘ ,
N VEC2{1)=P(IW) .
VEC2(2)=P(IW+1)
VEC2(3)=P(IW+2) N ' s
P(IR) =-VEC2(2) e - ,
P(IR+1)=VEC2(Y) : | ) R
P(IR+2)=0.0 . .
Do 2 J=2,1 .
IR=IR+3 - - R
IPA=21+9%y ~
. VEC1(1)=P(IPA) .
VEC1(2)=P(IPA+1) .

VEC1(3)=P(1PA+2) -

CALL CROSS(VEC!,VEC2,VEC3) .
P(IR)=VEC3(1)
P(IR+1)=VEC3(2) - L.
P(IR+2)=VEC3(3) _ .
CONTINUE s . . ,

CQNTINUE .

t ' c CALCULATE THE” PRODUCT OF AT(I)XW(I)*I(1)*A(I) AND STORE IN DGIW(J,K)
! C THE CALCULATED VALUES OF DA{I)T*(I{I)*A(I)) ARE STORED INYOGIAP(J,K)

- c

18

!
IB=1
IDI=¥55 : ’
DO 22.1=2,N v
IDW=120 . B
DO 20 J=1,1

IDI=IDI+3

VIX=P(IDI) ! . .

Viv=p(IDI+1) ~ p

VIZ=P(IDI+2) - :

IBA=I8B .

IF(J.EQ.1) GO TO 186 v -

10W=1DW+3 .

E1X=P(I1DW) .

E1V=P(IDW+1)

E1Z=p(TqW+2)

DO 18 K=1,1
IBA=IBA+1 .
SP=viIX*8(1,IBA)+VIV*B(2,IBA)+Vv1Z2+8(3,18~)
DGIW(J,K)=DGIW(J,K)*SP -

1IF{J.EQ )

e 1) GO TO 18
: SP1=EIX*B(1,IBA)¥EIV*B(2,IBA)+E12+B8(3,184) \

DGIAP(J,K)= DGIAP(J K)+SP1 .
CONTINUE .
CONTINUE : o
18=1BA . .

/s

' P )
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‘ . 22 CONTINUE ' ’ -

RETURN . :
END - - ’

‘ ‘ CN '
SUBROUFINE FZA(PD,P,N,V,A,TF), \
e REAL PD(60),P(480),V(N),A(N),B(3,21),G1(6,6),0Gi(6,6), '
. - - DGIAP(6,6) .DGIW(6,6),DV(6) ,TF(N), PA(24)
" Cttt“tl‘O“ttttt‘t‘tt,c#‘tttttt%ttt‘tls‘tt&t‘#t‘tlt“t‘t‘ttttt
. . :
C GI(I,J) STORES THE ENTRIES OF GENERALIZED INERTIA MATRIX o
c DGI(I,J) STORES THE PRODUCTS OF PARCIAL R(I) WITH RESPECT,
C T0 THETA AND TEH DERIVATIVE WITH RESPECT TO TIME
C OGIAP(I,J) STORE PRODUCT OF DA(I)T*(IHI)*A(I)).
C DGIW (I,J) STORE PRODUCT OF AT(IIXW(ED) *(1(1)*A(1))
C
[

0“".'.‘.‘1‘0“‘#‘t“‘t‘#“ltt#‘#‘*‘ EXFXFRE XX B EER XX R EFESS RS

NM1=N-1
‘ ) GRAV=9.81
@ . CALL DROT(PD,P,NM1) -
CALL PIPTA(PD,P,B,N)
CALL DRTDT(P,V,NM1)
. . CALL GINE(PD,P,B,GI,N) . .
CALL DGINE(PD,P’.B,DGI,DGIAP,DGIW,N)
. DV(I)=PD(1)‘P(173)+PD(11)‘P(176)+PD(21)‘P(182)+PD(3|)*P(191)
\ OV(1)=0V(1)+PD(41)*P(203)+PD(51)*P(107)
) Dv(2)=Po(1\)*P(179)+P0(21)*P(185)+Po(31)*9(494)+Po(41)*P(2dp)
DV(2)=DV(2)+PD(51)*P(110) '
'DV(3)=PD(21)‘P(188)+PD(31)‘P(197)+PD(41)'P(209)*PD(51)*P(113)
' DV(4)=PD(31)*P(200)+PD(41)*P(212)+PD(51)}*P(116)
DV(S)=PD(41)*P(215)+PD(51)*P(119) . - g
DV(6)=PD(51)*P(122) )
WRITE(6,100) - .
. 100 FORMAT(/5X, ' VELOCIDAD',5X, ‘ACEXERACION",5X, "PAR GRAV *,5X,
) - ‘PAR TOTAL /)
, 110 FORMAT(2X,12,4(E15,6,2X))
DO 2 I=1,N
* DV(I)=-DV(1)*GRAV -
$=0.0 .
DO t J=1,N )
T1=DGI(I,J)+DGIW(I,J)+DGIAP(J,1)-
e ‘ -t §=S+GI(1,J)*A(J)+T1*V(J)
s 1 , CONTINUE . R
o TF(I)=S+DV(I)
: 2. CONT INUE ! :
RETURN
. L END

°

SUBROUTINE TRAJ(T,THETA,V,A) s

REA+ THETA(6),v(%),A(6) .

y pi=zacos(-1.) NN
THETA{1)=(15.+20.%T#%2-40./9%T**3)%p1/180. ° . i
THETA(2)=(30.%T**2-20./3.*T**3)*p1/180, N .
THETA(3)=0.0. . *

. _THETA(4)=0.0 . L, \

THETA(5)=0.0 . \

. THETA(6)=0.0 .

. . V(1)=(40.%7-40./3.#T*#2)*ni/180. .

V(2)=(60.%T-20.*T**2)*pi/180. .

v(3)=0.0 § -

. v(43=0.0
‘ v(5)=0.0 A ' ’ v

o he 1
[N




Appendun C

o
v(6)=0.0
A(1)=(40.-80./3.%T)*pi/180.

A(2)=(60.-40.*T)*p%/180.

A(3)=0.0
A(4)=0.0
A(5)=0.0
A(6)=0.0
RETURN
END
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