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A STUDY ON MANIPULATOR CONTROL

ABSTRACT

In fhis study,a brief information about the kinematics
and dynamics of a mechanical manipulator is presented and
' a control’ method is examined. The method used to obtain the
dvnamlc‘equdtlons ,of motlon is well suited for computer usage..

In the control of a manipulator the Model Reference'
Adaptive System theory is used.The ideal formulation of the
manipulator is chosen as the Reference Model and the manip-
ulator system outputs are forced to follow the reference
-model. | |

Three differeht control methods are alsoc examined to
make a .comparison with the presented control scheme.

To evaluate the perfprmance of the Manipulator contrbl
system.a'simulation study is performed and it is observed
that for different motions and varying loads the system

. shows a good performance,



ROBOT XOLU KONTROLU UZERINE BIR

', - GALISMA

KIsa OZzET

Bu ¢aligmada mekénik bir?fobof kolunun_kihematik:ve
dinamigi hakklnda‘bzet bir bilgi verilmekte ve bir kontrol
yontemi incelenmektedir; Robot kolunun dinamik denklemlerini
elde etmekte kullanllén yontem, bilgisayar kullgnlml icin
oldukGa uygun bir yapidadar. ’ |

Robot kolu kontrolunda Model Reféraps adaptif Sistem
teorisi kullanllméktadlr. Bu yontemde, robot kolunun ideal
~ denklem bi¢imi referans model olarak se¢ilmis ve robot kolu
kontrol sistemi ¢iktilarinin, bu modelin ¢iktilarini izleme-
- leri . istenmigtir.

Ek olarak, sunulan kontrol Ybntemi ile bir karsilagtir-
ma yépabilmek amaclyla u¢ ayri kontrol yontemi incelenmek=-
tedir. | |

Robot kolu kontrolunda kullanilan yontemin performan-
_31n1ldegerlendirmek amaciyla bir bilgisayar benéesim ¢alig~-
masi yapilmig ve farkli hareket ve yiikler i@?n sistemin iyi

bir performans gosterdigi godzlenmistir.
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1. INTRODUCTION
Manipulators have been used extensively in the fields
of undérsea and space explorations and maintenance opera=-
tions, indﬁstrial auotomafion and nuciear industry. The
main reasons of manipulator épplications'in these fields
are the dangerous workiné conditions for human beings ami
- for the reduction of human labor and time consumption. In
most of tnese applicétions, the contfol is accomplished
by 2 remote human operator which'is éalléd,tele;ppérator
coﬁfiguration. quever, the manipulators used in indus-
trial automation are generally automatically controlied
'devicesgl)}fa
In order to achieve advanced autdmation, a mechanical
manipuiator:with human—like versatility’is required.
Although manual tasks may be achieved by é conventional
system with various types of machines, ﬁﬁe iﬁflexibility
of these machines makes the human-liké manipulators more
attractive. In reality, if is difficult to design a system
with the versatility that a human has in carrying out
various tasks. It is reasonable fo attempt the structural
agd-motionai capabilities of a human arm in an artificial

‘manipulator, but it may not be possible to design a



manipulators'thet behaves equivalently to thet’of‘a human
arm.Sinoeithe humah arm and brain is a highly developed
manipulation system. |

The develOpments of the low-cost hlgh performance,
osmall size computers huve contributed to 1mprovement of the
oontrol,methods of manipulators.It is desifed that a
’manipulator'should fslfil complicated tasks with high.
speeds and over a wide range of applications.Since,the |
dynamics of a manipdlator is characterized by the inherent
nonlinearities and complexity,the,difficulties’in realiza-~
: tion makes the ClaSSICal control technlques lnadequate to
,obtaln high performance control functions. ‘

The kinematic considerations dre 1mportant for the
}prOper selectlon of manlpulator configurdtion.ﬁhe first
- stage in improving,a control technique is to obpain a
mathemstical formulation of the dynamic model of}a manipu;

lator.Many methods,e. g.Newton—Euler formulation, have been
(2,3)

‘developed for obtainlng dynamlc equations of manipulators.
The control codcept of a manipulator can be expressed
as the process of finding what each joint actuator does
at every'time‘intervalvand undervvariousiexternal‘condi—
tions.That is, it may be affected from extephal effects
as well as’inherent limitations and nonlinearities 80. that
cloged form analytic solutions may not be agvailable.
A number‘of control techniques have been proposed
efor dynamic control of manipulators. . In the computed |

d- (4 5) - & prescribed trdgectory is

_torque drive: metho
given and the corresponding torque slgnals are obtdined

numerlcally.The main drawback of this method_whlch makes



it difficult to use in on-line control, is the significant.
computational effoft to solve the cynamic equations of the
manipulator.ﬁ |
| The resolved motion rate cnntrol(§'7) y» 1s a method

in which the motions of the various joint actuators are
cnmbined and resolved into separately controllable end-
effector movements along the wbrld-coordinates which
specify the position aund orientation . of the manipulafor.

| In some other control methods, the dynamic equationé'
are linearized along the desired frajectofy and the control

L (8)

is obtained analytically. * ‘In some cases, nonlinear

(9)..

'feedback compensation is used.
he optimal control theory can also be used to(lo’ll)
obtain suboptimal or intenminnally nonlinear controllefsry

An adaptive control algorithm can also be ufilized
for handling the control problem such that the system
makes the necessary'internal-modifications to obtain the
desired response.(12’13) |

There are some other control techniques; that fhé
dynamic model of the ménipulator“is not required. A table-
look up nethod is used fo producé output signals that are
joint actuator drive signals. (14,15) |

Anothér mefhod makes use of the variable'structure
systems theory.(;s)

In Chapter 1I, a brief information is given about - .
the kinematics and dynamics of mechanical manipulators.
In Chapter III, an adaptive control algorithm called

Model Reference Adaptive system is examined to be usédi

.in a simulation study for a manipulator.



In -Chapter IV, three control methods of the above
techniques are studied to compare with the one used in
simulation study. — |

| In Chapter V, the simulation results are presented
which show that thé'selecféd algorithm achiéves the

objective of controlling the manipulator,



IT. KINEMATICS AND DYNAMICS OF A MECHANICAL
MANIPULATOR

2.1 KINEMATIC - CONSIDERATIONS o ‘ -

In order to specify~the position and orientation
of an object in spéce; it is necessary to define six
independent coordinates. |

Manipulators consist of links which are rigid
quies_éonne¢ted by spherical, cylindrical, cartesian,
and screw. type joints; One of the most popular type of
joint is the cylindrical which allows a rotation about
the cylinder éxis and a translation along the axis. |

A revolute joint is a special version of cylind-
rical joint which allows rotation about the axis and a
prismatic or translatibnal joint allows a translation
alohg the axis. In other words, when the lead of the
cylindrical jbiht is zero, it becomes a revolute joint,
and when the rofational action*ié not allowed, it is
called a prismatic joint.(l7)f |

Typical represenfafions of these joinfs are shown

in Figure 2.1.



Figure 2.1 Typicalyrepfesentations of revolute.
and prismaticvjoints. a) Scheme of revolute joint,

b) ‘Scheme of prismatic joint,

In this figure, e; is unit vector of the i th
~joint axis, T, , the vector of center of mass of the
i th link, and  Q is'thé‘generalized coordinate
corresponding to thé i th degree of freedom. As shown
in the Figuré, a generalized coordinate can be defihed
as the angle of joint rotation or a sliding along the
unit vector. | | | |
After the addition of any link to the kinematic
chain, and considering a revolute joint, a transieht ’
matrix Aj can be défined. Assigning one coordinate
éystem to each joint, the transient matrix columns

represent the unit vectors of thekéonnected coordinate



syétem expreésedbih terms[of the fixed base syétem.

in ofder‘to form the traﬁsient matrix which corresponds.:
to some'defined angle qi;it is necéSsary fo roxate each
unit‘vector by an angle qy about axis‘.ei ,and then apply

v _ Yo
Rodrig's formula, :

Qij=}§ij Cosqi+(l;gqéqi)(eiqij)gi*einijSinqi (2.1)

where qij is the j*th column of transient matrix which
'is unit vector before rotation and Qij is the j'th column
of the transient matrix after rotation.Then the transient

matrix is obtained as follows
Ay= [Qil Qiz'Qi3]-z' | - (2.2)
- Additionally the relationship

43,5 2231.1, S | | (2.3)
exists bétween the coordihate éystems.

Using the informatién éiven above,the transient
or transformation matrices which correspond to the
angular rotations about the X,Y,and Z axes by the angles
6, ¢,\P respectively,ga;%i be found as in the following
form ' | ) |

- | -
1 0 o

R, o =| O Cose -sine | (2.4)

] O Sin® Cos®

—



Cosh 0 Sind]
Ry,orj ¢+ oo | ©(2.5)
-5inQ 0 Cosj)J

b

Cosy -siny O]
RZ_,Y—-: Sin¥ ,C.os\y 0 (2.6)
o 0 {

These rotation matrices do not give any information

. about translational joints.Therefoie considering a vector

which gives the position of the origin of connected

coordinate sySfem relative to the fixed base system,

a 4x4 matrix called ® Homogeneous trasformation mafrix"
(18) . |

is obtained in the following form

¢

i . 1 i) g 7
[ WL i
[}
Rotation 'Position R !
I Matrix iVector =3x3 E <3x1

= |=r-----m----- o = [s-mmm- 4 (2.7)
- B Tt | f

Perspective  iScaling £1x3 5 1x1

Transformation:Factor o

- T : : ,J 1 ! _}r

In this form of transformafion,the lower left 1x3
matrix,i.e. the perspective transformation is used for
célibration;, the-camefa mpdel and computer vision.When
no camera model and computer vision is in?olved,the
elements of this matrix are set to zero.The lower right
 submatrix with dimension 1x1 is scaling factor which is

generally equal to 1 for robotics applications..



In summary,a homogeneous transformation matrix is a
mapping between thé reference coofd;nate system and a
- connected coordinate system,i.e. a.vector defined in any
connected coordinate system can be expressed in terms of
fixed base system by using correspondihg,hOmbgeneous
transformation matrix. |

The homOgeneoﬁs tfansformation matrix can also be

written in the form,

(2.8)

2
i
@ =
O Ip
o I

Q la

In this represéntation,g_is the position vector of
the ehd-effector,g,§,and a are'the unit‘normal,unit slide
and unit approach vectors of thé end-effector,respectively.
These three orthonormal vectors specify the orientation
of the end;effector as shown ih Figure.2.2 and by a
,translation.correSpdﬁding to p thevorigins of XotYS;Zo
and é,g,g coincide with each other.

The inverse of the homogeneous transformation can’be

writtén as follows

Vo

—
i
|

1
1=
g

=

+3
1 -
11
£

T (2.9)
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-

Figure 2,2 Position and orientation vectors of the

‘ end~effector.

The iﬁverse hOngeneous transformation is used to
.express the XO.YQ,ZO coordinate system with respect to
n;é,a coordinate system,which is associated with the end-

- effector, ‘

Sinée a manipulator is an open active chain consisting
of Tigid links connected in a serial manner with rotational
or trunslational joints,one coordinate system can be
assigned to each joint and a homogeneous transformation
matrix can be defined.for each pqir of them.Defining the
coordinate transformation matrix between link i-1 and'

link i as Aial , then the transformétion between the
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base and end-effector of the manipulator can be expressed

“as the following

1
o

=3 -

n
i
"""-1~1 TT.Ai-l | (2.10)

= A
B i:l—

2
1

0>

where n 1is the number of degrees of freedom of the system.

For a six degrees of freedom manipulator;
6_[n
57 ]o

then the resulting matrix specifies the position and

1 3
o 2

=
Il?>
u;>
u;->
3x

4
3

up
ik

C lw

5 2 p .
4 0 1 - (2.11)

orientation of the. end-effector with respect to the

reference frame,

2.2 MANIPULATOR DYNAMICS

The major problem encountered in the applications
.Qﬁeindﬁetfiel robofic,deviceS‘is the low operetion speed
in their motioﬁs;To increase the power of actuator driving
‘motors and demanding‘higher.speeds from the servos is
not a remedy to handle the low operation sﬁeed problem,
Phis due to the fact that,it is not possible to see a
manipuletor es a purely kinematic device at high speeds.
As the operdtlon speed of a manlpulator 1ncreases ,inertial
effects of the links orlglnatlng from the ve1001t1es and
accelerations,leads to some complex problems_ln controi of
roboét arms.lt ie'required that the motors should provide
forces and torques to compensate for these internal effects,

However,since it is very difficult to compute these forces,
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an exaot dynamical model of a manipulator is not poseible
to obtain,instead,under some simplifying assumptions an
approx1mdte model is tried to be establlshed

The dynamic model of a manipulator can be represented
by a set of n- nonlinear,second order differential equatlone
;descrlblng the motion of the system in the space of internal
(joint) coordinates.By neglectlng friction forces in joinmts

the equations of motion w1ll be of the followlng forms

M(a) G + ¥(q,d) = U | (2.12)
g, = uH @[y - Wa,d)]. o (2.13)

where q =Iql 92“"qn.rris the vector’of generalized
coordinates,U is theivector of driving torques and forces.
M is the inertia matrix whose elements are fﬁnctions
of generalized coordinates,Viis‘a column matrix which is
also dependent on joint positions and‘Velocities.It repre-
eents gravitational,centrifugal and Coriolis's forces.
In these equdtlons n 1is the number of degrees of freedom.

Although, there other equ1va1ent forms representing

the dynamic model of a manipulator,the above mentioned
form is especially suitable for synthesis of cotrol
algorithms and for simulation of particular control laws,
since it is convenient to solve the " inverse problem"
of the mechanics,that is,to determine the motions for
given'driving forces and torques.(z)' |
In principle,the methods for forming dynamic model

of a mechanical manipulator can be classified into three



basic groups;
a. The models based on the Neyton;Euler equations
'and the principal theorems of fhe mechanics of the system.
b. The method of Lagrange's equations.
c. The models formed on the basis of a¢Ce1eration,

"energy" or Gibbs function,

All these have some common properties based -on the

information about the kinematic scheme of the ménipulator :

and the recursive nature for calculation of velocities -
and accelerations in an 6utward manner from the fixed-
base coordinate framg.lt is pdssible fo solve both direct
‘and inverse problems of mechanics by using all these .
methods.quever they differ from each other in terms of
computational efforts.When on-line applications are
considered ‘both ’ﬁagrangian and Newton-Euler formulations
are almost equ1Valent in this respect.The method based

on the Glbbs—Appel GQUdthnS makes use of the recursive-
ness in internal coordinate systems rather than computing
the velocitiés and aCCelerétiOns of centers of masses

in terms of fixed-base coordinate system.Therefore,it is

the most efficient method to obtain the dynamic equations

of a mechanical manipulator.

2.2.1 fThe Method of Gibbs-Appel. Bquations . -

The Gibbs-Appel function is defined for a mechanical
system with n degrees of freedom in cartesian coordinates

as in the foolowihg form

o 1 wD e D ' .
G = z:j Gy = = mj_(x.l + ¥y o+ z5) (2:14)

13.



where m- . §s the mass of the element,X,y,and Z
are accelerations in the direction of x,y,z coordinates
respectively.The function G; can also be written in the

form.

L a L CE - e
G =7 a?i“,“ 5 €106 - [Z(J.lw.i)x .w..i]er (2.15)

In equation (2,15) m is the mass of the element, a is

the acceleration of the center of the mass of the element,

€ is the angular acceleration,w is the angular velocity,

- and J is the moment of inertia about the mass center.
Intreducing the generalized coordinates q:[ql...gn]?

the motion of a system can be exﬁressed by Appel's

equations as

aG;': P.- ’ i=1,72,3’oooon ‘ (2.16)
or in matrix form .

26 _p , [2¢]. Poa 3o

aq o i bq an aq2 . bql’l
and |

P o (2.17)
P [PlPZ ..’..P] |

'Pi represents,the generalized force correSpopding to the-
generalized coordlnate q; -

U31ng the equatlon (2. 16) the dynamic equations of
a mechunical manlpulator‘ls'obtalned as shown in detail

in(}a) ,and of the form

‘M(q) 4+ ¥(q,8) = U - (2.18)
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in this equation M. is the symmefric and positive definite
inertia matrix, V is the nonlinear function of generalized
coordinates which represenfs gravitational,centrifugal

and Coriolis‘s forces. U is theﬂgeneralizéd force vector
which includes torques and sliding forces at joints,
potential forces,friction forces,etc.In this form of

modelling the vector V has the following form

- . 0" l . "\ N c[ n - T .
!(q,q): [g _9_ g’g:j- __(:2 g, ..n.gr g g] (2.19)
and the elements of CK matrices sétisfy the foliowing ‘
conditions - | .
k- k i
cij = cji : * ’ l,J,k:l,z,.,-...n
and i | © (2.20)
-k k j s o
c., =0 » Cy4 = -‘-cgk R i,k

ik
This method is well suited for realizing a computer
~ oriented algorithm in the on-line control applications

of a mechanical manipulator,
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2f3 :MANIPULATOR USED 1IN SIMULATION STUDY

Figure 2.3 shows the six-degrees of freedom
mapipulator considered'in_this study. The system elements
are assumed to be rigid and some effects such as connec-

tion clearances and motor backlash are neglected.(zo)

%3 d,o.f wrist
connection

Elevation\actuator
Azimuth ~and
N /transducer unit

Forearm actuator
/ . and

transducer unit

AN e NN
‘ ’ Forearm U
E% " elevation )
NS axis \ “——~Counter balances
Blevation :
axis
()

and transducer unit

) !‘ Azimuth actuator

Figure 2.3 Six Degrees of Freedom Manipulator

In this arm configuration, the counter balances are
used to minimize the effects of .gravity. For the dynamic
analysis and control of this manipulatbr, it iS~assumed

- . that the payload is grasped by end-effector of the

4



manipulapor and so the mass properties of the payload
and wrist can be combined. In addition, the~dimensionsd'
of the wrist and payload afe very small with réSpect to
the other system elements.’

~ Under thé above assumptions, in the dynémics‘of '
the system only the generalized coordinates q =[919295ﬁ
will be éfrective.

Phe schematic representation of the manipulator is

shown in Figure 2.4.

‘Payload center of

mass .- /Pq’T‘r

0

+

rigure 2.4 Schematic representation of fhe

manipulator.
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In Figupe 2.4 Pi is’three dimenSional positibn
vector of the joint between link i-1 and link i .
T, is three dimensional vector of center of mass of
‘link i . e, .iSuﬁit vector of rotation, and 6, is
the rotation angle'about axis éi .

Using the right-hand coordinate systems, one

coordinate frame is assigned to each joint of the

-manipulator as shown in Figure 2.5, (21)

43

42

41

Figure 2.5 Manipulator cdordinatevframes.
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- In PFigure 2.5, the joint axes

defined as;

& = (O,O,l)T
22 = (l’O’O)T
93 =, (1’0’0)'1
where €5 and §3 are always parallel to each other

during any motion., Then, the rotation matrices for each

joint. can be found as 'follows

B _ .
Cose1 -Sln9l ‘_O
R, = ?in@i Coso 0
0 0 . 1
| : .
ro1 0 0o
R2 = 0 Cose2 —Sln62
0 bln92 Cose2
! 0 0o ]
R3 = 0 0q393 -S;Lne3
0o - s;n93/ COSG3J
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III. ADAPPIVE CONTROL  SYSTEMS

3.1 INTRODUCTION

The developments in“the‘field of digital computers,
have‘increased the popularity of adaptive ( selfforganiiing)
cohtrol algorithms, due to the contributions to the facilities
in fealization.

Adaptive.eontrol systems.adapt their internal behaviour
to the environmental'changes and the controlled system, as
‘well. Although, differeﬁtvclassificatione are:possible,
‘mainly, two types of adaptive control methods may. be con-
sidered; open-lo0p ( feedforward ) of closed loop (feedback)
adaptation schemes. The‘Selection of these schemes is based.
upon the information about the_system to be controlled.

| The,feedback adaptation schemes can befexemined under
two main groups. Self Optimizing,adaptation aims to obtain
an optimal control performance depending on the system
information ahd the controller type.

Model reference adaptation, however, try to get aﬁ

input signal such thét the system behaviour will be similar



to a given reference model.

The basic schemes of feedback adaptive control systems

are shown in Figure %,1

identifica
"tion
€ _JcC SRy
B (a)
J reference m
model '
Ay
Y,
U,P P
()

C
P

*
.

Controller

Plant

Figufe 3.1 Basic configurations of feedback

adaptive controllers; a) Self optimazing adaptive system

b) Model Reference Adaptive system.



22

3.2 MODEL REFERENCE ADAPTiVE SYSTEMS (MRAS)

The basic scheme of a Model Reference Adaptive system

~ is.shown in Figure 3.2.

Reference
Model

-/

+ Ad justable
"ﬁﬁi? ?  System
//)‘.

. -
Signal-" | >~ Parameter Adaptation
Synthesis E ‘
Adaptation—=- Adaptation

—1 Mechanism

Figure 3.2 Basic scheme of Model Reference(Adaptive

System (MRAS).

In Figure’3.2 the ad justable systém is a system which
ad justs its behaviour by either changing its internal structure
. . . . (12,13,22) '
or modifying its input signals.:
fh;' output of the Reference M¢de1 is the desired response
of the adjustable system. The aim of adaptation is to

minimize the difference between the responses of the adjust-

able system and the reference model. This task can be
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accomplished by making necessary changes in ad justable

system using adaptation mechanism whose input is the

generalized error vector.

3.2.1 Classifications of MRAS

When the classifications of MRAS are concermed, various
criteria should be taken into account; since it is difficult
to express all types of MRAS considering one criterion.

Some criteria for categbrization of MRAS are as follows;

a. Structure

b. Principlé of adaptation
¢, Conditions of operation
d. Index of‘pérformance

e. Application fields-

The classifications according to these criteria are

given in the following mAnner;
a, Structure

i) Parallel MRAS
ii) Series MRAS

" iii) Series-parallel MRAS

fhe configurations of these MRAS are shown in Figure 3.3
In the figure, when the parallel MRAS is used for parameter
identification, it is called " outpﬁt error method ".
The series and series-parallel MRAS schemes are also called

Winput error method" and "equation error method" respectively.
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b. Principle of Adaptation

i) Ad justing the,parametérs of the adjustable
~ system. |
ii) Signal synthesis ddaptation.:

iii) Combination of these adaptations.
¢, Conditions of Operation'

i) Using test signals applied to the input of
“the system or to the adjustable system..

ii) Without test .signals.
d. Performance lndex

i)‘_Minimization of generalized error which is
' the vector resulting from the différences
_O0f responses of ad justable system and refefeﬁcé _
model. V .

ii) Minimization of state distance, the vector
obtained by the difference of sfates of ref;
erence and adjustable model. |

S iii) Minimization of struéture distance, vector
of difference of parameter vectors of ad just-
able and reference models;
These performance.indices'are diffefent from the desired
performance indek of the whole system, they are only used

tb obtain necessary adaptation rules for MRAS.
€. Application Fields

i) Model Following systems
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Reference
Model
u - X+ e
Ad justable
System : 1

Adaptation
Mechanism
(a)

Adaptation e -
Méchanism

U +

Reference - Ad justable
~>) Model . System

\

(v)

- Figure 3.3 Phe configurations of MRAS agcording to

jon based on the structure. a) parallel,

BOGAZIC) UNIVERSITES! KUTUPHANES

the classificat

' b) series, c,d) series-parallel.
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ii) 1Identification of unknown parameters of systems
iii) State observaticn

iv) Self-adaptive regulation.

There are many methods for the design of MRAS adaptation
‘mechanisms. Some of the fundamental design methods are as

follows;

a. Design methods based on the Estimation Theory

b. Design methods based on.the Stability Theory

c. “Design methods based on the Local Parameter
Optimization ‘Theory |

d. Design methods based on the Optimal Control Theory

Although, there exists other design methods developed
recently, the second method above, based on the stability

theory will be examined in this chapter.

3.2.2 Design.Method Based on the Stability Theory

Although, the éecond method of Lyapunov can be used
" for the design of MRAS, more satisfactory resuits can be
obtained using the“hyperstability theory of Popov, since
this method directly gives the structure of the adaptation

(2%)

mechanism.

Consider the multivariable standard system shown in

FPigure 3.4. The state equations of the system is of the form;
% = Fx + Guy | | (3.1)

-y = RX : ‘ | . ‘ ' . | (302)
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u = -El (3.3)’
u = g(y(z),t) , Tt ’ - (3.4)
Y, LINEAR Y
; 'BLOCK
u=-u, NONLINEAR
BLOCK

Figure %.4 Standard multivariable nonlinear control

system.

It is assumed that, the matrix pairs [E,g] and [g;g]A,
.comprises completely cdntrollable and observable sets, .
respectively. Additionally, it is assumed that the vectors

u and y have the same dimension, the function g 1is a

—

nonlinear function of y . Taking into account the subset

of u such that it satisfies the inequality;

-tl .
; ' 2 ' _
5’33(5),Z(Z) dz > -¥o , Yt >0 . (3.5)
0o ’ .
where Xg ‘does not depend on time but it depends on the

initial conditions of the system.

The theorem for asymptotic stability is the following;



ggggggm: The necessary and sufficient conditions for the

above system being asymptotically hyperstable are;

a) The transfer function from’ El. to y ;

H(s) = R(s1-p)™

1§}

(3.6)
is sf;ictly bositive'real.'

b) All poles of g(s) being in the left half plane,
R¢ s <O |

¢) H(jw) + H'X(jw) is positive definite Hermitian

for all real w .

Consider the parallel MRAS described by the following

equations;

X o= A%, + B N | o (3.7)
8, = Cx, (3.8)
X = gsﬂf)zs + B(t)u (3.9)
és = 0xg4 (3.10)
e = 0.~ QS‘ : | | (3.11)
y = De (3.12)
) =y oTke (3.13)

B(w) spyn) TS BERERTY

29
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,where, Am ’ B are nxn , and nxm dlmen31onal model state

and lnput matrices respectlvely. A g? B are corresgponding

state and input matrices of the real system with the dimen-

sions nxn, and nxm respectively. C is rxn output matrix,

e 1is the generalized error, and D is constant matrix
defining a linear transformation.
The mdtrlces @ and Ky represents the nonlinear de-

pendence on y in the 1ntervs1 z'gi; 'Qm,’ Qs', are model
and system output vecturs, respectiuel&.

The necessary and sufficient conditions for the MRAS
"~ described by equations (3.7) -- (3.14) being a hyperstable

system are;

a. 'The transfer matrix
| -1
H(s) = DC(SI-A )

must be strictly positive real,
b. The vectors (A - 28)_58 ) (Em:_ Es) u , and
' yv;have the same dimension. ‘
c. The solutions of the equations (3.13%) and (3.14)
satisfying the equation (3.5) , have the

following form.
IO
¢(t) [ ij 41 Ksﬂ -

‘V(t) "[pla g v -i]

where J ’ K are p081t1Ve definite matrices.

(3.15)

<
fleq
<

(3.16)

1S

Ky

—

For obtaining the asymptotic hyperStability, it is

' necessary to select the matrix D properly such that the

—

transfer matrix from y to e is strictly positive real.



5.2.3 Application to the Mechanical Manipulator

The dynamic equations of a mechanical manipulator

is of the form;
M(a)d + V(a,q) = U | o (3.7)

The joint displacements (rotational or translational)
can be defined as generalized coordinates of the system.
If all the joints are revolute, the joint angles are
generalized coordinates of the maﬁibulator as mentioned in
the second chapter. Then the dynamic equation will be of

the form;
M(6) 6 +V(6,8) = U " | (3.18)

This equation is,charadterized by a highly nonlinear
and coupled structure of the parameters of tﬁe manipulafoc
Ih the ideal case, the manipulator parameters are decoupled
and no nonlinearity is concerned. Then, all joint angles;
velocities and accelerations are reléted wiﬁhbeach other
by ideal infegrators. This form of relation can be congid~
ered as the reference model for MRAS configuration in the
" control of manipulator. |

Introducing the necessary terms to cancel out the
system nonlinearity and achieving the decoupling of the
‘parameters, the equafion (3.18) can be expressed in the

25
following form.(““)

M8 = M(t)z - ¥(0,8) + V(6,8) ~ P(6 - B ) -

X »

RG-8) - O (3.19)

. k=

31



In equation (3.19) the generalized force vector U is

expressed as;

E:

=

(

where g(t),‘the matrix used to decouplé the manipulator

t)z + V(6,8) - B(o - ) - R(6 -8 )  (3.20)

parameters,

V(6,8) , the vector for cancelling out the ronlinearity,

Y(G,é) , of the system,

- P(6 - 8) - R(é - é_ ; the terms for obtain a stable
= 4 = §M 4

MRAS. ‘
A 'Qm . ém are the position (displacement) , and velocity
vectors of the_reference model which is represented by ‘&

~double integrator .
: Z % 1is the common input vector for both reference model
and manipulator which is ad justable model in this case.

The open-~loop transfer function between =z and ?m is;

0 1 |
z S ,
a double integrator.
A vector denoted by w is defined as;
(3.22)

W(t) = (u(t) - Wz + (V(6,8) 3 V(8,8))
fhen, subtraeting the equation (3.19) from (3.2%),

the following equatioh is obtained..



where e and é are error vectors, such that .

e | ol

€=96-96, “(3.24)
and
_e_ =_9_- 9“\ ‘ o | . ’ (3-25)
selecting a vector y so that;
[ | e
y(t) =D| =_[§l =Pé]‘-é (3.26)

The transfer function matrix from w(t) to y(t)

is of the form,

E(s) = {21 VSEZ] [Ms2 + Rs + £]fl | (3.27)

In order that the MRAS satisfies the hyperstability
conditions, this transfer function must be positive real.
This transfer fuﬁction represents the linear block of the
Popov loop shown in Figure 3.4.

. The selectidn of the matriqes P ; R, 21 » and 22

can be accomplished under the ahove condition such that;

33

I _ . 4 o - -
e 9 o I [_e 0
, o i = e =
d ! ~
— -—= - - A2 - - .- W(t ' 023
— o -+ w(t) (3 ‘)
& R -t
L. T A - =_ S _= _.l
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P=MI (3.28)
R =/¥21=/ (3.29),
D,=AL | | o | (3.%0)
D= %é£ (3.31)

where I is the identity matrix and the scalars /Ml v S s

)1_, 22 are all positive congtants satisfying(the c?nditions
| | | (23,24

obtained from k Kalman-Yakubovitch-Popov Lemma.,f”,.f o

PRy - | O (3.32)
?“'2/‘21;.“ My 0 | | - (3.33)
(7‘2}41 + 7\]:/42)2. "7\11§> 0 (3.34)

If the results in equations (3.15) and’(3.16) are
~applied to the MRA‘S ’ corisi_derir}g also the structures of
"%hermatrices ﬂ and vék s in the dynamics equations of
.tﬁe'manipulator, the adaptation mechanism, for 3 degrees

of freedom manipulator, is found to be
R _
For M matrix j

=3

138 = ey v 2gdy) tehi2 and g=ied,s

’~

For: Ck matrices ;
3\1 l e @ _ .
Cy,(8)= -b1, (2919:8, ¥,8)

Al 1 oA o 22 »
ClB(t)= -bw (2y16,65 ,ysell)



ﬁl e o

C22(®) = =Py, (v 63 )

Al N r ., . 2. - :

Ca5(t) = ~Ps5 (2y,6,05 + y,6%) (3.35)
2D _ 2 - o ° 2 '.2

Ca3(t) = =Pg5 (2y,0,05 + y,05 = ¥y503)

where the scalars (Xij and ﬁij are positive constants, ’
This adaptation algorithm represents the nonlinear
block of the Popov loop in Figure 3.4

Then the new Eopov loop becomes as shoWn in Figure 3.5

LINEAR BLOCK -

W | Yy
C%>—_—"—_"% (Bquation (3.27))

W= W NONLINEAR BLOCK
(Adaptation ¢
Algorithm)

¥igure 3.5 The Popov Loop Representing the
Present MRAS. ’

This new Popov Loop satisfies the equation (3.5) for
asymptotic hyperstability; such that;
t | |
{yl(t) ye)ydaz > -8, , ftxo  (3.36)
O .



Then the block diagram of the MRaS used in simulation
study is shown in Figure %.6

REFERENCE | ©
MODEL

1D

z , & |[Linear Computing
=3 NGE Processing y Block
S Block (Adaptation
. v D Algorithm)

15l
)

y MANTPULATOR
—-ng}ra (Ad justable

Y Model)

S{+
g
o

Figure 3.6 The Block diagram of the MRAS used in

control of the manipulator.
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IV. ALTBRNATIVE CONTROL METHODS OF MANiPULATORS

4.1 INTRODUCTION

Due to the higher'requirements 6n speed and accuracy,
various manipulator confrol methods have been.tried to be
'-developed. Asvif is seen in the earlier Chapters, the basic
problem that has to bevovercome in manipulator control is

fhe highly nonlinear dynamical“eqhations and qoupIings
that govern t@e motion of a manipulator.‘ln this chapter,
other than the preSented Model Réference Adaptive System
‘method, some COntrol;techniques are exaﬁined briefly.

Firstly ; an approximately Optimalicohtrol methodvis
presenﬁed, In this mefhod, an approximate optimal solution
is tried to be found,fof‘man;pulators with four or less

degrees of freedom.

A table-look up control method is examined in which
there is no need tdvsolve the dynamic equations'of manipula-
tors, analytlcally.

" In the Resolved Motion Rate Control (EMRC), joint velo-
cities are tried to be controlléd,which are obtained from end-

- effectur velocities, positions and/or‘forces and moments

_exerted by the end-effector.
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4.2 AN APPROXIMATION THEORY OF OPTIMAL CONTROL
FOR MECHANICAL MANIPULATORS

When the nonlinear systems are concerned the feedback
solution of Optlmdl control problem is of little applicatlon
due to the difficulties in realization. The same problem
is also considered for'robotic manipulators because of the
fact that their dynamic equations are in a highly nonlinear
structure.
| Recently, differeht ways of 'solutions to this problem
have been proposed to obta;n‘epproximately optimal solutions
or to get higher-order feedback terms for improving the

performance of the system. (2Q527)

In this‘section, ahother way of solution will be
oresented Inbfhis method a reoursive algorithm is, applied
for obtaining control laws converglng to the optimal, that
is, 1mprOV1ng the performance of the system.(,O 11)

An admissible control is selected and compared with
other controls in terms of performance index. In the second
gtage another control is obtained which is used to reach
_a more improved performance. These steos are repeated until
an allowable épproximation to the optimal control is reached.

The theory of this apprOaCh is similar to the one
used for obtalnlng the Hamllton-Jacobl-Bellman equation to
construct the rules for the solution of the feedback control
problem., The foundation of the method is. based upon the

definition of a value function which is used for updating

the control law while keeping the system stable.
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Consider a system in the form;

]

x =a(x) + Bu _ )
- ') = - ’}_{,(to)— ?_(0 '

where x is nxl state vector, agz) a function of states
which may consists ofAnonlinéar terms, B 1is nxm input
matrix, and u is dgsired control law with the dimension
of mxl.
The process is controlled to minimize (or maximize)
the performance measure, . _
£ ‘ .
2
I(x(),t,u(t)) = h(z(tf),tf)-i-ﬁ:g(x(‘c))+|IUI[ Jdz (4.2)

i

S

where h(%(t.),t;))0

‘and

g(x(t)) 20

A necessary condition for optimality is the following;

min H(x,u,Vv,t) = O (4.3)
u

where V(x,t,u) is the associated value function, and

v & %% , the gradient of V(x).

A pregHémiltoniap function is defined as;

H[x, 7V (x),0,t] = vv*i(x) % + L(x,u) (4.4)

where L(x,u) is. the integrand of the performance measure;
and. V' is the optimal value function,then;

B[x, V(x),u,t] = V() alx) +TVTH) B+

g(x) +lul® o 4s)
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) L
‘ The optimal control law is obtained by minimizing
the pre-Hamiltonian function with respect to u , and

obtaining the H-J-B equation;

g(x) +IV' T a(x) r-%cvv*Tg)z =0 - (4.6)

To get thé optimal control law for this system, the
partial differential equation (4.6) should be solved for
V?x) ,’and used in (4.%) . In most cases, however, the
solution of this type of equation ié very difficult.
Additionally; even the solution of thisiequatioh could be
found,  the reallzatlon of the optimal control law would be
very difficult to 1mplement.

ror avoiding these difficulties, instead of trying
'to find an exact solution to thé optimal control pioblem
~a formulation for obtaining an approximate solution will
<be presented hereafter, | ' v

Instead of minimizing the'pre-Hamiltonian function,
‘solving the necessity the H-J-B equation (4.6) for v¥(x)
to get the optimal control law, assume an arbitrary: positivé'
definite and continuously differentiable value function
v(x). Substitﬁting this value function, in (4.ﬁ),fof a

given cdntfol 1aw; it is obtained that,

VVT(X)§1_1+VVT(x) a(x) + g(x) +|\ul|2 =0 (4.7)
Additionally, the value function, for the given control

law satisfies the properties;

'v(x ptgou) = J(xg,t,,u) | ;!<4.8>



-and

V(X(tf),tf,u), = htX(tf),tf) - . . (41-9)

Using the necessary and sufficient conditions tfor

optimality, it is found that for the optimal control u®

and V (x)

(10)
V(x t u)>/V (x,t,u )>O , u /: u”® (4.10)

Assuming for a given control .u; » the value function
W(x,t,u) satisfying (4.7), (4.8), (4.9), system (4.1)

has bounded trajectories in [E’tfl and as te—> oo

V,(0,%,u) = 0. tor all t in the interval , [to,tg] |

g0 the origin, x(oo) =0 , is a stable equilibrium point.
the above property is also verified by the stability in

the sense of second method of Lyapunov, such that;

as to—~>oo0 |, if

£ . |
V(x,8)70 x40
V(0,t) =0, \dt

(4.11)

\'r(o,tv) -0 s Yt

41

then the origin of the system of equation (4 1) is uniformly

asymtotlcally stable.

Using the equatlon (4.5) for wuw, and another control

law u, , and minimizing with respect to wu ‘s, where



Vl(x) and V2(x) corresponding arbitrary value functions
satisfying the prOperties-mentioned'beforeafor system (4.1)

then;

o
!

minl = &(x) V+VV1T(X) a(x) '-.-.__%(VV’{ g)z
(4.12)

Hping = 8(x) +9V5N(x) a(x) -HwvE B)2

The control law u,(x) may be a better sub-
optimal control than ui(x) if the corresponding Hmin(x)
satisfy the condition;

CATN

3VL :
at m1n2?} + Hmlnl | _ (4.13)
then the inequality -
Y3V (4.14)

should be valid for all real x. Bn this inequality V (x)
is the value function for the optimal control u*(x).

If the'valpe functions Vl(x)‘ and Vg(x) are not
explicitely debendent on time, .h(x(t ), t )=0 and the in-
tegrand of the performance index IL(x,u) #0 ,then the

equation (4.13) reduces to the form;
Hmin2?7 Hind ' : (4.15)

, | | ' (11) o
- and the inequality V,» V., is still valid. From the
q 17 "2 (10)

equations (4.14) and (4.13) it is concluded that;
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(4.16)

‘Under the above properties, this result can be generalized
. A : :

‘and, V (x) constitutes a lower bound for value functions
of approximate controls, i.e.}

f

(u, +5 B YV Y (u, +5 BTy v, DY e t—;— B'yv™)=0

since

e 1T A A o (4a7)

Theorem 1: If control laws and associated value functions:

are obtained accordihg to above_rﬁles, from' the minimization
of the Hamiltonian containing Vi(X), value function for
uy 1(x), in other words if the controls are selected

according to this rule, the controls converges to optimal
‘monotonically, i.e;

11(X) "'—“B VV ‘ | ' (4.18)

then
Va2V

. : (10)
~ Tue proof of this theorem is given in =
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Theorem 2: For an arbitrary. control law wu, , and f(X t),
'f(x t)|<<oo , 1f a value function v, satlsfying the pro-< .

. perties given above, from equation (4.7) it is written that;

" v
VUV, Bu, +Wo a(x) + g(x) +|| A2 = AV,
thén if
AvKe<o 9

and ‘
.
,Va(xo'to’uo) is upper bound of J(uo,xo,td)

and if,

!

Ava>/f(x,t)> 0 and V;(x(tf),tf,ua)gh(x(tfj,tf)

(4.20)

thnen, Va(xo,to,ua) is lower bound oilljfua:xo,t ).
The above theorem is proved in . .
The difference V., -V, = AV, can be used as a measure

whether ui is an‘gcceptable approximation to the optimal .

control.

4.2.1 Application'of the Theory to the Linear Systems

| Consider the linear system;

1Xe
i
[

X +

o

u

o (4.21)

X

e
i
[1ie!



subgect to the periormance index;

J(u,x,t) jkx QX +||u||2 ) dt’ | (4.22)

where Q .is a symmetric and p031t1ve definite matrlx.‘

The dppllCdtlon oi the above method to the linear
systems is essentlally based upon the selection of the va-
lue function, |

Selecting a value function in the following form;

Vi(x) = x* P, x o _ (4.23)

where P, is a symmetric and positive definite matrix.

The pre-Hamiltonian function;

H(x, V(x),u,t) =YV (x)Ax +VV (x)Bu +
§T 9.3>+uuH2 {(4.24)
and applying the quation;‘

l

u.l(X) = B Vvl_ 1(X)

i

then, a linear matrix equation is obtained in the following

form.

' 1. L lo o wxTh Lo
Pih - B BBR ) 4 B BRR L + Q=0 (4.25)

: ‘ ' %
P, converges to P" in time, so Vi(x) converges V' (x),

—

the optimal value function.

In gome cases the selection of value functions

_satisfying equations (4.8) and (4.9) is very dlfflcult .

45



46

In these cases,’fhe upper ahd lower bound conditions as in
TheQrem-Z'may be useful. For a givén control ui’-a value
function' Vl is found as a lower bbﬁhd, and as the néxt

step,'for another control; Uy a value function isvtried
to be found as an upper BOund.'This procedure is repeated

until an-acceptable approximation is reached.

4.2.2 Application to the Mechanical Manipulator

{

As‘in,the most cases of nonlineér systems, the optimal
solution is not possible tobeifoumibrﬂ#ealizééion of -it is
- very difficultﬁforfmeénaniqalamanipulétors.
The dynamic equations of motion of a mahipulator was
of the following form;

R +.y(e;é) =U (4.26)

-

M

_—

where the matrices M and V are nonlinear functions of
joint angles @ = (61,92,93,...6n)., and their velocities,
~and U = (UI;H2,U3,....Un)D'is the input torque, and vector
of other forces. '
From equation (4.26);

-1 -1

§=wt (u-¥y)=uTy-uy (4.27)
- Defining the matrices;
powly  amd g=-NY
'then
6 (4.28)

o
"
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+
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This model o{ the arm is iinear in P, which is an
input vector obtained from the actual input u by a
nonlinear transformation. “ :

Rewriting the state equatlon for a 3 degreés of

freedom manlpulator.

X(t) = A x(t) + B(g + B)  (4.29)

 and state vector

where

o i

g(t) = (9 e 93,91, 2,93)

The. dynamic equations drivéd in the second chapter is
approximate since it is based on several'simhlifyiﬁg
assﬁmptions. Additionally, a performance index combatible
with' the desired response is difficult to construct,
because of the fact that the system has qoupling effects
between each sﬁbsystems besldes the inherent noﬁlinearities.

Therefore, éssumiﬁg the system is in découpled form,
then a.performance indék for the proper kinematic configura-

tion can be defined as;
: ‘ 2] dt . 30
J(u,x,t):,JI”x(t)—xd(t)” S + “u” ] ’4 .
o - ’
where X4 = (eld ,62d ,93d,,0 , O 70 ) , desired final

coordinates, and

o
o

Q=

{{®)
T
N
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is.diagonal matrix related to the damping and the speed
of the system. | o

The matrices 91 and 92 are adjustedifor the
. purpose of improving the overallAdynamic'performance of the
system, the values of which affect the relati&e spéed of
the joints and are selected in order to miniﬁiZe‘the overall
energy needed'to perform a motion,

According to the method:given in this chapﬁer, a
feedback control is selected at this stage. A control law
compensating the honlinearities'of the system structure

may be of the form; -

U(x) =-MtQFX) + 8 >_c] 3 | S (4.31)
whefe §>>b, and symmetric matr;x,_ |
‘Substituting this*control law intotéystem gquation (4.29)

x(t) =

i

x(t) + B(G + P)- .
~ (4.32)

(%) = x(£) + B(-g ¥)

>

As can be seen fr@m the equation (4.31), the control

- law consists of two parts, one is linear and the other
nonlinear part used for _compensating the nonlinegr term

of the syétem. Because of the factf'that‘upon convergence

of the valaes §f G and S’, to their nominal walues,

_the compensétiﬁg inputs ‘gi ‘s capcel out the nonlinegrities
of the system. Then the system will be reduced to the form
of. ldeally double integrators w1th quadratic performance

index, (4.24) i.e. bdtlsfylng the controlldblllty condltlon.
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4.3 CEREBELLAR MODEL ARTICULATION CONTROLLER (CMAC)

The CMAC is a table lookup manipulator control method
~in which control functions for each degrees-of”freedOm can be
~accessed from4a‘t3ble, Eut not solving the dynamic equations
of a manipulator, analitically. In other worde mathematical
formulation of a manipulator is not necessary for this

method of control. The main drawback of this method is the
neeeseary size oﬁ memory in which the control functions are
stered. The CMAC‘algerithm,'however, introduces some reme-

dies to reduce the memory size to a realizable amount.

4.3,1 The Cerebellum

The cerebellum is an organ of the human body which
takes care of £heﬂcoordination of movements; A neqrobhysi-
ological study on the cerebellum reveals that its operation
is based upon the inputs obtained from sensory organs and
feedback signals coming from the muscles, skin and joints
of related moving part of the body. All the inputs form,gn{
baddress whose content is used for obtaining the_output |
signals driving the jo;nt aetuators. The functional
operation of cerebelluﬁ is the origin of CMAC algorithm

which is essentially an adaptive control method.

4.3.2 An Adaptive Linear Unit and Perceptron

o understand the method, a simple adaptive system

is introduced and shown schematically in Figure 4.1.
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2k ‘
N C : » ’ -
L M A ‘ = ;1
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e}
]
/"n /ﬁ
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— C
Controller

2

of the
Ad justable weight

Figure 4.1 An Adaptive Linear Unit

- The device ih Figure 4. consists of a set of
variable resiétopsbconnected'to a summing circuit which
sums ﬁp the cgrrents‘caﬁéed by the applied-inpdt voltages.
The number of péraliel outputs can be increased so that
the gystem cénbe realiééble by multiple units similar to .
the given configuration, (40) |

The ¢input/cqnductances are repreéented by /g , the
input voltages r; , and the output .signal .- by Q:’ such
that; |

n

n = Z/‘*iri O (4.33)

i=1

50
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The aim of this uni£ is to obtain a given value Flk
when the inputs r; , are applied to the system. For this
. purpose, the system operates in such‘a manner-thaf, it
ad justs the weights to obtain the value T, at the output.

This is an adaptive operation so that a mechanism used
for adjustingb/{ui s'canﬂbe,found to reach the desired value.
This is also a pfoblem of associative mapping such that if ;
a. proper mapping is not?found only an approximate‘valué of
Qk is obtéined at. the output of the system. |

Sometimes, this type of adaptive systems may include
nonlinearjoperations in the form of fresnoldflogid unit.
The devicéfigalled Perééptron  combines several threshold-
nlogic.unifsvinto a single system which is used to realize
énvadabtive-pattern clasgsifier, | |

A typical perceptron configuration is shown in Figure 4.2

Sensory X ' : R\Adjustable
: Cells Association Weights
Cells

Figure 4.2, A typical Perceptron
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In the figure, the sensory cells, S; Treceive:
the inputs either 1 or 0 . ''hese inputs .are transmitted

to the association cells » A, ,as 1 or -1 , If the

1

input to an association cell exceeds O i, it is activated
and, the signal is transferred t6 the response cells, Ry ,
through ad justable weights .,

If the value of the input signal exceeds a threshold
value, the reSponse cell is activated ahd outputs a 1 ,

otherwise it outputs a 0. The operation of Pergéptron

- is essentially a mapping of_the fofm;
S—sA

and
A—>P

The only way to change A  to P mapping is to adjust
-the weights. The,input vectors ~Si can be interpreted as’\
addresses whose contents are correspoﬁding output yectors
'ng 8. To producé_independént ouﬁputs for each input vectoy
it is necessary to have a large number of association celds
}whlch may be in unredllzable size. Therefore, some elements
of assoc1atlon cell vector can be used in common by some |
input vectors.
As shown in Figufe 4,3 an intersection of active asso-
01at10n cells which are nonzero elements of a83001at10n cell
vector and denoted by A* , may be.reldted ulthl some input

patterns. PThis intersection can be utilized when the similar

outputs are desired for different inputs. However, itcreates

-problems whenever dissimilar outputs are necessary.
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Association - Weight
Cell \\ Vector
Vector ;
al W\
Possible inp
Vectors dj W, 'g:iQOnse
’ a; | W,y
as VVs 2: P
a, | We | |
. ’
, : A* :
a, | W, |/ "17(B250%)

: *_ Is
*..A2~(a2,§3.a5,a6)
*
A{1A2=(a3,a6)

Figure.4.§ The perceptron when the intersecxion

of association cells is concerned,

Since tne jbint‘actuator signals of manipulators are
in a continuous structure, the intersections between the
inputs which are close to each other may be utilized for
generalizétion, but for the inputs far apart from each other,
- the overlup should not be encoﬁntered to prevent the inter;.
ference between outputs. Therefore, a progerly desigﬁed
' mapping is necessary.for satisfying the above conditions.
| In CMAC algorithm, the mapping from 'S to A vector
; ié accomplished in two stages; S.fp M and M t6.A,'
where M is a’memoryborgaAiZatioﬁ routine.This mapping ' .
is done for eaChfinpdt1Véctor;ToAachieve this~mabping

uéing‘a phyéically’frealizable”'mémory gize , a memory
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storage technique'called haSh-coding:(hash-addressingfor '
scatteringeaddressing)'élgorithmcis used., It is a,purei&
prpgramming techniqué using conventional computer\memories
in which the address of a storage location for data is a:
functién of the data itself and it ié determined by some
mabping algorithm appliéd to the data contents. In other
words, it :takes the content of an address ih a large memory
and uses it/as an argument in searching the data ‘in a
smaller memory.

| A problem called collision may occur in hash-coding
algorithm as in the case of all content-addressing methods .
ape two different input vectors and f(Sl)

It and S

1 2
and f(Sg) are cofresponding computed addresses, it is
| desired that f(Sl) # r(s2) .AThié situation is of‘high
probability so‘thétbif the function f scatters computed
.addresses randomly. Howéver, there is a little probability
that f(Sl) = f(s2) ., which is called collision. There

| (40)
are some ways for handling the problem of collision,:

4.3.3 Computation of Actuator Drive Signals

" As mentioned above,'the'outputs of the response cells
which sum the corresponding weights, are actuator drive
signals of a manipulator. A typical relationship between

input and,outputAof)a CMAC contruller is that;

P = g(s) | '. - (4.34)

4

l‘There are differéﬁ% functions for each joint of the -

manipulator_so that a coordination between joints is achieved
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during é movement. These fuhctions’are used in learning (data
storage) stage of the method. At this stage, essentially,
the weights are adjusted to obtain désired actuator drive
signals. A schematic configuration'ofla CMAC system for a

single joint is shown in PFigure 4.4.

Ad'justable

Weights
W, o .
. . Desired joint
Input Al Wy v actuator signal
Command _ _ K Ad just :

Si# i 1= ctive weights s |
- etane s
, N ' + Computed

Mapping

5 for the actuator drive
joint signal
"P
 Feedbuck

from the joint

Figure 4.4 A basic}configuration of CMAC system

for a single joint,

This scheme ié similar to the adaptive linear unit
shown in Figufe 4.1; The difference between the computed
"and desired drive*signals, is’used to ad just the weights
such that an oﬁtput’is obtained e&ual to the desired outbut.

In summary, the CMAC algorithm prdduces continuous



control signals for manlpulator and the complicated dynamic
equatlons need not be solved analytically. However,

more effective memory storage and addressing techniques
should be developed for solving memory size problem end

improving the accuracy.
4.4 RESOLVED MOTION RATE CONTROL (RMRC)

Resolved Motion Rate control is one of the most

common methods in the control of mechanical manipulators.

56

This method deals directly with the position and orientation

of‘the end-effector of the manipulator, The difference_of
this methdd from the others is that the velocitiesvand
disblacements‘(éometimes accelerations) are specified and
all the control is accomplished at the end-effector level.

.Siﬁqe, the six degreee-of freedom are fequired to
specify the ﬁositioﬁ and orientatiqh of an object in space
a manipulaterehas'alsp:six degrees of freedom, three of them
for position andvthe ethers are for orientation of the |
end-effectof. Névertheless; in some cases more degrees ofe
freedom ﬁay be reQui:ed to accomplish some taeks with
smallef angie displacements and to reach more locafions.
This4may increase,the'choice of various manipulator config—’
urdtlons.(6’7) ' ' T

The joint dlsplacements, rotational or translational,
can be deflned‘as @ which is a mxl vector. The coordi-
nates of position and orientation of the end-effector can
be denoted as x , a vector with dimension nxl. If,
n=m='6, the manipulator is called nonredundant, if

m> 6;.it is called a redundant manipulator. The relations



between the driving motor positions and joint displacements
are assumed to be linear,

The relationship between x and © 1is as follows;
= £(9) - | (4.35)

‘where sometimes X isfcalled "world-coordinate vector",
and © ié "joint-coordinate vectorh.

The equétion (43%) is of a highly-nonlinear structure,
depending on the task to be done, and the coﬁfiguration of
)the manipulator, | ’

leferentlatlng the equatlon (4.35) with respect to

~time it is obtained that'
k=J() e | B (4.36)

where J(6) is the Jacobian matrix of the system‘with the

elements

L . (4.37)

If m=n, and J(e) is nonsingular, then the rates

of © can be found as,
. _l . .
6 =J7(0) x . (4.38)

Equation (4.38) means that, given the desired rate of
the position and orieﬂtatipn of the end-effector,the rates
of joint displacements can be obtained directly. The com-
putations, however, should be‘in'a coordinstive level in

terms of individual joint rates in order to‘produce a



particular motion of the end-effector. These joint rates,
are then converted to voltages and used to drive the

the joint actuators.

4.4,1 Calculation of Matrix J(8)

Before beginning the calculation of J(6) , it is

necessary to define the position and orientation vectors of

the end-effector. Making use of the homogeneous transfor-
mations mentibned in Chapter II, the transfbrmation matrix
between the fixed-base frame and the end-effector can be

expressed as ;

ceeed (4.39)

Sométimes, this matrix is called "hand-matrix" and repre-
-gsents the actual_poSifidn and orientation of the end-eff¢c~
tor in terms Qf reference system,

Defining a linear velocity vector as ;

Aal

- L ep, S (4040)

.' v.
i+l j=1.

and an angular velocity vector;
I+l

LW,
i+l j=1 J° 3
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where
g xeyy - pyy)  if joint j is rotational
’cj’=<: o ' T (4.42)
' Ej-l V l . if joint j is translational
and
uj-l' U - if joint j is rotational
a =4 | (4.43)
J . ,
0. if joint j 1is translational

In equation (4.41 ) the angular velocity in the direction

j ¥Yor the six degrees of

freedom manipulator, replacing the subscript i+l: by

of Uy with a magnitude of &

6 _in equations . (4.40), (4.41), (4.42) and (4.43), the

following equations are obtained ;

I
i

£
o

-Mm
N

. O

«'Ej_lx(P ',pjél) if joint j is‘rotationalA

if joint j is tranlational

" where P = P6 s, the position vector of the end-effectoxr

’relatiVe to the reference system.
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Combining the vectors v and w into a six dimen.
sional vector é , the equation (4.36) Qaﬁ'be:wtitten as

¥

- 26 & | (4.47)

Wi ) i -

1y
]

and the i th column of the 6x6 J(6) matrix will be in the

following form.

1y _1¥(p = py )

g (8) = | if joint { is rotational
- Fi-l :  (4.48)
and
L _i-—l ) . .
Ji(e) = - if joint ( is trunslational

~since u; s depend on © , J(8) is also function of 8.
fo obtain motion in terms of hand coordinatées,this J(6)
matrix should be premultiplied by the rotation part, R ,

of the transformation matrix .

4.4.2 Application with Other Criteria

in addition to-thé'above procedure,‘it.may be desired
- that the.manipﬁlator should satisfy some criterion while
‘ﬁoving in space. - ) | )
In the case of position control process, one may want
the manipulator to reach a final position with a specified

-~ final time , t_. , while minimizing a performance index of

£



61

the form;
. t, |
1 =|36% 6 at (4.49)
(o)

where M 1is a positive definite @eighting matrix. The cost
in equation (4.49) is the kinetic energy of the system.

Using’the relation

With the above criteria and utilizing Lagrange mul -
"tipliers, for the thimal é the following expression is

obtained,

5 = wla%e) g ace)] L &  (4.50)

If, however, the matrix W = {(6)&'12(9)T is not
invertible over the trajectory of some states then, it is
~not possible to obtain optimal feedback solution to satisfy

the given conditions.



V. SIMULATION RESULTS
A ¢omputer simulation study is performed.to inves—

tigate the performance of the MRAS manipulator contfol
system. A stape vector feedback with an integral action
ié aaded: to complete the control system as shown in
"'Figurg 5.1. Thé feedback matricés are all in diagonal

. form. .
| The complete set of nonlinear, coupled second order
differential equation obtained in Chapfer I1 are used to
model the manipulatof dynamics. The numerical vallues in
these equations~are.based on the UCLA experimental afm.
(Table 5.1), Its mechanical co@figgration is given in
Chapter 1II. The pafameiers useé in the present MRAS
are selecte& according to the analysis performed in

Chaptér III. In the simulation study the state-transition

matrix method of integ ratign is used, and the camputer
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program.written in Yortran IV language is given in

appendiqu:'. The flowchart of the algorithm is shown

in Figure 5.2. »
For different motions the joint angle trajectories
are plotted using Various payloads. It is observed that

these trajectories are closely match to the outputs of

the reference model.

t

1D
1D

Reference
-~ Model

.

N
Qe
Ve
+ .

Adaptation y| Linear
Algorithm k= Processing
E Block -

; .

rPék%)—- Tf_i;&i g
oy o
[ O=—t. =

m“?:

1D
1D
Y.

N~

i

Pigure 5.1 @ Block diagram of the simulated manipuiator-

control system.'
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Lenght(m) ' Mass(kg;) Inertia'Dyadics(kg.mg)

: nr . - .
! - = 0436 |3.348 0.05 0.5
‘FPorearnm e 12303 , E ’

6= 0.89 0.05 0.1 0.05

. S A :
0.5  0.05 3.348

. | | 0.924 0.02 0.1 ]

Upper arm| & 02914 | 6471 0.02 0.1 0.02

-

0.1 0.02 0.924

Table»S.i.‘ManipulatOr parameters used in siﬁulation

study

Geometry,masses,lnertia
Dyadics,initial values
- of joint angles

172
~

Calculat%gn of M and
s ‘Ck matrices
Adaptation -
Algorithm
2 I
Solution of state
equations

Rotation of *J

vectors

Jointvangles~4 - ’ '
of manipulator : - - »

RS

Figure 5.2 Flow chart of the MRAS manipulator

~control. algorithm.
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~Joint trajectories (rzd)

ov - o2 o3 4 time(sec)

Figure 5.3 JointLangle‘trajectories of reference model

Ctor T ={0 1.57 0] rad(without payload)

{
i

Joint trajectories (rad)

o Y 03 0.4 time(sec)

Figure 5.4 Joint angle trajectories of manipulator.
control system for T, =[0 1.57 0) rad.

(without payload)
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8 ( no payload)
7
e
B
S
(“ ' .
w0 M2z
A _
53 m,
2
. o | ‘ .
ol - o2 - a3 G4 9.5 time(sec).
Figure 5.5~ Elements of the inertia matrix durihg the
motion from © =[0.78 0 0.78] ‘to rp:,[o 1.57 0] rad

1)

vWrajjeciories (rad)
P—

o)

UL

ol ez 03 o4 o5 o6
' time(sec)

Figure 5. 6 Joint angle trajectorles of manipulator control

system for r _[O 1.57 O]rad (payload= 5 kg)
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Figure 5.7 Joint angle.trajectories of reference model

¢ -

for rp:[o 1.57 O]rad (payload = 5 kg)

M33

o.| ez . »3 o4 -5 *$ time(sec)
Figure 5.8 Elémdnts of inertia)matrix during tne motion
from 6 =[0.78 0 0.78] to rp=[0‘l.5‘7 0] rad

( payloadd= 5 kg.)
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Figurev5.9 Joint angle trajectories of manipulator control
system for rp=[1.57 0 1457Irad (payload: 8 kg)

§
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°
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0. 0.2 0.3 0.4

. time(sec)
Figure 5. 10 Joint angle trajectories of referenge model

for rp=[1;57 0] 1.57]rad (payload= 8 kg)
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Joint trajectories (rad)

{

Joint trajectori§s (rad);

-
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. Wms

D

P)

o.f o2 , 0.3 o4 °5 time(ses)
~Figure 5.11 Joint angle trajectories of reference model

for r =[0.78 0 1.57] rad.(payload=10 kg)

X

'y

- 0.l | 0.2 03 e ©5 time(sec)

Figure 5.12 Joint‘angle tra jectories of manipulator’
control system for rps[0.78 0_1557] rad.,

(payload= 10 kg)
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' for different motions.-

-~

T o T ST JRE] A
e .-;.[,9‘ 6 93] _rp‘..[rplr 2rp3] Pi";{xiyizi] ,;‘%’dt[xdydzd] P =[x,y ZB]H-'
(rad) . (rad | (m.) © (m.) (m.)
0.78 0 - 0.625 0 ~ 0.007
0 1.57 7.X.281 o) 0.003
0.78 ; 0 0.642 1.804 1.802
(no payload)
0.78 o - 0.625 0 - 0.01
0 '1.57 1.281 0 0.008
0.78 0 0.642 1.804 1.801
‘ (payload; 5 kegl)
0 1.57 0. | -0.89 | -o0.878
0 0 1.804 o 0.011
0 1.57 0 0.914 0.912
- (payload= 8 kg.) '
o 0.78 0 - 0.625 | - 0.612
11.57 o - 0 - 0.632 0.648
0 1.57 . 1.804 0.914 0.910
| (payload= 10 kg.)
OT=[Q QLQJ initial values df joint angles
T | » s , ’
rp _Erplrpzrp3] desired input vector of joint angles
Pf =[x, vy 2;] initial position of end-effector
~P§ =[xd Y4 zd] desired position of end-effector
Pz =[xa ya ZaJ dctual position of end-effector}
Table 5.2 Initial and final positions of end-effector
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VI. CONCLUSION

Simply stated, a manipulator is a positioning device
- which consistsAof rigid links and several types of jointsg.
The selectionvof proper manipulator”configuration
requires the examination of kinematics and dynamics
prOperties.'As mentioned in Chapter II, the dynamics of
an n degrees of freedom manipulator éan be described
by ,nb coupled;'second order, nonlineér ord;nary diffe-
rential equatiQns. Physically,, the coupling terms repre-
sént“gravitational torques which depend on positiens of
the Eoihts,~reaction torques due to the accelerations of
othér joints and/Coriolis_énd qentrifugai torques. The.
significaﬁce of coupling depeﬁds on the physical parameters
of the manipulator and the load to be carried, In a méni-
pulator control techniqué all these effects are taken
into congideration.

The presented médél feference Adaptive control methed
makes use of the basic pfoperties of the dynamics equa-

tions of manipulator. In this method, dan ideal form of
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the manlpulator equdtions is selected as the reference
model.The manipulator is used as the adjustable model such
that it is tried to be forced to behave similar to the
reference'model.mo_echieve this type of»control a term is .
added for cancelling the nonlinearity'of the'system;Another
'term is used to accomplish decoupllng 80 tnat each position
and acceleration pair is related by & double integrator.
Mak;ng use of-the nyperstdbillty,theqry,additional design
parameters are need for guaranteeing the_stability of the
control system,A‘eomputer,ermulation study was performed
to evaluate the performance of the\propoeed oontrol algorithm.
It was observed that-the,response of the menipulator»system
is v1rtually 1dentical to the response of the reference
model for various pdleddS The method however should be
extended to consider other effeotryevterms in the dynamic
‘eqoations of the manipulator,

Severa} munipulator\control methods were presented
and examined to make a comparison with the given method.
In the Resolved Motion,Rate?control algorithm the joint
angle rates'are determined to execute a motiOn in cartesian
coordlndtes expressed 1n the world coordindtes which
describes the p081t10n and orlentatlon of the end—effector.
The main drawback of this method is the additlonal |
computational eifort and the singularity problem of the
Jacoblan matrlx. _

Due to the nonlinearlty and complexity of the dynamic
equations of the manipulator, an optimal control law is
rery difficult to obtain.However, as mentioned in Chepter“

. 1V, an approximate feedback gcontrol law can be determined



but the method is not applicable for the manipulators with
four or more degrees of freedom.

The Cerebellar Model Articulation controller method
is a table look-up control technique.The contrbl functions
are obtained by referring‘to a table rather than by solving
.the;dynamic{eQuationsAof the manipulator.It is a memory
management'tgchnique which causes fhe similar inputs
‘ fesulting in similar outputs called the generalization
‘property.However,diséimilar inputs lead to independent
outputs.TlThese outpgts are actuétor drive signals for each
jbinthhe ma jor problemsgin;this.meﬁhgd are memory size and
the accuracy of the outputs for practical applications.

; Therefore: sdme other memory orgénizatioﬁ techniques

 should be developed to solve this type of problems.
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APPENDIX. A

COMPUTER PROGRAM OF SIMULATION STUDY

The variables used in the. program are given below;

N " : Number of degreeé}of freedom
N2 - : 2XN
U ‘ : Axes of fotation
| 'R Co : Pbsition vector of joints
G B 3 : Véctor of.center of maés of links
M : Inertia Dyadics of links
MASS : Masses of links
- MHT : Initial values of M matrix
NHT : Initial valges of ﬁk matrices
COFM s qufficients used in,adaptatioﬁ
aigorithm(for n mgtrix)'
"COFHv : Coefficients used in adaptation

algorithm(for (i matrices)



KP,KV,AI
XP
RP
xPFIN 1,xPF1N'2,

XPFIN 3

XPH

M

Feedback gain matrices
Initial values of joint anglés
Desired values of joint angles

Final values of joint angles

of manipulator

The output vector of reference

model

‘Moment of inertia matrix

S~

Given the'initial values of the vectors and matrices

given above;ﬁthé trajectories of joint angles are printed

75

out.Some of these vectors and matrices are three dimensional.

The first dimension ig used as ihdex of any vector and

matrix.The list of subprograms used in this program is

given below:

SUBROUTINE CROS

SUBROUTINE TRANS

SUBROUTINE TRACE

(13

It.is used to obtain the cross

- product of_two'vectors.(three

dimensional)

It takes the transpose of any

matrix.(three dimensional)

‘It is used to obtain the trace
of any matrix(three dimen:x

_sional)



' SUBROUTINE
~ SUBROUTINE

 SUBROUTINE

- SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE
~ SUBROUTINE

| SUBROUTINE-:

MULT

EXPO

MULTTQ

EVRIK

MVECA

VECA -
_FUBRL

ROT 1

ROT 2

76

: It is used to obtain the
multiplication of two matrices.

(three dimensional)

:-It is used to obtain the
state transition matrix of

the system.

It is used to obtain the
multiplication of two matri-

ces.(two dimensioﬁal)

L 23

"It takes the inverse of any

matrix.

It is used to obtain the

multiplication of a matrix

(two dimensional) and a

. vector(one dimensional).

: It multiplies two vectoré.

(one dimensional)

It takes the difference of

two matrices.(two dimensional)

It rotates any vector about

the 2 axis.

It rotates any vector about

the X axis.,



.

FROGRAM . NEJCKILINGL, RUTFUT, TAPES=KILINC1, TAPES=RUTFUT)
DIMENSION (G(4,3,3), R(4,%,2),U(4,3,32),IM(4,3,32),A08,6), B(&,3)
DIMENSION C1(4,3,5),02(4,%,3),TR1(4,3,3),TR2{4,3,3),21(4, 5, 3)
OIMENSION Z2¢(4,3,3),13(4,3,3),F2(4,3,3),F1(4,3,3),3(3,3)
ODIMENSION F3¢4,%,3),05304,3,3),TRE(4,3,3),F4(4,3,3),04(4,3,3)
CIMENSION C54,32,3),24(4,3,3),06(4,3,3),CL(4,3,2),25(4,3,3)
DINEN”IHN C7¢4,%,2),TO(4,53,3),TR4(4,3,53),26(4,3,3),SE(3,3)

. MASS(4),MT(3,32), NTH(3, 3, 3),CV(3,3), SR(2,2),FVY(3,3)

y Fre(s, 3, IDENC(E, 3),FS(3,3),FT(E, 3), FMAT (&, &), GHAT (6, &)
DINLN‘IUN NHT(3, 3, 3), MHT (3, 3), COFM(3, 2, COFN(Z,3,3), INTEGA(E, &)
DIMENSION R1(2), R”(u) R;(g) U103 ,U2(3),U203),G1(3),62(3),063(3)
DIMENSION XVD{3), YVEK(ZR),CMAT(3,8), XF(&), xv1<*),xv“(g) XV3(3)
DIMENSTON. XV&(3), XV7(3 ) MF (3, 3), XVHD(3) , XFS(2), X{(5), XP(Q),XV(J)
ODIMFENSION. RF(2), Mb(;) NFl(d,u) NF22(3,3), Nb’(q,a),JUM(J,w) XTE(3
DIMENSTION XSON(3), XTU(S), XT2(3), XT3(3), XT4(2), XFFINLC100), XCHL(G)
CIMENSION XPFINS(100), XPFINZ(100), X30M(3), XVA(3), XVE(3), XFH(2)
OIMENSTION XVH(Z),PI(Z,1),P0(3,3), XE(S) , ROM(S, 1), NHl( 5, 3), XTS(3)
OIMENSION WM3(3,3), NTL(E, 3), NT2¢(3,3) , NTI(3,3), 3V(3) .
DIMENSION NH2(E, 2),5T(E, )  KP(E, 2, EKD(R, 2) , AT (S, 3), XVDS (&)
LQIMENSION XIP(3), XIVIE), XES(&)  XET(&), hU(J) APVE(E), XFV (&)
DIMENZION XEW(S), XEVIZ), XEVD(3 1), X1 (3, X2(3), XIT(3),SW(3)
DIMENSION XA(E), XE(&), XC(&), XD(E) ,3Y(3),61(3), GA(3), X3(3)
DIMENSION Y1(3), Y“(%) YZ(32),Vi(38),Va(z), Vu(_),El(q),EE(ﬂ).,
DIMENSTON =3 3),P1(u) P2C3),FP3(3),0103),02032), ﬂ?(d),X4(")

REAL IM, MY,MASS, NTH, IDEN, NHT, MHT, INTEGA, MG, MF, NH1, NHZ NHS'N]I
hLAL NF1, NF;,NFH,thlNF:,lP iD .

N=3Z walo T
NQ“QﬁN o bt R TR T TV T S
CERR=0.1 -

LFI=1

HL=0.1

M=1-

CIOFNCL, 1, 2)=0,050

CIFNCL, 1,3)=0,10

CCOFNCL, 2, 2)=0,10

COFNSL, 3,30=0.020

COFRN(2, 2,3)=0,10"

READCS, %) ((S(NM, I, M), I=1,N),NM=1,N+1)

READ(S, #) ((RINM, I,M),I=1,N),NM=1,N+1)

READ(S, %) (C(NM, I,M), I=1,N),NM=1,N+1)

READ(S, %) ((IH(M,I,J),J=1,N);I=1,N)

READCS, &) ((IM(E.I,J),J=1,N),I=1,N)

READS, =) ((IM(3,1,3),Jd=1,N), I=1,N)

READ(S, =) ((IM(4,1,.0,d=1,N),I=1,N)

READ(S, #) (MASS(I), I=1,N+1)

READC(S, ) (CIDENCI,J),Jd=1,N), I=1,N)

READ(S, #) ({(FMATCI,Jd),J=1,N2),1=1,N)

READ(S, =) ((GMATCL, ), J=1,N), I=1,N)

READ(S, %) ((NHT(1,I,d),d=1,N),I=1,N)

FREADCS, ©) ((NHT(2,1,4),J=1,N),I=1,N)
READ(S,ﬁ)>((NHT(S,I,d).d=1,N),1=1,N)

READ(S, %) ((MHT(I,d),J=1,N),I=1,N)

READ(S, =) ((COFMCI,Jd)  J=1,N), I=1,N)

READ(S, &) ((KF(I,J),Jd=1,N),I=1,N)

READ(S, %) (DI, ), Jd=1,N), I=1,N)

READ(S, %) ((AI(L,J),Jd=1,N), I=1,N)

READR(S, =) (PO, D, J=1,N), I=1,N)

READ(S, %) ((PI(l.d),J=1.N),I=1.N)

READ(S, =) (XF(1), I=1,N)

READ(H, ) (RP(I1),1=1,N)

XPEINLCL)Y=XF (1)

XFFINZ(IY=XP(2)

APFINZE(L)=XF(E)

TH1=XFP(1)
THZ=XF(2)
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L =m1o0 1=l
UI(I)=u(], I
uzcr)=0iz, I
LECIr=us, |

CRLICI)I=RCOL, T
R2CII=R(Z, I,
RZCI)=R{(Z,1,1)
E1CIy=G(L, 1,1 )
GRil)=Ga, 1,1 -
GRCI)=G0E, 1,10 ‘

100 0 CONTINUE

CZEQ‘:Q‘ﬁ*f.délféﬁﬁl‘ii‘éii‘;"fi‘é593ﬁi‘él‘i’}éﬁ'%’ﬁl‘é8":"%5‘63’65‘&P}?é#ﬁﬂ:?:ﬁ:*fcﬂ'kﬁ#%ﬁﬁ;ﬁﬁkﬁﬁﬁfc**ﬁ#ﬁ#*ﬁkﬁ'k##k%
CALL ROTL{UL, THL, X1) " .
CALL ROTL(UZ,THL,X2)
CALL ROTLOLE, THL, X3)
CALL ROTL1(R1,TH1,Y1)
CALL ROTL(R2, TH1,YZ2)  ° o
CALL ROT1(RZ, THL,Y3) ' ' o
CALL ROTL(G1, THL, V1) . N e
CALL ROT1(G2,TH1,v2) , : : "‘i}' ‘

CALL ROTL (133, TH1, VE) . A i :
CALL ROT2(X1,THZ,S1) S Lo s St s
. . Ve ) B VI O S S I O SRR S S | e

ZALL ROTZ(X2, TH2,52)
CALL ROTZ(X3,THZ,52)
CALL ROTZ2(Y1, THZ,P1)
CALL ROT2(YZ, THZ,P2)
Call ROTZ(Y3Z, THZ,RZ)
CALL ROT2(VLI,THZ,01)
Call ROT2(VE, THZ,02)
‘CALL ROT2(V3, THZ,03)
Do 3300 I=1,N
(L, 1,1)=51(I)
uez, 1, 1)=52(1,
Uiz, I,1)=83(1)
RCL,I,1)=P1(1)
CRC2, I, 1)=F201)
ROZ,1,13=R2(1)
Ge1,I,1)=01(¢I)
G(2,1,1)=02(01)
: G031, )=0300)
3300 CONT INUE
. Do 37 I=i,N-
XV(1)=0,
XFHI)=XP{TI)
XVH(I)y=XV(I)
XVO(I)=0,
. XVHD(I)=0.
27 CONT INUE
SIGHMY=3.
1GpP=1.
Ry =0, 55
ROF=D.25
og 40 I=1,N
Do 490 J=1,N ;
CVITLL, D =2IGMV=IDENCI, J)
CRCL, D=5I0MFEIDENCT, d)
FV(I,J)=RDVMIUEN(I.J)
CFPL, D) =ROPEIDENCT, J)
4 CIONT TNLIE :
iy o) K=1,N".
XAEI=XPE)—XPHK)
: XAEAN)=XV(K)=XVH(K)
30 CINTINUE
fo3 Bm700 Is=1,NZ-
XES(I)=X(1)
700 CONTINUE




I e £
O CALCULATION  OF INERTIA MATRIX M AND C  MATRICES "
, ‘ E)
VRM‘-Q‘r“ﬁ.‘*P‘-mkﬁ*ﬁﬂ‘ﬁ'ﬁ‘*\#ﬂ'#vﬁ#??ﬁkﬁ'*ﬁﬁ'ﬁP‘PP?‘*&’-’?Rﬁ?‘ﬁ#?‘?‘?’f‘#ﬁ*#k?###ﬁ?#ﬁ
iy 2 J=1,N
Ka=MAX (I, )
MTCL, =0.0
= Call FARE (G5,F,FL,H, 1)
CALL FaRb(G,R,F2,K, ) -
CaLL CRIS(U,F2,C2,J,3)
CALL CROS(U,FL,C1, 1,1
CALL TRAMS(CL, TR, 1,353,170
CALL MULTCTRL,CZ2,21,1,1,3,J,1)
Da=MASS(K)®Z1¢I,1,1) -
CALL MULYOIM, U, 22, K, 3, 3,04, 1)
Call TRANS(U, TR, 1,3,1) .
CALL MULTOTRE, 22,23, 1,1,%, 8, 1)
MTCL, ) =0A+Z53CT, 1, 1I+MT (I, d) v ‘ . '}'
IF(K.ER.N+L) GO TO 2 L i
i\.:}:*_l B : * ; \‘ I3 ‘

Y1 T W R
e CONT INUE
oo o7 E=1,N
o o2 I=1,N
oo o7 Jd=1,N
L=MAX (K, ) ]
IF(J.LT.I) GO TO 15
NTHE, 1, 43=0.0
& CALL FARK(G,R,F23,L,K)
CALL CROS(U, F3, 03, K, 1)
Call. TRANS(CS, TR, K, S, 1)
CALL FARK(G,R,F4,L,0)
CALL CROS(L,F4,C4,d,4)
CaLL CROSOL, C4,25,1,d)
CALL MULT(TRS, CS, 24,8, 1,3, 1, 1)
ET=MASS(L)®Z4 (K, 1,1) ~
CalLL TRACECIM,L,N,TL)
T1=0.5sT1 o
CALL CROS(U,U,Cé,1,0)
Ro 7 Iss1,N ,
CLOL, IS, 1) =0a(, 15, 1) #TL
7  CONTINLUE '
CALL MULTC(IM, U, 25,0,3,3,1,1)
CALL CROS(U,ZS,57,4,L0)
o017 Js=1,N . .
TOCL, 45, 1)=0L(1,J5, 11407 (J, J5, 1)
17 CONTINUE '
CALL TRANS (U, TR4, K, 2, 1)
CALL MULT(TRA, TO, Zé,#,1,3,1,1)
CONTHOKE, 1, D =BT+Z6 (K, 1, 1Y +NTHK, I, J)
16 IF(L.EQ.N+1) GO TO 9 .
L=+l :
GooOTO &
15 NTHCK, I, 0)=NTH(E, 3, 1)
o CONT INUE
oo 50 I=1,N
Lo S0 Jd=1,N -
NH1CT, Jy=NHT(1, I,Jd)
NHZ(T, D =NHT (2, T, 0)
NHZ (T, JI=NHT (2, 1,0
NTL1(T, D =NTH(1, 1,
CONTRCI, JY=NTH(Z, 1,.3)
: NYECT, D =NTH(S, I,
S0 DONTINLE o
Do 41 I=1,N
DOo41 D=1, N
S(I, D=EMT L, )
41 CONT INUE



4z

i ADAPTATION ALGOR I THM
C
(ERoRa R iR R CRH AR R AR R AR AR AR RRAR AR AL AR AALRARARARRARARARR

B

o
—

IF(IFAIL.ER. (~1.)) GO TO 3487
CALL MULTIO(S, FP,FS, N, N, N)
CALL MULTIG(S, FV,FT,N,N,N)

o 42 I=1,N o

oo 42 Jd=1,N : :
FS(l,N==1.0&F3(1,d)
FT(I,Ji==1.08FT(L,.J)
CONTINUE -

o 4z I=t,N

DO 43 J=1,N

NL=T+N ' _
MiL=J+N

FHAT(NL, ) =FS(I,J)

FMAT(NL, MLY=FT(I,d)

SMAT (NL, ) =S(L, ) :
CONTINUE _ I
CALL EXPO(FMAT; GMAT,A B, &,3,0.1) Vet R

ooo2é I=1,N

MHTCL, IY=MHT (L, I = C(HLECOFM(I, D) ®(YVER(T) #XVHD(I) )
CONT INIE h : : .
OX=YVER (1) #XVHD(2) +YVEE(2)&XVHD (1)
PHT(L, 2)=MHT (1, 2)~(HL=COFM(1, 2) %0X)
PIHT (2, L) =MHT (L, 2)

OY=YVEE (1) #XVHO(3) +YVER(2) #XVHD (1)
MHT (L, 2)=MHT (1, 5)=(HL®COFM(L, 3)=ayY)
MHT (3, 1)=MHT(1,3) o
QE=YVER (2) = XVHI( ) +YVEK (3) 5 XVHD(2)
MHT (2, 3)=MHT(Z, 3) - (HL=COFM (2, 3) =00)
MHT(S, 2)=MHT(2,3) ‘
CM=YVERE(2)#{XV{(1)#&2.)

OL=2. 2YVEK (1) #XV(2)=XV(1)

CNHLICL, 2Y=NHL (1, @)~ (HLECOFN(L, 1, 2)=(0L-0M))
XEL=2.sYVEK (1) #XV (1) 2XV(3)

XEM=YVEK (Z) 5 (XV (1) #=2,
NHL (L, 2)=hHL (L, 3) - (HL#COFNCL, 1, 3) s (XSL=X5M) )

NH1(2, 2)=NHL (2, 2) = (HLECOFN(L, 2, 2)#(YVER (1) (XV(2)8#2, ) })

YoL=2. #YVEK (1) #XV(2)= V(3

D YEMSYVER L) S XV () =) }
_NHl(3,3)=NH1(3,3)—(HLﬁCDFN(1,3,3)#(Y5L+YSH))

WaL=2, #YVEK (2) BXV(2) XV ()
WEM=YVEK () 8 (XV(3) 562, )
WEN=YVER (3)%(XV(2) =62, )
WHZ(Z, 3) =NH2 (5, 3)~ (HLECOFN(2, 3, 3) # {WSLAWEM-WSN) )
NHT (1, 1, 2)=NH1(1,2) S
NHT(1,1,3)=NH1{1,3)
NHT(1, 2, 2)=NH1(2,2)

RMHT (L, 3, 3)=NHL (S, 3)
WHT(Z, 3, 3)=NH2(2,2)
WNHT(L, 2, 1)=NHT(1,1,2)
NHT(1, 3, 1)=NHT(1,1,3)

MHT (1,2, 2)=NHT(1, 3, Z)

NHT (1,3, 2)=NHT(1,3,3)
NHT (2, 1, 1)==NHT(1,1,2)

NHT (2,2, 3Y=NHT {2, 3, 3)

NHT (2, 3, 2)=NHT (2,3, )
NHT(Z, 1, 1)=~NHT{1,1,3)

NHT (2, 2, 2)=~NHT(2,3,3)

po o S1 1=1, N

poos1 J=1, N
NHICT, DI =NHT (L, I,J4)

NHZ (I, D =NHT (2,1,

NAZ(T, JY=NHT(Z, T, d)
NT1CT, D =NTH{L, I,
NTZ(T, ) =NTHZ, I, )

NTS(I, JI=NTH(S, I, d)
CONTINUE

80



I hely)

FORMAT (20X, “X(7, 12, 7)=",F10.3,7)

CHEriipERE AR R SRR AR RN SR AR NN RS SRR BN A AR B RN AR R AR A AR AR GG
C CALCULATION OF INPUT VECTOR FOR THE ERROR STATE MODEL #
I - #
l:-ﬁ:ﬁ-sn-xw-.r‘vcﬁﬁﬁﬂ-ﬁ*ﬁﬁ-*#f«#kﬁckﬂ:#ﬁ-##tfr?k#ﬁ0?#9-#-*£¢PQ'$ﬂ-ﬁ:sncn:frkﬁ'#k#fcﬁﬁ#ﬁ?ﬁfc
CALL FUBRI (MHT,MT, MF, N, N) o
CALL FUBRI(NML,NT1,NF1,N,N)
CALL FUERT (NHZ, NTZ, NF2, N, N)
CALL FUERI (NHE, NTS, NF3, N, N)
CALL MVECACMF, XVHD, XFS, N, N) o
CALL MVECA(NFL, XV, XV1, N, N) -
CALL MVECA(NFZ, XV, XV, N, N) _
CALL MVECA(NFE, XV, XVE, N, N) . seh e

o
RO
P

o
L0

4z
1100

“CALL VECA(XV, XV1,WT,N)
CALL. VECA(XV, XVZ, HiJ, N)
CALL VECA(XV, AVE, WY, N)
MGCLY=XFSL)+WT
MG(2)=XFI(2) WL

MG (Z)=XFS{Z)+WY

por o Sel LOP=1,N

WRITE(S, S92) LOP, MG(LDF)

CFRRMAT C30X, MG, T2, )=, F10.3, /)

CALL MVECA(A, X, XE, N2, NZ)

CALL MVECACE, MG, XF, N2, N}

oo 22 I=1,N2

RELy=XECI)Y-XF(I)

CONT INUE

0D 450 JAHL=1, N2

WRITE(E, 480) JHL, X{JHL) .
FORMAT (23X, “X(7, I2,7)=",F10.3, /)
no 8% I=1,N i

IH=d+N

CMATCE, )=CPCT, B

CHMAT(L, IH)Y=CV(I,Jd)

CONT INLE :
CALL MVECA(CMAT, XES, YVEK, &, 6)

Do 492 I=1,N

WRITE(4,1100) I,YVEE(D)

FORMAT (29X, “YVEK(", 12, 7)=",F7.3,7)

Do E7 1=1,N

Urery=0¢1, 1,1
H2{I)=uiz, 1,1
UBC1I=IE, I, 1
R1CD=R(1,1I,1
R2LDI=R(2,1,1
R3C=REE, 1,1

S GL(Ia=G6(1,1,1)

GReIy=5¢(2, 1, 1)
GECLy=6(3, 1,1

% CONTINUE |

s EhRReEHARAN AN CRERAR IR RSN H AR AR AR AA AN KRR AR PRI ARAS

o QETAIN NEW XFP HAT VECTOR

[ (QUTFUT OF THE REFERENCE MODEL. ) .

D SeuncSEAlER s okl RRd R R AnR AR A R R R KRR RBRRRRERAR
CALL EXPO(PQ,FI,SOM,ROM,3,1,0.1) i
Do 2104 I=1,N
AT4(1)=ROMCL, 1)=RP(L)
XTSCII=ROMCT, 1) =RP (20
AKTACLI=ROM(T, L)=RP{Z) .

2104 CONT TR

AIFCL)=XPH(L)
XIP(2y=XVH(1)
KIP(3)=XVHDL)
XIVIi1)y=XFH(Z) .
KIV{2)=KVHZ)
XIVZ)=XVHD(Z)
AIT(LY=XPH{3)
XIT(2)=XVH(Z)

XITCI)=XVHDE)Y = - - o e e

8l



S0z0

SDE0

S0706

CALL MYECACIOM, XIF, SW, 3, 3)
CALL MVECA(SOM, XIV, SV, 3,3)
CALL MVECACZOM, XIT,SY,3,2)
Lo, 5030 I=1,N
XIP(I)=ZW(I)+XT4(I)
AIV(D) =3V +XTE(T)
XITCI)=3YCI)+XTE(T)

CONT INLE .

XFHCL)=XIP(1)

XPH{Z)=XIV(1)

XPH(ZI=XIT(L)

XVH{L) =XIF(2)
AVH(Z2)=XIV(Z) .
AVH(2)}=XIT(2)
XVHOUL 3 =XIF(3)
XVHD(2)=XIV(3)

XVHOCZ) =XIT(3)
WRITE(Z, S060) (XPH(I), I=1,N)
FORMAT (10X, “XPH ;7,3F2.3,/7/)
WRITE (&, S070) (XVH(I) , I=1,N)
FORMAT (SX, “XVH 57, 3F9%.3,7/)

i ERsa AR G SRR AR R AR AR AR AR AR AR R AR R AR R R AR A G RGN RE
c CALCLLATION OF NEW XF VECTIOR v o=
c ( VECTOR OF -THE JOINT ANGLES ) %

4100

210%

2108

L CEESRAERACHHEARBEEERKARKNEEERGEREGHERPREXRFEERRKRLARLERBRELEER

Do 4100 I=1,N
XP(I)=X(I)+XPH(I)
XVEI)=X(I+N)+XVH(T)

CONT THLIE

XSO L)Y=XP(1)}

XSOL(2)=XV{1)

XSOL (3)=XVHI(1)
XSOM1)=XP(2)

XS0OM2)=XV{2)
XSDH(3)=XVHD(2)

XSONC L) =X (3

XSONC2)=XV () .
ASON(Z)=XVHD{Z) - o

Cal.l MVECA(ZOM, XS0L, XT1,3, 30
oo 2103 J=1,N L

XSO (D) =XT1(D+XT4(J)

CALL MVECA(SOM, XSOM, XT2, 3, 2)
o 2105 J=1,N )

XEOM (D =XT2CN XTI

CONTINUE . :
CALL MVECA(SOM, XSON, XT3, 3, 3)

Q02102 J=1,N

XSONCII=XTS(N) +XTE(I)

XPO1y=X201.¢1)

XP(2)=X30M(1)

XPC3)=XSONCL)

XV(1)=XSOL ()

XV (2)=X30M(2)- .

XV (Z)=XSON(Z) ' !
XVD(1)=XS0L(3) o
VD) =XS0MS) o
XVO(Z)=X30NE) '

oo 1512 I=1,N

X(I)=XF(IY=XPH({I)

XKCI+NY =XV (D) ~XVH(T)

XES(I)=X(1) .

AES(I+N)=X(I+N)

CONT ITNUE

TH1=XP(1)

THE=XFP(2)

THZ=XF{3)

LFI=LFI+1

APFINL(LFI)=TH1

XFFINI(LFI)=THZ

XPFINZ(LF[)=THZ



e
Eace~]

2075

~ oD
[ )
-~

ZA=RF (1) -TH1
IE=RP(2) -THZ
IC=RP3) ~THE . - , , o

TH1=ZA ; R
TH2=ZL ] PR ot T

70

ZD=ARS(Z2A)
IE=ABS(ZE)
ZF=ABS (L0
IF(ZDJLE.ERR)Y GO TO 228

CrudununsE s sdig b RnRunR iR RaRRAuinsRARRRRALuaRnRnnLe s
[ ROTATION OF VECTORS TO OBTAIN NEW POSITIONS . ®
i AFTER DESIRED MOVEMENT . #
Cv*#va“'k"’*@k‘fﬁ'ﬁvﬂ-‘ﬁ:ﬁ"ﬁ# CHRCRGPERFRREKFARERERRARKAEARKAERKKAS
- RTE CakL ROTIOUL, THL, X1)

CALL ROTL1(UZ, THL, X2)

CaLL ROT1 (3, THL, X3)

CALL ROT1C(RL, THL, Y1)

CalL ROT1(RZ, TH1,Y2)

Call -ROT1(RS, THL,Y3)

Call ROT1(51, THL, VL)

CALL ROT1(G2, THL,V2)

cakl. ROTLGE, THL, VE)

IF(ZE.LE.ERF) GO TD 937

CallL ROTZ(X1, TH2,51)

CALL ROTE(XE, THZ, S20)

CALL ROTZ(XZ, TH2,32)

CaLl ROT2(YL, THZ,F1)

CaLL ROT2(Y2, TH2, P2)

CALL ROT2(Y3, THZ,F3).

Call ROT2(VL, TH2,01)

CALL ROT2(VE, THZ, 02)

call ROTZ(VI, THZ, 03)
IF((ZF.LE. ERF) . AND. (ZE.LE.ERR). AND, (ZD.LE, ERR))GG. TO 00
oo A0 Is=1,N .

i1, I, 0=51("

ez, I,1)=32(1)

W3, 1,1)=53¢1)

R(1,1,1)=F1(1)

K2, 1, L)=P2(1)

R(3,1,1)=P3(1)

Gll, 1, Ly=01(D)

Gez, 1, 1=02(1)

Gt3,1,1)=03(1)

CONTINUE

GO TO 200

WRITE(E,301) :

FURMAT (20X, “THETA 17, 13X, “THETA 27, 11X, "THETA 37,//)
po 700 I=1,LFI ]

WRITE(S,701) XPFINICI), XPFINZ(I), XPFINS(I)

FORMAT (20X, F7 .4, 12X, F7.4,12X,F7.4)

CONTINUE A

THI=XFFIMI(LFT)

TH2=XFFINZ(LFL) -

THZ=XFFIN3(LFI)

WRITE(S, 3451)

FORMAT (15X, - INERTIA. MATRIX IS SINGULAR 7, //7)
STOF . )

EnD

SUBROUTINE FARK(A,B,CF,KL,LT)
DIMENSION A(4,3,%),B(4,3,3),0F(4,3,3)
Doy IIs=t,3 -
Dol Ja=1,1 v
CE(LT, IT, J)=A(KL, IT, JN) =BT, I,
RETURN :
END
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SURROT INE ChDC(D F,CR, kKX, IX)
ODIMENSION D(4,3%,2),F(4,3,2), LR(4,g,d) )
CR(EX,L1,1)= U(}X,~,1)GF(IX,U,1)—U(EX,g,l)rrelx,k,l) o
lR(iX,h.l)“D(tX,o.l)ﬂF(IX 1, 1)-0(KX, 1, 1)sF(XX,3,1)
CREX, 2, 1)=DO(KX, 1, 1)*F(IX,_,1) D(}X,Q,l)hF(IX 1,1)
RETURN
END
SUEROUTINE TRAN (ZL,CT,LT,NN,MM)
CIMENSTON LL(4,U,J) LT(Q,J,Q)
g 1 II=1,NN
L3 1 JJ=1,MM
CTLI,JJ, I =ZLCLY, I1,d3) .
CONTIRUE ' ] -
RETURN :
Enn
SUBROUTINE TRACE(F,LZ,NZ,T}
DIHFN*IHN F(4,3,3)
T=0.
D1 II=1,N2
TaT+F(LZ,I11,11)
CONT INUIE
RETURN
END
SUBRQUTINE MULTCX, Y, Z, N1, N2, N3, N4, N3)
OIMENSION X(4,3,:2), Y(4,J,u),Z(4 3.:)
OO 1 Il=1,N2
o 1 =1, NS
TV=0.
0 10 kEK=1,Nz
TTY=TT+X (N1, 11,EKE)®Y (N4, KE, JJ)
DONTINUE
Z(NL,II,JN=TT
RETURN
END

T BUBROUTINE EXPO(F,D,A,Y,NN, MM, TX)

DIMENSTON FONN, NND , DONN, MM, ACNN, NND Y ONN, MDD, IN]EUA(U'O)
Dlm[’N TN .JT(‘-‘:LJ)

REAL INTEGA

INTEGER FOWER

" NORMFT=0.0

Do 1 TI=1,NN

0o 1 AJd=1, NN

STCIL, J ) =FCLL, J)#TX
ACIL,J=3T(I],JH)
FOWER=100.

b 7 11=2, POWER

| FPOWR=FOWER-11+2

nooS JdJd=1, NN

i3 KE=1, NN

INTEGA (JJ, KD =AM, EK) /FFOWR
INTEGA (IS, JD)=INTEGACIS, dD)+1,0

Lo 4 . L=1, NN

DO 4 JE=1,NH
ACIL, ) =0,
L 4 JH=1,NN

AL, JEY=ACIL, KD ST (JL, JRY HINTEGA (JH, JED)

CONT INLE
oo 9 Ja=1, NN
A0, D =AGEY, JA)F1, 0
oo 2 EK=1,NN :
INTEGACHS, BEY=TXEINTESACNLD, KK}
D19 If=1,NN
[y 10 L=y, MM
Y(II,JJ)=0,
DH 10 ER=1,NN
YOI, A =Y(IIl,J))+INTEGA(II, t}) D(Vl,dd)
htlURN T
END
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SUBROUTINE MULY LGCAE, COL EF, N1, N2, NZ)
DIMENSION AE(NL, N2), CDINZ, N3}, EF (N1, N3)

DOo1 IY=1,N1 ' L
DO 1 Jd=1, NS '
TX=0). ‘

0o 2 KlE=1,N2
TA=TX+AER(IT, rf)»Lﬂ(hk,dd)
ZIONTINUE
EF{LII, dd)=TX
RETURN
END

SUEROUTINE EVRIK(S, OR,N)
OIFIENS IUN S(E, ), 0R(E,3)
I=1 -
NX=MN+1
NY=Z2=N
LD 30 J=NX, NY
S(I,d)=1.0

I=1+1
L=1
=2
XM=5(L, L)
DO 140 J=L, NY
S(L,)=5(L, /XM
oo 170 I=K,N
X=%(l,L)

oo 1%0 J=L,NY
-.-(I,-J)*-\I,-J)"“-(L \J)?:X
L=l+1
K=k ,
IF(L-N)110, 110,230
L=N
L.Z=L-1
oo 290 E=1,L27

I=_ -k

Y=S(I,L)

Do 270 J=L, NY
S(L, D=5, ) =Sk, ) &Y
L=L~1

IF(L.GT.1) GO TO 23S

0o 4% I=1,N
Oo 45 J=NX, NY

LiN=d—-N
OR(I,LN)=S(I,.d) .

CNT INLIE

RETURN

NI

SUBROUTINE MVECA (A,B,C,LI,MI)
DIMENSION A(LI,MI),EB(MI),C(LI)
Do 1S Ik=1,LI

TS=0,

oo Lo Jk=1,MI
TS=TS+ACIE, JE) =B (JK)
CONT INUE

COIE =TS

RETURN

END

SURROUTINE VECA (A, B, WS, NX)
DIMENZION ACNX), E(NX)
W=,

s 10 I=1,NX

TWE=ACD) 2B FHE

CONT TNUE ' : o
RETURN e

END



SURBROQUTINE FURRI (A, B,C,LS, LMD
DIMENSION ACLS, LMY, BILS, M), CLS, LM)
Do & I=1, LS '
DooE J=1,LM

: CCI, ) =AlL, D-BCT, D)

] CONTINUE

. RETURN
END .
SUBRODTINE ROTLI (A, THL,B)
DIMENSTON ACZ),EB(3)
E(1)=A(1)=COS(THL)~A(2)=SIN(THL)
B(2)=A(1)=3IN(THL)+A(2)=iZ0S(THLY
B(3)=A{3) ‘
RETURN :
END
SUBROUTINE ROT2 (A, THZ,E)
DIMENSION A(Z),RB{(3)
E(l)=A(1) .
E(2)=A(2)sC0S(THZ) ~A(3) =S IN(THZ)
E(E)=A(2)%BIN(TH2)+A(3)§CUS(THE)
RETURN
IZND
SUBROUTINE ROTZ (A, THZ,B)
DIMENSTION A(3),B(Z)
GB(1)=Aall)
B2y =A(2)=C0S(TH2) ~a(3)#SIN(THZ)
B(3)=A(2)%SIN(TH3)+A(3)%CDS(TH3)
RETURN ' '
ENL

READY.
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