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A STUDY ON MANIPULATOR CONTROL 

ABSTRAc'r 

In this study,a brief information about the kinematic:s 

and dynamics of a mechanical manipulator is presented and 

a control method is examine~.~hemethod used to obtain the , 

·iv 

dynami~ equations~of motion is well s~ited 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 JVlodel and the manip-

ulator system outputs are forced to follow the reference 

model. 

Three different control methods are also examined to 

make a ,comparison with the presented control scheme. .. 
To evaluate the performance of the Manipulator control 

system a simulation study is perform~d and it is observed 

that for different motions and varying loads the system 

, shows a good performance. 
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ROBOT KOLU KONTROLU tiZER!NE BIR 

< .. QALI~MA 

KISA QZET 

Bu 9all~mada mekanik birrobot kolunun kinem1:1.tik.ve 

dinamigi hakklnda oze.t bir bilgi verilmekte ve bir kontrol 

yontemi incelenmektediro Robot kolunun dinamik denklemlerini 

elde etmekte kullanllan yon tern, bilgisayar kullanlml i9in 

oldukga uygun bir yapldadlr. 

Robot kolu kontrolunda lVlodel Referans Adaptif Sistem 

teorisi kullanllmaktadlr. Bu yontemde, robot kolunun ideal 

denklem bi9imi referans model olarak segilmi~ ve robot kolu 

kontrol si~temi glktllarlnln, bumodelin 91ktllarlnl izleme­

leri -. istenmi~tir. 

Ek olarak, sunulan kontrol yontemi ile bir kar~lla~tlr­

rna y?-pabilmek amaclyla lig ayrl kontrol yontemi incelenmek:.. .­

tedir. 

Robot kolu kontrolunda kullanllan yontemin performan­

slnldegerlendirmek amaclyla bir bilgisayar benze~im 9all~­

maSl yapllml~ ve fa.I'kll hareket ve ylikler i9in sistemin iyi. 

bir performans gosterdigi gozlenmi~tir. 
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I. INTRODUCTION 

Manipulators have, been used extensively in the fields 

of undersea and space explorations and maintenance opera-

tions, industrial auotomation and nuclear industry. 'fhe 

main reasons of manipulator applicationa" in these fields 

are the dangerous working conditions for human beings am 

fQr the reduction of human labor and time consumption. In 

most Df tnese applications, the control is accompli~hed 
. " 

by a remote: human operator which' "is calle"d" tele"-opera tor 

configuration. H~wever, the manipulators used in indus­

trial automation are generally automatically controlled 

devices~l) , 
~ 

In order to achieve advanced automation, a mechanical 

manipulator with human-like versatility is required. 

Although manual tasks may be aChieved by a conventional 

system with various types of machines, ~he inflexibility 

of these machines makes the human-like manipulators more 

attractive. In reality, it iLs difficult to design a system 

·with the versatility that a human has in carrying out 

various tasks. It is reasonable to attempt the structural 

a~d motional capabilities of a human arm in an artificial 

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

1 



manipulators' that behaves equivalently to tha.t of a human 

arm. Since the human arm and brain is a highly developed 

manipulation system. 

The developments of the low-co~t.high:performance, , 
small size computers have contributed to improvement of the 

control methods of manipulators.It is desired that a 

manipulator should fulfil complicated tasks with high. 

speeds and over a wide range of applications.Since,the 

dynamics of a manipulator is characterized by the inherent 

nonlinearities and complexity,the.difficulties in realiza­

tion makes the classical control techniques inadequate to 

obtain high performance control functions. 

The kinem~tic considerations are important for the 

proper selection of manipulator cOnfiguration.~he first 

2 

stage in improving a control technique is to obtain a 

mathem~tical formulation of the dynamiC model of a manipu~ 

lator.Many methods,e.g.Newton-Euler formulation, have been 

developed for obtaining dynam~c equations of maniPulators~2,3) 
The control concept of a manipulator can be expressed 

as the process of finding what each joint actuator does 

at every time interval and under various external condi­

tions.That is, it may be affected from external effects 

as well as inherent limitations and nonlinearities 89 that 

closed form analytiC solutions may not be ~vailable. 

A number of control techniques have been proposed 

for dynamiC control of manipulators •. In the computed 

torque drive· method (4,5) ',a prescribed trajectory is 

given and the corresponding torque signals are obtained .. 
numerically.The main dr8.wback of this method which makes 



it difficult to use in on-line control, is the significant 

computational effort to solve the ~ynamic equations of the 

manipulator. 
(6,7) 

The resolved motion rate control , is a method 

in which the motions of the various joint actuators are 

combined and resolved into separately controllable end­

effecto~ movements along the world-coordinates which 

specify the position and orientationoi' the manipulator. 

In some other control,. methods, the dynami,c equations 

are liriearized along the desired trajectory and the control 

is obtained analytically ~'8) 'In some cases, nonlinear 

. feedback compensation is us~d.(9~. 
. (10,11) 

'l'he optimal control theory can also be used to 

obtain suboptimal or intemt.1onally nonlinear controllers,. ,. 

An adaptive control algorithm can also be utilized 

for handling the control problem such that the system 

makes the necessary' internal ·modifications to obtain the 
(12 13) 

desired response.·· ' 

There are some other contro~ techniques' that the 

dynamic model of the manipulator.is not required. A table­

look up method is used to produce output signals that are 

t t t d · . 1 (14,15) join ac ua or r1ve s1gna s. 

Another method makes use. of the variable structure 
(16) 

systems theory." .' 

In Ch3.pter II, a brief information is given about 

the kinematics and dynamics of mechanical manipulators. 

In Chapter III, an adaptive control algorithm called 

Model Reference kdaptive system is examined to be used 

,in a simulation study for a manipulator. 

3 



In . Ch,?-pter 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 the selected algorithm achieyes the 

objective of controlling the manipulator. 

4 
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II. KINElvlATICS AND DYNA1VlICS Ob' A MECHANI CAL 

IVlANIPULATOR 

2.1 KINE1VlATIC CONSIDERA1'IONS 

In order to specify the position and orientation 

of an object in space, it is necessary to define six 

independent coordinates. 

JVlanipulat~rs consist of links which are rigid 

bodies connected by spherical, cylindric~l, cartesian, 

and screw type joints~ One of the most popular ty~e of 

joint is the cylindrical which allows a rotation about 

the cylinder axis 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 translational joint allows a translation 

along the axis. In other words, when the lead of the 

cylindrical joint is zero, it becomes a revolute joint, 

and when the rotational action -is not allowed, it is 

called a prismatic jOint. (11)' 

Typical representations of these joints are shown 

in Figure 2.1. 

5 



(a) 

(b) 

Figure 2.1 Typical representations of revol'\lte, 

and prismatic jOints. a) Scheme of revolute joint, 

b) 'Scheme of prismatic jOint. 

In this figure, e. is unit vector of the i th 
l. 

joint axis, Ti ' the vector of center of mass of the 

i th link, and qi is the generalized coordinate 

corresponding to the i th degree, of fr'eedom. As shown 

in the ~\igure, a generalized coordinate can be defined 

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 transient 

matrix Ai can be defined. Assigning one coordinate 

system to each jOint, the transient matrix columns 

represent the unit vectors of the connected coordinate 

6 



system expressed in terms, of the fixed base system. 

In order to form the transient matrix which corresponds 

to sone defined angle. qi~:l.t is necessary to rotate each 

unit vector by an angle q. about axis e1 ,and then apply 
'\ l. 

Rodrigt s formula, 

( 2.1) 

where q .. is the j'th column of transient matrix which 
. l. J 

. is unit vector before rotati'on and Q .. is the j' th column 
. l.J 

of the transient matrix after rotation. Then the transient 

matrix is obtciined as follows 

Additionally the re1at~onship 

-1 
A. 1 .= Ai . 1 ::l.-,l. = ,l.-

exists between the coordiriate systems. 

(2.2) 

(2.3) 

Using the informa.tion given above, the transi~nt, 

or transformation matrices which correspond to the 

angular rotations about ~he X,Y,and Z axes by the angles 
J:, 

,e, ¢ , 'tJ' respectively t can be found as in the following 

form 

1 o o 

R = x,a o cose ';'Sine, (2.4,) 

o Sine CosS 

7 



Cos~ 0 Sin~ 

R J...:;; 0 1 
y.,/: 

-Sinp 0 

o 

CO~ 

Cos\f -Sin,£ 0 

Cos\}' 0 

o 1 

(2.5) 

(2.6) 

These rotation ma"trices do not give any informati.on 

about translational joints. Therefore considering, a vector 

which gives the position of the origin of connected 

coordinate system relative to the fixed base system, 

a 4x4 matrix called It Homogeneous trasformation matrix" 
(18) 

is obtained in the following form ' 

l' _ 

Ro"tation 
Matrix 

L--- .--: ..... --, -, 
I , 
;Position 
,Vector 
I , 

-------------1--------- = , I 
_ ... -- - ------1 

Perspective lScaling 
Transformationl}actor 

I' 
I . 

---,----' "--------
I 

R : - p 
-3.x3 : , "';3xl 

I 
I ------ .... ------
I 

f lxl 
-lx) 

(2.7) 

In this form of transformation,the lower left lx3 

matrix,i.e. the perspective trunsformatio.r1 is used for 

calibration"", the camera model and computer vision.When 

no camera model and cumputer Vision is involved,the 

elements of this 'matrix are set to zero.The lower right 

submutrix with dimension lxl is sc';ling factor which is 

generally equal to 1 for robotics applications •. , 

8 



In sumrnarY,a homogeneous transformation matrix is a 

mapping between the reference coordinate system and a 

connected coordinate system,i.e. a·.vector defined. in any 

connected coordinate system can. be expressed in terms of 

fixed ba.se system by using corresponding, homogeneous 

transformation matrix. 

The homogeneous transformation matrix can also be 

written in the form, 

s a ~ ] (2.8) o ·0 

In this representation,p is the position vector of 

the end-effector,!!,§,and §: are the unit normal,unit ~lide 

and unit approach vectors of the end-effector,respectively. 

'fhese. three orthonormal vectors specify the orientation 

of the end-effector as shown in :Wigure. 2.2 and by a 

translation corresponding to p the origins of Xo ',Y 6' Zo 

and 'p., §,~ coincide with each other. 

The inverse of the homogeneous transformation can'be 

written as follows 

...... - ...... . 

I '.e-
~ -!! ~ 

T It ~,111 
=3x3 I_SLp 

I --

:_aTp 
I - _ 

1-·---- ----,..-----
I . 

o 0 0 - 1 

9 



Yo p 
o~:---------~~~----~--l 

]'igure 2.2 po'si tion and orientation vectors of the 

end-effector. 

The inverse homogeneous transformation is used to 

express the Xo,Yo,Zo coordinate system with respect to 

n,s,a coordinate system. which is aSSOCiated with the end-

effector. 

10 

Since a manipulator is an open active chain consisting 

of rigid links comlected in a serial manner with rotational 

or trunslational jOints,one coordinate system can be 

assigned to each joint and a' homogeneous transfo'rmation 

matrix can be defined for each pair of them. Defining the 

coordinate' transformation matrix between link i-I and 

link i as A~ 1 .then the tr~nsformation between the 
~-
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base and end-effector of the md.nipulator can be expressed 

dS the following 

where n is the 

For a six degrees 

i 
••• • • • A. 1 =~-

n 

IT' i - - A 
- f=l =i-l 

number of degrees of freedom 

of freedom manipulator; 

s a 

(2.10 ) 

, 
of the system. 

T =. A 1 A2 A 3 A 4 A 5 A 6 [~ iJ : 0 := 1 :=' 2 =-3 = 4 =5 = ' (2.11) - 0 0 

then the resul t,ing matrix specifie.s the position and 

orientation of the. end-effector with respect to the 

reference frame. 

2.2 lVIANipuLA'rOR DYNAJVllCS' 

The major problem encountered in the applications 

,of.. industrial robotic devices is the low operation speed 

in the'l.r motions.To increase the power of actuator driving 

motors and demanding higher speeds from the servos is 

not a remedy to handle the low operation speed problem. 

This due to the fact that,it is not possible to see a 

manipulator as a purely kinematic device at high speeds. 

As the operation ,speed of a manipulator increases ,inertial 
I 

effects of the links originating from the velocities and 

accelerations,leads to some compl~X pJ;'oblems in contro1 of 

robot arms.It is'required that ,the motors should provide 

forces and torques to compensate for these internal effects. 

However,since it is very difficult to comput~ these forces, 



an exact dynamical model of a manipulator is not possible 

to obtain,instead,under some simplifying assumptions an 

approximate model is tried to be established. 

12 

The dynamic model of a manipulator can be represented 

by a set of n- nonlin'ear,second order differential equations 

:describing the motion of the system in the space of internal 

(jOint) coordinates.By neglecting friction forces in joints 

the equations of motion will be of the fgllowing form,; 

(2.12) 

or 

~.; = ~-l(q)[g _ y(q,aJ]< (2.13) 

T 
where <! =1 ql q2···· qn 1 is the vector of generalized 

coordinates,U is the vector of driving torques and forces. 

M is the inertia matrix whose elements a.re functions 

of generalized coordinates,V is a column matrix which is 

also dependent on joint positions and ,velocities.It repre­

s~nts gravitational,centrifugal and Coriolis's forces. 

In these equations h is the number of degrees of freedom. 

Although,there other equivalent 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 II inverse problem" 

of the mechanics,that ia,to determine the motions for 

given driving forces a'nd torques.(2), . 

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 Newton-Euler equations 

and the principal theorems of the mechanics of the system. 

b. 'rhe method of Lagrange,'s equations. 

c. The models formed on the basis of acceleration, 

"energy" or Gibbs function. 

All these have some' common properties based ·on the 

information about the kinematic scheme of the manipulator 

and the recursive nature for calC,ulation of velocities' 

and accelerations in an outward manner from the fixed-

base coordinate fram~.It is possiQle to solve both direct 

and inverse problems of mechanics by using all these 

m~thods.However they differ from each other in terms of 

computational efforts. When on-line application~ are 

considered both ' Lagrangian and Newton:-Euler formulations 

are almost equivalent in this respect. The method based 

on the Gibbs-Appel equations makes use of the recursive­

ness in internal coordinate systems rather than computing 

the velocities and accelerations 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 The IVfethod of Gib"bs-Appel·RQuations 

The Gibbs-Appel function is defined for a ;mechanical 

system with n degrees of freedom in cartesian coordinates 

as in the foolowing form 

G = G = i 

n 

L ~, 
i=l 

(2.14) 

13, 



where m .as 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 
:L 

form. 

G.= ~:m.6..+ 12 E.~J.E.. -[2(J.W.)X .w.JE:: . 1 ,1~1 1 .~ 1 1 ~ .~ ~ 
(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. 

Introducing the generalized coordinat~s q=[ql ••• q 1T ,n I 

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

equations as 

i=l, 2,3, •••• n (2.16 ) 

or in matrix form 

and 

(2.17) 

Pi represents the generalized force corresponding to the 

generalized coordinate qi • 

Using the equation (2.16) the dynamiC equations of 

a mech~nlcal m~nipulator is obtained as shown in detail 

. (1'9) .' ln, .' ,and of the form 

M(q) q + V(q,q) = U (2.18) 
= 

14 
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in this equation I"l, is the symmetric and posi ti ve defini te 

inertia matrix, V is the ~onlinear functlon of generalized 

coordinates which represents gri:lvitational,centrifugal 

and Coriolis's forces. U is the ,generalized force vector 

which includes torques and sliding forces at jOints, 

potential forces,friction forces,etc.ln this form of 

modelling the vector V has the following form 

Y'(q?q,)= [~/r Ql ~,~/r ~2~, ••.• ~T £n ~JT (2.19) 

and the elements of Ck matrices satisfy the following 

condi tions,' 

k' k c .. = c .. l.J Jl. 
, i, j , k=l , 2 , •. . . . n 

and (2.20 ) 

k 0 c ik = 
j ... c· k ' 1., t 

This method is well suited for realizing a computer 

oriented algorithm 'in the on-line control applications 

of a mechanicdl manipulator. 



2.3 .MANIPULA.TOR USED IN SIMULATION STUDY 

Figure 2.3· shows the six-degrees of freedom 

manipulator considered in this s~udy. fJ.1he system elements 

are assumed .to be rigid and some effects such as connec­

tion clearances and motor backlash are neglected. (20) 

Azimuth 

axis 

') d.o.f w.rist 

connecti.on 

Elevation actuator 
and 

transd ucer unit 

e· . 3 
Forearm 
elevation 
axis 

Azimuth actuator 
and transducer unit 

Foreaim' actuator 
/. and' 

transducer unit 

balances 

l!'igure 2.3 Six Degre~:p of Freedom Manipulator 

In this arm configuration, the counter balances are 

used to minim.Lze the effects of .gravity. For the dynamic 

analysis and' control of this manipulator, it is assumed 

that the payload is grasped by end-effector of the 

16 



manipulator and so the,. (flaSS properties of the payload 

and wrist can be combined. In addition, the dimensions 

of the wrist and payload are very small with respect to 

the other system elements. 

Under the above assumptlons, in the. dynamics of 

the system only the generalized coordinates 

will be effective. 

rrhe. schematic representation of the manipulator is 

shown in :E'igure 2.4. 

Payload center 
ma~s 

z 

\ 
X . ~,~ 

. 
lfigure 2.4 Sc;hematic representation of the 

manipulator. 
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In lj'igure 2. 4 Pi is three dimensional posi ti:.on 

vector of the joint between link 1,-1 and link i. 

Ti is three dimensional vector of center of mass of 

link i. ei is unit vector of rotation, . and 9
i 

is 

the rotation angle about axis e. • 
1 

Using the right-hand coordinate systems, one 

coordinate frame is assigned to each joint of the 

manipulator as shown in Figure 2.5. (21 ) 

'9 !. 

x 

) 

all. 

q~\ 

Figure 2.5 lVlanipulator coordinate frames • 

18" 



In Figure 2.5, the joint axes ~l' ~2 ' ~3 are 

defined as; 

~l = (0,0,1) T 

'r 
~2 = (1,0,0) 

T 
~3 = (1,0,0) 

where ~2 and ~3 are always parallel to each other 

during any motion. Then, the rotation matrices for each 

joint CRn be found as "follows 

cose. 
1 

-Sinel, ° 
Rl, = ~inei COSt\ ° 

0 0 1 

J ° 0 

R2 = ° Cos8 2 -Sin82 

° Sin82 Cos8 2 

1 ° ° 
R3 = ° Cos83 -Sin83 

° Sin93 , Cos8
3 

19 
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III. ADAPTivE CONTROL SYSTEMS 

3.1 INTRODUCTION 

The developments in the field of digital computers, 

have increased the popularity of adaptive ( self-organizing) 

control algorithms, due to the contributions to thefdcilities 

in realization. 

Adapti ve control systems adapt their internal be'haviour 

to the environmental changes and the controlled system, as 

well. Although, differe~tclassifications are' possible, 

mainly, two types of adaptive control methods may'. be con­

sidered; open-loop ( feedforward') or closed loop (feedback) 

adaptation schemes. The selectlon of these schemes is based 

upon the information about the system to be controlled. 

The feedback adaptation schemes can be examined under 

two main groups. Self optimizing. adaptation aims to obtain 

an optimal control performance depending on the system 

information and the controller type. 

Model reference adaptation, however, try to get an 

input signal such that the system behaviour will be similar 



to a given reference ~odel. 

The basic schemes of feedback adaptive control systems 

are shown in lfigure 3. I 

Y 

(a) 

i<eference 
model r-------------~-, 

boy 

u Yp 
C : Controller 

p: Plant 

(h) 

:Figure 3.1 Basic configurations of feedback 

adaptive controllers; a) Self optimazing adaptive system 

b) Model Reference Adaptive system. 

\ 
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3.2 MODEL REFERENCE ADAPTIVE SYSTEMS (lVlRAS) 

The basic scheme of a Model Reference Adaptive system 

is. shown in :F'igure 3.2. 

+ 
--'" 

Signal-· I 
Synthesis I 
AdaptationL.-

Reference 
Model 

Adjustab.le 
System 

Adaptation 
Mec;han.ism 

Adaptation 

Figure 3.2 Basic scheme of lVlodel Reference Adaptive 

9ystem (l"IRAS). 
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In Figure 3.2 the adjustable system is a system which 

adjusts its behaviour by either changing ita internal structure 
. 1 (~~,1~~22) 

or modifying its input sl.gna s. : 

The output of the Reference Model 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 



accomplished by making necessary changes in adjustable 

system using adaptation mechanism who,se input is the 

generalized error vector. 

3.2.1 Classifications of MRAS 

When the classifications of MRAS are concerned, various 

criteria should be taken lnto account, since it is difficult 

to express all type.s of lV1RAS considering one criterion. 

Some criteria for categorization of'HRAS are as follows; 

a. structure 

b. Principle of adaptation 

c. Conditions o:f operation 

d. Index of performance 

e. Application fields 

The classificat~ons according to these criteria are 

given in the following manner; 

a. Structure 

i) Parallel fJ1RAS 

ii) Series MRAS 

iii.) Series-parallel MRAS 

23 ' 

'fhe configurations of these MRAS are shown in Figure 3.3 

In the figure; when the parallel lVlRAS is used for parameter 

identification, i t,.,is called .. output error method ". 

The seri'es and series-parallel MRAS schemes are also call'ed 

lI'input error method" and lIequation error method" re.spectiv~)..y. 



b. Principle of Adaptation 

i) Adjusting the parameters of the adjustable 

system. 

ii) Signal syntnesis a~aptation. 

iii) Combination of'these adaptations. 

c. Conditions of Operation 

i) Using test signals applied to the input of 

the system or to the' adjustable system. 

ii) Wi thout test vsignals. 

d. Performance Index 

i) " Minimization of generalized, error which is 

the vector resulting from the differences 

24 

of responses of adjustable system and reference 

model. 

ii) Minimization of state distance, the vector 

obtained by the difference of states of ref­

erence and adjustable model. 

iii) Minimization of structure distance, vector 

of difference of parameter vectors of adjust­

able and reference models. 

These performance indices are different from the desired 

performance index of ,the whole system, they are only used 

to obtain necessary adaptation rules for MRAS. 

e • Application E'ields 

i) l"lodel I!'ollowing systems 



kL 

Reference 
Model 

/ 
Adjustable 

System 

. Mechanism 

Reference 
IVlodel 

(a) 

Adaptation 
}VIe chani sm 

(b) 

-=1 

" 

Adjustable 
System 

er~ 
1(-

e 

. Figure 3.3 Ifhe configurations of NRA§ according to 

the classification based on the structure. a) parallel 
~ .. SITtS\ KU1UrHANE~ 

b) series, c,d) series-parallel. BOGA2\~1 Ut-tWER H'" 
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u 

1- - - - - - - - - - -I 
. 1 

1 
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~ [Vlodel ' . -.1. 
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J I 
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J Reference-
~ \'Ilodel 

I (S) 
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S- SERIES 
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iY_ 
(\ 

/ 
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I 

System I--
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, 

(c) 

.------- ---I 
r I 

I Ad justable I 
Reference 

lVlodel 
~------~~ System 

(s) 

__ --0. ___ --------~ 

I 
1 
1 

-------- -------

, 1 .------~--, 
Adjustable 

system 
(p) 

I I 
I~ __ .. - - - - - - -

(d) 

Figure 3.3 (CONTINUED) 

Adaptation 

Mechanism 

e 
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ii) Identification of unknown parameters of systems 

iii) State observation 

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 tl1e Stability Theory 

c. ',Design methods based on the Local l?arameter 

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 st'abilij;y 

theory will be examined in this chapter. 

3 .... 2.2 Design.IVlethod Based on the Stability Theory 

Although, the second method of Lyapunov can be used 

for the design of I"lRAS. more satisfactory results can be 

obtained using the" hyperstabili ty theory of Popov, since 

this method directly gives the structure of the adaptation 
(23.) 

mechanism. 

Consider the multi variable standard system shown in 

Figure 3.4. The state equations of the system is of the form; 

.. FX T ~lll (3.1) x = - -

'::,Y ='Rx (3.2) 
-



u = -u 
-:1 (3.3) 

u. = g(~ ( c: ) , t) ,z. ~ t 

~l LINEAR Y -I" BLOCK 

U=-U - _I NONLiNEAR 
1/ BLOCK I' 

Figure 3.4 standard multi variable nonlinear control 

system. 

It is assumed that, the matrix pairs .[~>~] and [~,~l 

\comprises completely controllable and observable sets, 

respectively. Additionally,it is assumed that the vectors 

u and y ha¥e the same dimension, the function g is a 

nonlinear function of y • Taking into account the subset 

of u such that it satisfies the inequality; 

t 

) ~'r(c:l.~(l:) dl: ~ 
o 

(3.:» 

where ~2 
o 

does not depend on time but it depends on the 

initial conditions of the system. 

The theorem for asymptotic stability is the followingi 

28 



'fheorem: The necessary and sufficient condi tlons for the 

above system being asymptotically hype~stable are; 

a) The transfer function from !!l to y . , 

!!(s) = ~(s~_!)-lg (3.6) 

is strictly positive real. 

b) All poles of H(S) being in the left half plane, 

Re s <0 

c) H(jw) + HT~(jw) is positive definite Hermitian = -- . 
for all real w. 

Consider the parallel ~ffiAS described by the following 

equations; 

• x =AX +Bu . - m = rn-m· ;:m-

e = Cx -lYl ::-m 

e = Cx - s =-~ 

y 

= e - e -m -s 

~s{t) = !(~(~),t) 

1's ( t) = 1'( ~ ( !. ) ,t ) 

(3.7) 

(3.8) 

(3.10) 

(3.11) 

(3.12) 

, (3.13) 

(3.14) 

29 



. where, ~m' ~m are nxn , and man dimensional model state 

and, input matrices respectively. !s' ~.s are corresponding 

stat-e and input matrices Qf the real system with the dimen-

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

e is the generalized error, and D is constant matrix 

defining a linear transformation. 

The -matrices and ~ ~epresents the nonlinear de-

pendence on y in the interval z: /t. '6 , 6 ,are model 
~ -m -s 

and system output vecturs, respecti~ely. 

The necessary and sufficient conditions for the MRAS 

described by equations (3.7) -- (3.14) being a hyperstable 

system are; 

a. The transfer matrix 

must be st,rictly posi ti ve real, 

b. The vectors (!m - !s) ~s ' 

y have the same dimension. 

(B- B ) u , and 
=m =s 

c. The solutions of the equations (3.13) and (3.14) 

satisfying the equation (3.5) , have the 

following form. 

pet) = [cX i j 
T ~SjJ = ~ 't. x (3.15) y. 

-~ -s 
-
\fJ(t) = [~ij T 

= ~ y u (3.16) ;[i u. ] 
-~ -

-
where ~,~ are positive definite matrices. 

For obtaining the asymptotic hyperstability, it is 

necessary to select the matrix E properly such thut the 

transfer matrix from Y to e is strictly positive real. 

30 



3.2.3 Application to the Mechanical Manipulator 

The dynamic equations of a mechanical manipulator 

is of the form; 

(3.17) 

The jOint displacements (rotational or translational) 

can be defined as generalized coordinates of the system. 

If al~ the jOint~ are revolute, the joint angles are 

generalized coordinates of the manipulator as mentioned in 

the second chapter. Then the dynamic equation will be of 

the form; 

!ice) ~ +·-y(e,e) = u (3.18) 

This equation is. characterized by a highly nonlinear 

and coupled structure.of the parameters of the manipulatoc 

In the ideal case, the manipulator parameters are decoupled 

and no nonlinearit~ is co~cerned~ Then, all joint angles, 

velocities and accelerations are related with each other 

by ideal integrdtors. This form of relation can be consid­

ered as the reference model· for IViRAS configurC3,tion in the 

control of manipulator. 

Introducing. the necessary te·rms to can~el out the 

syste~ nonlinearity and achieving the decoupling of the 

parameters, the equation (3.18) can be expressed in the 
(25) 

following form.· 

~~ = ~(t)~ - ~(e,e) + y(e,e) - ~(e - 8m) -

.. B(e - 8m) (3.19) 



In eguation (3.19) the generalized force vector U is 

expressed as; 

(3·.20 ) 

J\ 

where .!:1(t) , the matrix used to decouple the manipulator 

parameters, 

". . 
~(9 ,9) , the vecitor 'for cancelling out the rtonlineari ty" 

y(e,~) , of the system, 

MRAS • 

- ~(e ..; ~J - ~(e - ~d ;. the terms for obtain a stable 

. 8 9 are the position (displacement) , and velocity -m ' -m 
vectors of the reference model which is represented by Ta 

double integrator • 

z .. ~ is the common input vector for both reference model 

and manipulator which is adjustable model in this case. 

The openr~loop transfer function between z and e is; -m 

e 1 -m (3.21) 
z 

a double integrator. 

A vector denoted by w is defined as; 

A ~.. 

~ ( t) = (~( t) - ~) ~ +(! ( e, 9) '"; ~ ( e ,e ) ) (3.22) 

Then, subtrao.ting the equation (3.19) from (3.21.) , 

the following equation is obtained. 



}} , 

e ',0 ;'1 I e 0 "\= ",', , , - ..,... -
d 

I + W(t) (3.23) - - - ,- - - - -
dt \ 

• M-lp M-IR • M-l e - - &. = ':: = = -

where e and e dre error vectors, such that 

e = e - e - -m (3.24) 

and 

e = e - 9 -m 

s,electing a vecto.r y so that; 

(3.26 ) 

The transfer function matrix fr~m wet) to let) 

is of the form, 

] [ 
2 -1 

s~2 ~s + ~s + ~J (3.27) 

In order that the MRAS satisfies the hyperstability 

conditions, this transfgr i'unctlon must he positive real. 

This transfer function represents the linear block of the 

popov loop shown in F'igure 3.4. 

, The selection of the matrices ~ , ~ , El ' and E2 
can be accomplished under the agove conditIon such that; 
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P - =Jl~ (3.28) 

R = )<2~/ (3.29) . 

~l = AI!: (3.30) 

1)2= A2~ (3.31) 

where I is the identity matrix and the scalars ~l '~2 
= 

Al ' A2 are all posi tlve con~tants satisfying the conditions 
, . (23,24) 

obtained from. Kalman-Yakubovi teh-Popov Lemma. I ., 

(3.32) 

A2t2~, - !l~ > 0 (3.33) 

(1\2/""1 + i\1f\2.~1 - Al~> 0 (3.34) 

If the results in equations (3.15) and ,(3.16) are 
I 

applied to the MRAS , consideri~g alsQ. the structures of 

the matrices M and Ck s in the dynamics equations of 
= 

the manipulator, the adaptation mechanism, for 3 degrees 

of freedom manipulator, is found to be 

A 

}~or M rna trix ; 

. 
m, '.( t) = -<Xl' 1..' ( Z" yl.' ) 

l.~ .' l. 
i=1,2,3 

i=1,2 and j=i+l,3 

"'k For C matrices; 

., 
'.' 



(3.35) 

where the scalars CXij and ~ij are positive constants •. 

This adaptation algorithm represents the nonlinear 

bloclc of the Popov loop in Figure 3.4 

Then the new ~opov loop becomes as shown in Figure 3.5 

I' 

LiN};AH BLOCK 
W Y 

(Equation (3.27) ) 

-

W1=-W NONLiN~R BLOCK , 

(Adaptation I. 

Algorithm) 

li'igure '3.5 , The popov Loop Repre senting the 

Present MRAS. 

This new Popov Loop satisfies the equation (3.5) for 

asymptotic. hyperstabili ty" ,such that; 

t 

\ ~i(r:) y(d dr:) - li~ 
o 

, (3.36) 
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, 

z 

Then th~ block diagrhm of the MRA8 used in simulation 

study is shown in Figure }.6 

+ 

REFERENCE 
lV10DEL 

MANtpULATOR 
(AdjustHble 

Nadel) 

P R 
::. :: 

Linear 
processing. 
Block 

D 

y Computing 
Block 

(Adaptation 
Algo:ri thm) 

Figure 3.6 The Block diag~arn of the MRAS used in 

control of the manipulator. 
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IV. A £If J!;R NAT I V}.; CONTROL IVl~THODS OF MANIJ:>ULATORS 

4.1 INTRODUCTION 

Due to the higher requirements on speed and accuracy, 

various manipulator contro+ methods have been tried to be 

developed. As it is seen in the earlier Chapters, the basic 

problem that has to be overcome in manipulator control is 

the highly nonlinear dynamical equations and couprings 

that govern the motion of a manipulator. In this chapter, 

other thdn the presented Model Reference Adaptive System 

method, some control techniques are examined briefly. 

]~rstly , an approximately optimal control method is 
. 

presented. In this method, an approximate optimal solution 

is'tried to be found for man ... pulators with four or less 

degrees of freedom. 

1\. tabl~-look up control method is examined in which 

there is no nee'd to solve the dynamic equations of manipula-

tors, analy:tfcally. 

3·7 

In the Resolved Notion Rate Control (ftMRC), joint velo­

cit~es are tried to be controll~d.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 APPROXIlViATION THEORY OE' OPTIMAL CONTROL 

]'OR lV1ECHANICAL MANIPULATORS 

When the nonlinear systems are concerned the feedback 

solution of optimal control problem is of little application 

due to the difficulties in realization. The same problem , 
iS,also considered for robotiC manipulators because of the 

fact that their dynamiC equation~ are in a highly nonlinear 

structure. 

Recently, different ways of solutions to this .pro~lem 

have been proposed to obta~n apprOXimately optimal solutions 

or to get higher-order feedback terms for improving the 
(26,27) performance of the system. ' "",." 

In this section, another way of solution will be 

presented. In this method a recursive algorithm is.app~ied 

for obtaining control laws converging to ,the optimal, ~hat 
, ' (10 11') 

is, improving the performance of the system~ t, 

An admissible control is selected and compared with 

other controls in terms of performance index. In the second 

stage another control is obtained which is used to reach 

a more 'improved performance. These steps are repeated until 

an allowable approximation to the optimal control is reaChed. 
, 

The theory of this approc.lch is similar to the one 

used for obtaining the Hamilton-Jacobi-Bellman equation to 

construct the rules for the solution of the feedback control 

problem. Th~ foundation of the method is, based upon the 

definition of a value function whlch is used for updating 

the control law while keeping the system stable. 



Consider a system in the form;· 

. 
x = a(x) + B u 

::. -

where x is nxl state vector, a(!) a function of states 

.which may cons'ists of nonlinear terms, B is nxm input 

matrix, and u is desired control law with the dimension 

of mxl. 

The process is controlled to minimize (or maximize) 

the performanc~ measure, 
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. t . . 

J(!( t). t. y( t)) = h(;( t f)' t f )+ S[~( x("z: ))+lIu U2j dz: (4.2) 

and 

t . 
o 

A necessary condition for optim~lity is the following; 

min H(~,¥,~v,t) = 0 
u 

where V(x,t,u) is the associ~ted value function, and 

V .A 'i!JV , the grad ient of V( x). 
OX 

A pre-:Hamil tonia,n function is defined as; 
.'. 

Where L(x,u) is. the integrand of the perform~nce measure, 

and .. V'" is the optimal value function, then; 

H[~, V(x),g,t] =VV*T(x) a(x) +\7V~T(x) ~!! + 

. 2 
g(~) +lIuli 

/ 



The optimal control law is obtained by minimizing 

the pre-Hamiltonian function with respect to ~, and 

obtaining the H-J-B equation; 

(4.6) 

. 
To get the optimal control law for this system, the 

partial differential eq~ation (4.6) should be solved for 
If> 

Vex) , and used in (4~3) • In most cases, however, the 

solution of this type of equation is very difficult. 
i . 

Addi tionally, even the solution of this equation could be. 

found ,~" the realization of the optimal control law would be 

very difficult to implement. 

II'or avoiding these di·fficul ties, instead of trying 

to find an exact solution to t~e optimal control problem 

a formulation for obtaining an approximate solution will 

be presented hereafter. 

Instead of minimizing the pre-Hamiltonian function, 

solving the necessity ,the H-J-B equation (4.6) for V~(x) 

40 

to get the optimal control law, assume an arbitrary, posit"ive 

definite and continuously differentiable value function 

vex). Substituting this value function, in (4.~) for a 

given control law, it is obtained that, 

(4.7) 

Additionally, the value function, for the given control 

law satisfies the properties; 



and 

Using the necessary and suf.ficient conditions for 

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

and V (x); ( 10 ) 

( "* 
V ( x, t., u) ~ V (x, t ,u ) ) 0 , u I: u* (4.10) 

Assuming for a given control .u1 t the value function 

~(x,t,u) satisfying (4.7)~ (4.8), (4.9), system (4.1) 

has bounded trajectories in [to' t f ] and as t f - 00 

,:Vl(O,t,u) = 0 "for all t in, thy in~erval ,[lo,tfl 

so the origin, x(oo) = 0 , is a stable. equilibrium pOint. 

'1'he above property is also verified by the stability in 

the sense of second 'method of Lyapunox, such that; 

and 

V( x, t) 0 

V(Q,t) = 0 

V(O,t) = O· 

, 

(4.11) 

, 

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

asymtotically stable. 

Using the equation (4.5) for ul and another control 

law and minimizing with respect to u 's, where 



Vl (x) and V2(x) corresponding arbitrary value. functions 

satisfying the properties mentioned before, for system (4.1) 

then; 

H . 1 = g('x) +\fVlT(x) a(x) - . .l('\1V'l\ B.)~ mln,4 1 = 

The control law u2(x) may be a better sub­

'optimal control than u1(x). if "the corresponding Hmin(X) 

satisfy the condition; 

ovZ:+ H ) '"":l.V '"":l.t. . 2 u 1. H 
(;7 mln t7 ()t + minI 

then the inequality 

-
should be valid for all real 

!.(ll) *" 
x. 1n this inequality Vex) 

is the value function for ~he optimal contrO"l u*(x). 

If the value functions Vl(x). and V2(x) are not 

explicitely dependent on time, h(x(tf),tf)=o and the in­

tegrand of the performance index L(x, u) 1= 0, then t'he 

equation (4.J..}) reduces to the form; 

. and the inequali t¥ Vl ~ V 2 

equations (4.¥") and (4.L"'l) 

(4.15) 

(11) 
is still valid. }Tom the 

(10) 
it is concluded that; 
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· , 

(4.16 ) 

~Under the above properties, this result can be generaliz~ 
* . 

'and, V (x) constitutes a lower bound for value functions 

oi' approximate controls, i. e.'; 

since 

* u _ .1.- BIll rT V * = 2. = v (4.17) 

Theorem'l: If control laws and associated value functions 

are obtained according to above.rules, from'the minimization 

of the Hamiltonian containing V,(x), value function for 
1 

ui_l(x), in other~9rds if the controls are selected 

according to this rule, the controls converges to optimal 

monotonically, i.e; 

1 I.e 
u

1
, ( x) = - -2 B "V V, 1 

:::> 1- (<t.18) 

then 

v. 1). v. 1- , 1 

(10) 
Tae proo! of this theorem is given in 



'l'heorem 2: :E'or an arbitrary· control law u
a

' and f(x, t) " 

/f(x,t)1 <co , if a value function Va satisfying the pro":' . 

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

then if 

and 

Va(xo,to'uo ) is upper bound of 

and if, 

J(u ,x ,t) 
000 

V~(X(tf),tf,ua)~h(X(tf),tf) 

(4.20) 

then, Va(xo,to'un ) is lower bound of J(u ,xo,t ). 
.... . (10) . a,. 0 

The above theorem is proved in 

The difference Vi ~ Va = ~Va can be used as a measure 

whether u. is an acceptable approximation to the optimal 
). ! 

control. 

4.2.l Applic~tion of the Theory to the Linear Systems 

Consider the linear system; 

• B ! = A x + u 
=. :: (4.21) 

y = C x 
:: 

.44 . 



subject to the perfOrmance index. 
, ~ , 

S 
t 1£ 2. 

J(u,x,t) = (~ ~ ~ +II~\I. ) dt 
't: o 

where Q 
coo 

is a symmetric and po~itive definite matrix. 

I£he application of the above method to the linear 

systems is essentially based upon the selection of the 

lue ·function. 

Selecting a value function in the following form; 

1£ 
V. (x) = x P. X 

1 -::.1 -

where P. is a symmetric and positive definite matrix. 
1 

The pre-Hamiltonian function; 
. 

T T H( x, V ( x) , u, t) = \J V (x )Ax + '\/ V (x) Bu + 
= - :.-

and applying the eq~ation; 

va-

then, a linear matrix equation is obtained in the following 

form. 

p. converges to 
=1 

p* in time, so V. (x) 
1 

the optimal value function. 

(4.25) 

converges 
1t 

V (x), 

In' some cases the selection of value functions 

satisfying equations (4.8) and (4.9.) is very difficult. 
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In these cases, the upper and lower bound conditions as in 

Theorem 2 may be useful. F'or a given control u , a value 
1. -

function Vl is found as a lower bound, and as the next 

step, for another control, u
2

, ~ value function is tried 

t9 be found as an upper bound. This procedure is repeated 

until an acceptable approximation is reached. 

4.2.2 Application to the I"lechanical Manipulator 

As in the most"cases of nonlinear systems, the optimal 
, 

solution is not possible to 'be found-or:' v~aliza; fiori of ,.it is 

very diff~cul t';,;for i mech,ani?a"l: manipula t.o:rs. 

The dynamic equations of motion of a manipulator was 

of the following form; 

M ~ + !(9,~) = U (4.26) 
= 

where the matrices M and V are nonlinear functions of 

joint 

and 

of other forces. 

-::::. 

]'rom equation (4.26); 

Defining the matrices, 

p = tJi-lu and G 
= 

then 

.. 
e = G + P 
::. 

'\ 

= - fVl-1V 
-

1.;* 

(4.28) 
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Thi. s model 01 tlle "'rm l'S ~ linear in P, which is an 

input vector obtained from the actual input u by a 

nonlinear transformation. 
\ Rewriting the state equation for a 3 degrees of 

freedom manipulator. 

~(t) = ~ x(t) + ~(~ + ~) 

where 

;}=[~ ~J 
and state vector 

~(t) 

The, dynamic equations c:kived in the sec'ond chapter'is 

appr'oxima te, since it is based on seyeral 'simplify~ng 

assumptions. Additionally, a performance index compatible 

wi'th'the desired response is difficult to construct, 

because of the fact that the system has coupling effects 

between each subsystems besides the inherent nonlinearities. 

Therefore, assuming the system is, in decoupled form, 

then a perfo~lI1ance index for the proper kinematic configura­

tion can be defined as;' 

oa , 

J( u, x , t.) = {[U x( t ) -xd ( t ) II 2. :l + II u II 2] d t (4.30) 

o 

where ~d - (eld ,92d ,63d ,0 , ° ,0 } 

coo'rdina tes, and 

desired final 
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is diagonal matrix related to the damping and the speed 

of the system. 

The matrices ~1 and Q 
=2 

are adjusted for the 

purpose of improving the overall dynamic performance of the 

systeul, the values of which affect the relative speed of 

the joints and are selected in order to minimize 'the overall 

energy needed ~o perform a motion. 

According to the method given in this chapter, a 

feedback control is selected at t~is stage. A control law 

compensating the nonlinearitie~ of the system structure 

may be of the form; 

!!(x) = .. M[<l(x) + ~ !SJ (4.31) 

where ~ > 0, and symmetric matr~x, 

Substituting this control law into .system equa i;ion (4.29) 

~(t) = A ~(t) + B(G. + r) ::. - . 
(4~32) 

~(t) =·A ~(t) + B(-S ~) 
= =- ::: 

As can be seen from the equation (4.3.1), the control 

law consists of two parts, one is linear and the other 

nonlinear part used for_compensating the nonlinear term 

of the system. Because of the fact :.; that· upon convergence 

of the values of G and S, to theirnomlnal -mlues, 

48 

the compensating inputs u. 's cancel out the nonlinearities 
.1 

of the system. Then the system will be reduced to the form 

of ideally double integrators with quadratic performance 

index, (4.24) 1. e. satisfying the controllability condition. 
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4. 3 CER1~BELLAR J.V10DEL AR'11ICULA1rION cowrROLLER (CMAC) 

The CMAC is a table lookup manipulator control method 

in which' control functions for each degrees of freedom can be 

accessed from, a table, but not s~lving the dynamic equations 

of a manipulator, analitically. In 'other words mathematical 

formulation of a manipulator is not necessary for this 

method of control. The main drawback of this method is the 

necessary size of merriory in which the control functions are 

stored. The Cl"'~C algori thm, however, introduces some reme-
, ., . (14,15) 

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 the 'coordination of movements. A neurophysi-

ological study on the cerebellum reveals that its operation 

is based upon the inputs obtained from sensory o+gans and 

feedback signals corning from the muscles, skin and joints 

of related moving part of the body. All the inputs form ,an, 

address whose content is used for obtaining the output 

signals driving the jo~nt actuators. The functional 

operation Of cerebellum is the origin of C~ffiC a~orithm 

which is es~entially an adaptive control method. 

4.3.2 An Adaptive Linear Unit and Perceptron 

To understand the method, a simple adaptive syst~m 

is introduced and shown schematically in Figure 4.1. 



-r 
2k 

\ 

fio . r nk ----r--:~V0_M--_l_-' 

.,. 
I 

I , 

-i c 
Controller 

h of the 

Adjustable weight 

]'igure 4.1 An Adaptive Linear Unit 
--' 

The device in li'igure 4. consists of a set of 

variable resistors connected to a summing circuit which 

sums up the c~rre:£lts caused by the applied input voltages. 

The number of parallel outputs can be increased so that 

the system canbe realizable by multiple units similar to ~ 
(40 ) 

the given configuration. 

The .~input conductances are represented by Ii ' the 

input voltages r i' and the output, signal- . by ~ , such 

that; 

n 

n = Lf.r. \. . 1 1 1 1.::; 
(4.33) 
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The aim of this unit is to obtain a given value ~~ 

when the inputs r i ' are applied to the system. E'or this 

,purpose, the system operates in such a manner that, it 

adjusts the weights to obtain th: value ftk at the output. 

fhis is an adaptive operation so that a mechanism used 

for adjusting "i scan' .be. found to reach the desired value. 

This is also a problem of ,associative mapping such that if 

a·proper mapping is not:found only an approximate value of 

7k is obtained at the output of the system. 

Sometimes, this type of adaptive systems may include 

nonlinear operations in tne form of tresnold-logic unit. 

The devic~" called Perceptrori combines several threshold­

logic units into a singl,e system which is used to realize 

an adaptive-pattern classifier. 
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A typical percep~ron configuration is ,shown in Figure. 4.2 

SceerllSlosry \. t' . 
Assoc~a lon 
Cells 

'Ad justable 
Weights 

4 2 A typic~l Perceptron J:t'igure .• ' 

.. 11 



In the figure, the sensory cells, Si' receive' 

the inputs either I or 0 .The~e inputs.are transmitted 

to the association cells Ai' as I or -1 ,If the 

input to an association. cell exceeds 0 ,it is activated 

and, the signal is ,transferred to the response cells, R. , .J. 

through adjustable weights • 

If the value of the input signal exceeds a threshold 

value, the response cell is activated and outputs aI, 

otherwise .it outputs a 0.· The operation of Perceptron 

is essent~ally a mapping of the form; 

and 

, 

The only way to change A to P mapping is to adjust 

the weights. The.input vectors S. 
J. 

can be interpreted as 

addresses ~hose contents ~re corresponding output vectors 

P.' s. To produce independent outputs for each input vect01; 
J. 

it is ner.cessary to have a large number of association celis 

which may be in unrealizable size. Therefore, some elements 

of association cell vector· can be used in common by some 

input vectors. 

As shown in li'igure 4.3, an intersection of active asso­

ciation cells which are nonzero elements of association cell 

vector and denoted by A* , may be rela ted 't.ti.t'hl some input 

patterns. Thisintersectlon can 'be utilized when the similar 

outputs. are desired for different inputs. However, it creates 

. probl'ems whenever disslmiJ.ar outputs are nece~sary. 
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Association Weight 
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" 
Vector 

Vector 
a, WI 

Set of a~ W~ 
Possible a,3 W-; Response Vectors Cell 

a4 W4 

as Ws 
p 

at. WE. 

.' 
• 

• • 

]'igure,4.3 The perceptron when the intersection 

of association cells is ,concerned. 

Since the joint actuator signals of manipulators are 

in a continuous structure, the intersections between the 

inputs which are close, to each other may be utilized for 

generalization, but for the inputs far apart from each other, 

the overlap should not be encountered to prevent the inter­

ference between outputs. Therefore, a properly designed 
\ 

mapping is necessary. for satisfying the above condi t'ions. 

In Cl"lAC algorithm, the mapping from S to A vector 

is accomplished in two stages; S, to M and Mto A., 
. '. -

where 1"1 is a memory organization routine.'fhis mapping 

is done for each-input vector~Toachie.ve this mapping , 

using. a physically .:rel:'llizable" m~mory size , .a memory 



storage technique called hash-coding (hash-addressing or 

scattering~addressing) algorithm,is used. It is a purely 
-

programming technique using conventional computer\memories 

in which the address of a storage location for data is a 

function of the data itself and it is determined by some 

mapping al'gori thm applied to the data. contents. In other 

words, it-takes the content of an address in a large memory 

and· uses it as an argument in searching the da tain a 

smaller memory. 

A problem called colllsion may occur in'hash;'coding 

algorithm as .in the· case' of all, content-addressing methods. 

If 

and 

S and 
1 

f(82 ) 

S2 ane two different input vectors and f(Sl) 

are corresponding computed addresses, it is 

desired that f(Sl) ~ f(S2) • This situation is of high 

probabili ty so, that if the function f scatters .computed· 

addresses randomly. However, there is a little probability 

that f{SI) = 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 ,output of, a C.f\'LAC contruller is that; 

P = g(S) 

54· 

There are differerft function's for each joint of the 

manipulator so that a coordination between joints is achieved 
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during a movement. These functions are used in learning (data 

storage) stage of the method~ At this stage, essentially, 

the v.eights are ad justed to obtain desired actuator drive 

signals. A schematic configuration of a C~~C system for a 

single joint is shown in li'igure 4,,4. 

input 
Command 

\S--7 A* 

S 
IVId. P P lng 

. for the 
joint 

]'eedback 
from the joint 

Ad'jus table 
Weights 

WI ,,', 

Adjust 
ctive weights 

. . 

Desired joint 

actuator signal· 

+ Uomputed 
actuator drive 

signal 

p 

li'igure 4.4 A basic· configuration of CIVLAC system 

for a single jOint. 

This scheme is similar to the adaptive linear unit 

shown in Figure 4.1. The difference between the computed 

. and desired drive signals, ,is used to ad just the weighto 
-

such that an output is obtained equal to the desired output. 

In surr~ary, the CMAC algorithm produces continuous 



control signals for manipulator and the complicated dynamic 

equations need not be solved analytically. However, 

more effective memory storage and addressing techniques 

should be developed for solving memory size problem and 

improving the accuracy_ 

4.4 RESOLVED MOTION RATE CON'fROL (RMRC) 

Resolved Notion, Rate control is one of the most 

corr~on methods in the control of mechanical manipulators. 

Th..l.s method deals directly with the'positionand orientation 

of the end-effector of the manipulator. The difference of 

this method from the others is that the velocities and 

displacements (sometimes accel~rations) are specified and 

all the control is accomplished at the end-effector level. 

Sinqe, the six degrees of freedom are required to 

specify the position and orientation of an object in space 

a manipulator has also six degrees of f'reedom, three of them 

for position and the others are for orientation of the 

end-effector. Nevertheless, in some cases more degrees of 

free40m may be required to accompli~h some tasks with 

smaller angle displacements and to reach more locations. 

'fhis may increase ,the choice of various manipulator config-
(6 7) 

ura tions.' 

The joint displacements, rotational or translational, 

can be defined as 9 which is a mxl vector. The coordi-

nates of position and orientation of the end-effector can 

be denoted as ~,a vector with dim~nsion nxl. If, 

n = m =, 6 , the manipulator is called nonredundant, if 

.m> 6, it is called a redundant manipulator. 'fhe relations 
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between the driving motor positions and joint displacements 

are assumed to be linear. 

The relat~onship between x and ~ is as follows; 

~ = f(~) 

'where sometimes ± is. called "world-coordinate vector", 

and e is "joint-coordinate vector". 

The equation (4.35) is of a highly-nonlinear structure, 

depending on the task to be done, and the configuration of 

the manipulator. 

Differentiating the equation (4.35 ) 'with respect to 

time it is obtained that; 

• • x - J(e) E1 (4.36) 

where J( 8) is the 'Jacobian matrix of the system with the 

elements 

If m = n , and J (e) is ,',nonsingular, t!len the rates 

of e can be found as, 

(4.38) 

Equation (4.38) m'eans that, given the desired rate of 

the posit~on and orientation of the end-e~fector,the rates 

of joint displacements can be obtained directly~ The com­

putations, howeve+, should be in a coordinative level in 

terms of individual joint rate,s in order to produce a 
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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 3(6) 

Before beginning the calcula.tion of 3(8) , it is 

necessary to define the position' and orientation vectors of 

the end-effector. Making use of the homogeneous transfor­

mations mentioned in Chapter II, the transformation matrix 

between the fixed'-base frame and the end-effector can be 

expressed as ; 

(4. ,39) 

Sometimes, this matrix is called IIhand-matrix ll and repre-

sents the actual position and orientation of the end-effec-

tor in terms of reference system. 

Defining a linear velocity vector as ; 

and· an angular'velocity vector; 

i+l 

L 
j=l 

d.9. 
J J 

(4.40 ) 

(4.41 ) 
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where 

11 ., 1 x(p: 1 - l? . -1 ) if jOint j is rotational 
~J- .. -~+ -::I , . 

c. 
J 

= (4.42) 
u if joint j is translational -j-l 

and 

of 

'. 

u· 1 if' jOint j is rotational 
J-

(4.43) d. = 
J 

0 if jOint j is translational 

In equation (4.41) the angular velocity in the direction 

u. 1 with a magnitude. of 
J- . 

. 
6

j 
• For the six degrees of 

freedom manipulator, replacing the subscript ,i+1 .. by 

6 .. In.~quations· (4.46), (4.41), (4.-42.) and (4. 4}), the 

following equatiorls'are obtained; 

6 

L' • 
v = v;. = c.6. 

-:b j-l J J 

6 

L • 
w. = ~6 = d.9. 

j=l J J (4.45) 

and 

~j-l x(~ - p. 1) if joint j is rotational J- , - . 

c. = (4.46) 
J 

u. 1 -J- if joint j is tranlational 

where P = ~6 ' the position vector of the end-ef'fecto~ 

relative to the reference system. 



Combining the vectors v and w into a six dimen. 

sional vector ~, the equation (4.36) can be written as 

. 
J(8) 8 -

and the i th column of the 6x6 J(8) matrix will be in the 

following form. 

u. lX(P - p. 1) -1- _ .... :1.-
J i (e) = if jo1.nt .. is rotational 

u. 1 .... 1- (4.48) 
--.... 

and 

J i (8) = [ :1-1 
1 

if joint 
. 
\ is translational 

since ui s depend on ~, J(~) is also function of ~. 

To obtain motion in terms of hand coordinates, this J(9) 

matrix should be premultiplied by the rotation part, R 
-

of the transformation matrix 

4.4.2 Application with Other Criteria 

In addition to the 'above procedure, it may be desired 

that the. manipulator should satisfy some criterion while 

moving 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 f ' while minimizing a performance index of 
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the form; 
t, 

I = f~·§T~ ~ dt 

o 

where M is a positive definite weighting matrix. The cost 

in equation (4.49) is the kinetic energy of the system. 

Using the relation 

. . 
~ = ~(e) ~ 

\'lith the above criteria and utilizing Lag:r:ange.mul . 
. tipliers, for the optimal e the foJ.lowing expression is 

obtained, 

8 = ~-l ~T (8 ) [~( 8 )~-l ~(8)] -1 k (4.50) 

If, however, the matrix W = J(e)M-IJ(e)T 
== == = 

is not 

invertible ove.r the trajectory of some states then, it is 

not pos~ible to obtain optimal feedback solution to satisfy 

the given conditions. 
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v. SIlVlULATION RESULTS 

A computer simulation study is performed to inves-

tigate the performance of the NRAS manipulator control 

system. A sta~e vector feedback with an integral action 

is aaded.to complete tne control system as shown in 

Figure 5..1. The feedback matrices are all in diagonal 

form. 

The complete set of nonlinear, coupled second order 

differential equation obtained in Chapter II are used to 

model the manipulator dynamics. The numerical vailiues in 

these equations are based on the UCLA experimental arm. 

(Table ~.l) • Its mechCinical con,figura tion is given in 

Chapter II. 'llhe p8.rame.ters used in the present MRAS 

are selected' according to the analysis performed in 

Chapter III. In the simulation study the state-transition 
( 

matrix method of integ ration is used, and the cQffiPuter 

,ve;, 



r:'p 

prograrn.writtenin ]'ortran IV language is given in 

appendix.,A. • The flowchar't of the algori thm is shown 

in l!'igure 5.2. 

For different motions the joint angle trajectories 

are plotted using various paylbads.,It is observed that 

these trajectories are closely match to the outputs of 

the reference model. 

,. '" 

.... Reference ~,El 
l"lodel 

Adaptation 
~ 

~ 
Linear • 

, Algorithm. Processing gIg I 
.--- , ., 

40- ~Td t!.f ~ 
"I Block ' 

s. : .,.... "0-

.. 

+ 

- ~ '"--' - II' 

+ 
)~ P t~. ,..- 'C 

• 

tv'lani pula tor 
e/~ 

, 

o. 

K , K =p =v 

6} 

Figure 5.1 Block diagram of the simulated manipulator' 

con trol system.' 
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! 

Lenght(ml
) 

, 
Mass(kg.) Dyadics(kg.m2 ) Inertia 

i .,e~= 0.36 ,3.34.8 O.O~ 0.5 
Forearm ' .. .. ,a}. 3 

e,::;; .0.89 0.05 0.1 0.05 
,1 

0.,5 0.05 }.348 

-
0.924 0.02 0.1 

Upper ,arm ·e=O,g14: 
:L " 

·6 .. ·.7,1 0.02: 0.1 0.02 
~ 

0.1 0.02 0,.924 
I-

..I 

Table 5.1 Manipulator parameters used in simulation 

stuQ.y 

Geometry,masses,lnertia, 
Dyadics,initial values 

of joint an~les 

Calculation of M and 
k . t: C matrlces 

Adaptation 
Al~ori'thm 

Solution of sta~~ 
equations 

N Rotation of 
~---~ 

Joint angles-­
of mariipulator 

vectors 

Figure 5.2 Flow chart of the MRAS m~nipulator 

control algorithm. 
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( no payload) 
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li\igure 5.5 Elements of the inertia matrix during the 
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E\igllre 5.6 JOj.nt angle. tra.jectories of manipulator. c~ntral 

system for r =10 1.57 01rad.(payload= 5 kg) p 



,.-... 

'd 
(\j 
H 
'-' 

00 
Q) 

.r-! 
H 

8 
() 
Q) 
·n 
ctl 
H 
+' 

+' 
I=: 

.r-! 
0 

t-;) 

........ 
C\J 

E 
• 

tlD 
~ 

.......... 

ctl 
·ri 
+' 
H 
Q) 

I=: 
H 

'l. 

i 

'0 

" e:t. 

... 
e, 
.,., 

63-

0.\ 0.2. o.~ 0.6. 
.. " 

tirne(sec) 0.5 

Figure 5.7 Joint angle trajectories of reference mouel 

for r ~rO 1.57 O]rad (payload ~ 5 kg) p 

16~ 
14 

12 

10 

II 

lb 

,A 

1-

01(1 

MZ2. 

--------------- M33 

0.1 0.2. 0.3 O.S 
0.6 time(sec) 

}'igure 5.8 Eleme'nts of inertia matrix during the motion 

framS =[6.78 0 O.7~ to 

( payload = 5 kg.) 

r ~[o 1.57 Olrad 
p . 

6' 



rn 
Q) 

'r-! 
H 
o 
.p 
() 
Q) 

'0.1 

cd 
H 
.p 

.p 
s::: 

.r-! ' 
\O~---

o 
t-:> 

" ----, ... - "; 2-
,.-... e-

'0 
(Ii 
H 

o:l 
Q) 

'r-! 
H 
o 
.p 
() 
(1)' 
'0.1 

cO 
H 
.p 

! L 

0.1 0.2. 0-4 , d, time(sec) 

]Iigure 5.9 Joint angle trajectories of manipulator control 

system for r =[1.57 0 1.571rad (payload= 8 kg) 
P .c 

.... 
9, 

" 

.p 
8:z. {O ~---,--..,....-:.------___________ -=-_ 

'~ 

'''; 
o 
t-:> 

0.1 0.2. 0.3 O·1t time(sec) 
]Iigure 5. 10 Joint angle traje.ctories of referenpe model 

for r =Il~57 0 1.57]rad (payload= 8 kg) 
P , 

681 



69 

,--... ~ /' 

rei 93 (0 
H 

"-'" 

C/) 

QJ 
.,-j 

1-
,.. 

H e. 0 
+l 
CJ 
Q) 
·rJ ,.. 
cO 

6:z. H 
.p 

+l ...0 
~ 
.r-! 
0 
t-:> 

0.( 0·2. <9.3 0·4 0.5' time( sea) 
Figure 5.11 JOint angle trajectories of reference model 

for r p=[O.78 0 1.57] rad.(payload710 kg) 

2-
93 

,--... 

rei 
cO 
$.I 

"-'" 

C/) 

eo{ .. Q) 
.• ,-j 

d $.I 
0 
+l 
() 

QJ 
·rJ 

cO 
6:-H 

.p 

+l G> 
~ 

-,-j 

0 
t-:> 

0.\ 0.7. 0.3 c>~5 time( sec) 



70 I 

-, , 

T . T . T T 
9 =[9, 92. ~J r~= [rpl.r)2r P3] P 1 ~{xiYiziJ ':;P d:: IXd Y d zJ P =[x Y a~ a ' a a· , 

, (rad) , (rad (m. ) < (m.) (m. ) 
,0' 

0.78 0 - 0.625 0 - 0.007 
0 1.57 ,: ... .l..281 0 0.003 

0.78 ( 0 0.642 1.804 1.a02 , 

'" (no payload) 
I 

'_.'. .- , , 
0.78 0 - 0.625 0 - '0.01 

0 '1.57 1.281 0 0.008 
0.78 0 0.642 1.804 1.801 

I 
kg.) (payload= 5 

I 

0 1.57 ,0 ,': - 0.89 - 0.878 
0 0 1.804 0 0.011 . ' 

0 1.57 0 0.914 0.912 

_ (payload= 8 kg~) 
, 

.. -

0 0.78 0 - 0.625 - 0.612 

11.57 0 0 0.632 0.648 

0 1.57 1.804 0.914 0.910 
, , 

(payload= 10 kg.) 

initial values of joint angles 

rT -[r r r ] desired input vector of joint angles p - p~ p2 p3 
T Pi =IXi Yi z1] initial position of end-effector 

'P~ =Ixd Yd z,d] desired position of'end-effector 

T [x y z ] actual posi tion of end-effector Pa = a a a 

Table 5.2 Initial and final positions of end-effector 

for different motions.' 



VI. CONCLUSION 

Simply stated, a manipulator is a positioning device 

which consists of rigid l'inks and several types of jointf;. . . . 

The selection of p~oper manipulator configuration 

requires the exami.nation of kinematics and dynamics 

properties.' As mentioned in Chapter II, t,he dynamics of 

an n degrees of freedom manipulator can be described 

by n coupled, second order, nonlinear ordinary diffe-

rential equations. PhysicaIIY',J' the coupling terms repre­

sent~gravitational torques WhiCh depend on positions of 
, 

the jOints,.reaction torques due to the accelerations of 

7] 

other joints and"Coriolis and centrifugal torques. The. 

significance of coupling depends on the physical parameter~ 

of the manipulator and .the load to be carried. In a mani­

pulator control technique all th~se effects are taken 

into conside·ra tion. 

The presented model reference Adaptive. control method 

makes use of the basic properties of the dynamics equa­

·tions of manipuJ,ator. In this method, an ideal form of 



the manipulater equatiens is selected as the reference 

medel.The manipulater is used as the adjustable medel such 

that it is tried to' be ferced to' behave similar to' the 

reference medel.TO. aChieve this type ef centrel a term is . 
. . " . 

added fer ~ancell,irig t~e nenlineari ty ef the system.Another 

term is used to accomplish decoupling so. that each positien 

and acceleratien pair is related by a double integrator. 

MakiIfg use ef the hyperstability theerY,additienal design 

para.meters are used fer guaranteeine; the stability ef the 

centrel system.Acemputer simulatien study.was perfermed 
" .'., 

721 

, . . 

to' evaluate the perfermance ef the prepesed centrol algerithm. 

It was ebserved that the respense ef the manipulater system 

is virtually identical to' the response ef the reference 
) 

model for varieus payleads.The methed,hewever,sheuld be 
. (.... 

extended to' censider ether effective terms in the dynamic 
~. ~. 

equ~tions ef the manipulater, 

Severa~ manipulator. centrel methods w~re presented 

and examined to' make a comparison with the given methed. 

In the Reselved Metien Rate' centrol algeriti)m the jeint 

angle rates are determined to' execute a metien in cartesian 

ceordinates expressed in the werld 'ceerdinates "!hich 

describes the.pesitien and erientation ef the end-effecter. 

The main drawback ef this methed is the additienal 

computatienal effert and the singularity preblem ef the 

Jacebian matrix. 

Due to' the nenlinearity and cemplexity ef the dynamiC 

equatiens ef the manipulator, an eptimal centrel law'is 

very difficult to' ebtain.Hewever, as mentioned in Chapter 

IV, an appreximate feedba.ck centrel law can be determined 



but the method is not applicable fo~ the mdnipulators with 

four or more degrees of freedom. 

The Cerebellar Model Articulation controller method 

is a table look-up control teQhnique.The control functions 

are obtained by referring to a table rather than by solving 

the.dynamic·equat1ons of the manipulator.It.is a memory 

management technique which causes the similar inputs 

resulting in similar outputs called the generalization 

property.However,dissimilar inpu~s lead to inde~endent 

outputs.These outputs are actuator drive Signals for each 

joint .. The major problems: .in this· met~9d are memory size and 

the accuracy of the outputs for practical applications. 

Therefore, some other memory organization techniques 

should be developed to solve this type of problems. 

7} 
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APPENDIX. A 

COMPUTlm PROGRAM OF SIlVIULA'l'ION STUDY 

The variables used in the program are given below; 

N 

N2 

u 

R 

G 

1M 

MASS 

MHT 

NHT 

COFl"! 

COFN', 

: Number of degrees of freedom 

: 2XN 

: Axes of rotation 

: Position vector of jOints 

: Vector of center of mass of links 

: Inertia Dyadics of links 

.: Masses of links 

'" : Initial values o~ M matrix 

: Initial values of "k C matrices 

Coefficients used in adaptation 

algorithm(for M matrix) 

-
: Coefficients used in adaptation 

algorithm(for Ck matrices) 



XP 

RP 

XPFIN 1,XPFIN'2, 

XPFIN 3 

XPH 

M~' 

: Feed back gain rna tric'es 

: Initial values of joint angles 

: Desired values of' joint angles 

]'inal values of joint angles 

of manipulator 

: The output vector of reference 

model 

: Moment of inertia matrix 

Given the initial values of the vectors and matrices 
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gtven above, ,the trajectories of joj,nt angles are printed' 

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

The first d.iraens10ni~ used as index of any vector and 

matrix. The list of subprograms used1n this program is 

given below: 

SUBROUT1NE CROS • It: is used to obtain the cross • 

product of two vectors. (three 

dimensional) 

SUBROUT1NE TRANS · It takes the transpose of any • -

matrix. (three dimensional) 

, 

SUBROUT1NE TRACE · It is used to obtain the trace • 

of any matrix(three dimen: .... 

,sional)' 



SUBROUTiNE MULT 

SUBROUTiNE EXPO 

SUBROUTiNE MULTIQ 

S~ROUT1NE EVRiK 

SUBROUT1NE MVECA 

SUBROUTiNE VECA 

SUBROUTiNE FUBR1 

SUBROUTiNE ROT 1 
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: It is used to obtain the 

multiplication of two matrices. 

(three dimens"ional) 

:-It is used to obtain the 

state transition matrix of 

the system. 

: It is used to obtain the 

multiplication of two matri­

ces.(two dimensional) 

: It takes the invers~" of any 

matrix. 

: It is used to obtain the 

multiplication of a matrix 

(two dimensional) and a 

vector(one dimensional) • 

. 
: It multiplies two vectors. 

(one dj,mensional) 

: It takes the ~ifference of 

two matrices.(two dimensional) 

: It rotates any vector about 

the Z axis". 

: It rotates any vector about 

the X axis. 



PROGRAM NEJ(KILINC1,RUTPUT,TAPE5=KILINC1,TAPE6=RUTPUT> 
DIMENSION G(4,3,3),RC4,3,3),UC4,3,3),IM(4,3,3),AC6,6),B(6,3) 
DIMENSION tl(4,3,3),C2(4,3,3),TR1(4,3,3),TR2C4,3,3),Zl(4,3,3) 
DIMENSION Z2C4,3,3),Z3(4,3,3),F2C4,3,3),FIC4,3,3),SC3,3) 
DIMENSION F3(4,3,3),C3(4,3,3),TR3(4,3,3),F4(4,3,j),C4C4,3,3) 
DIMENSION C5(4,3,3),Z4C4,3,3),C6C4,3,3),CL(4,3,3),Z5C4,3,3) 
DIMENSION C7C4,~,3),TOC4,3,3),TR4(4,3,3),Z6C4,3,3),SE(3,3) 
DIMENSION MASS(4),MTC3,3),NTHC3,~3),CVC3,3),CP(3,3),FVC3,3) 
D1I"IEN:;:;ION n' (~:, 3), IDEN C ::::,3) ,FS (::::,3) ,FT C:;:, 3) ,FI'IAT (c., 6) , OI'IAT C 6, 3) 
DIMENSION NHTC3,~,3),MHT(3,3),COFM(3,3),COFN(3,3,3),lNTEGA(6,6) 
DIMENSION Rl(3),R2(3),R3C3),Ul(3),U2(3),U3(3),Gl(3),G2C3),G3C3) 
DIMENSION XVD(3),YVEKC3),CMAT(3,6),XF(6),XV1(3),XV2(3),XV3(3) 
DIMENSION XV6(3),XV7(3),MFC3,3),XVHD(3),XFS(3);X(6)~XP(3),XVC3) 
DIMENSION RP(3),MGC3),NF1(3,3),NF2(3,3),NF3(3,3),SOMC3, 3),XT6(3) 
DIMENSION XSON(3),XT1(3),XT2(3),XT3(3),XT4(3),XPFIN1(lOO),XSOL(3) 
DIMENSION XPFIN3(lOO),XPFIN2(lOO),XSOM(3),XV4C3),XV5(3),XPHC3) 
DIMENSION XVH(3),PIC3,1)~PO(3,3),XE(6),ROM(3,l),NH1(3,3),XT5C3) 
DIMENSION NH3C3,3),NTIC3,3),NT2C3,3),NT3C3,3),SV(3) 
DIMENSION NH2C3,3),ST(6,6),KPC3,3),KDC3,3),AI(3,3),XVDS(6) 
DIMENSION XIP(3),XIYC3),XESC6),XETC6),RQ(3),XPVS(6),XPYCb, 
DIMENSION XEW(6),XEVC3),XEVDC3),XIC3),X~C3),XITC3),SWC3) 
DIMEI>l:3ION XA (6), XB (co>, XC(6), XD (6), SY(::::), GI C 3), GAC 3), X3(3) 
DIMENSION YI(3),Y2C3),Y3C3),VIC3),V2C3),V3(3),SlC3),S2C3) 
D II-lEN::: I ON ::::::: (:::: i , PI (3) , P2 (3) , F'3 (3) , I) 1 (:3) ,02 (:3) ,03 C 3) , X4 C ~:)' I 

F,EAL 1M, I'IT, I'IASS, NTH, I DEN, NHT , I'IHT , I tHEGA, 1'1e;, r1F, NH 1 , NH2, NH3 ~ NT 1 
REAL NF1,NF2,NF3,NT2,NT3,KP,KD . 
N=::;: . I •• (. 1 :. ~:, 1:.. :. 

; j •. , I I. , ... \ l, '\ :. (' l .. ,,', . \. ,,: .. 

N2=2*-N 
nm;;..O.l 
LFI=1 
HL:::O.l 
"'!'==1 
COFN(1,1,2)=O.050 
COFN(I,I,3)=O.10 
COFN(1,2,2)=O.10 
COFN(1,3,3)=O.020 
COFN(2,3,3)=O.lO· 
m::,'\D C 5, i« ) « G ( NI'I, I , M) , 1=1 , N ) , NI-I= 1 , Ni"! ) 
READ(5,~) «RINM,I,M),I=l,N),NM=l,N+l) 
f~EAD C 5, *- ) (C U C NM, 1 , M) , 1=1, N) , N11= 1 , N+ 1 ) 
nEAO(5,*-) C C I/'ICM, I, ,J), J=I, N), 1=1, N) 
READ(5,~) (CIMC2,I,J),J=I,N),I=1,N) 
READ(t;i, *-) « IM(3, I, J), ... 1=1, N), 1:::1, N) 
READ ( ::;, *- ) C C 1M ( 4, 1 , .J) , J= 1, N) , 1=1 , N ) 
READCS,*-) (MASSCI),I:::l,N+l) 
READ(5,*-) CCIDEN(I,J),J=l,N);I=l,N) 
READC5,*-) CCFMAT(I,J),J=1,N2),r=1,N) 
READ(5,*-) «GMAT(I,J),J=I,N),I=I,N) 
READC5,~) CCNHTC1,I,J),J=1,N),I=l,N) 
READ(5,~) «NHT(2,I,J),J=1,N),I=1,N) 
R 1::': A 0 ( 5, ~:. ). C (NHT C::::, I, J) , ..J= 1 , N) , 1= i , N) 
READC5,~) CCMHTCI,J),J=l,N),I=l,N) 
READ(5,~) «COFM(I,J),J~l,N),I=l,N) 
READ C 5, ~) C (KP C 1 , ."I) , .,,1= 1 , N) , I::: 1 , N) 
READ(5.~) C(KD(I,J),J=l,N),I=l,N) 
RE(I[I C ::., ;.; ) « A I ( I , .J ) , J= 1, N) , 1=1 , N ) 
READ(5,~) (CPO(I,J),J=l,N),r=I,N) 
READC5,~) (CPICI,J),J=l,M),I=I.N) 
REA[lC~.,x) (XP(I),I=l,N) 
READ(::',.) (RPCI),l=l,N) 
XPFIN1(1)::::XPC1) 
XPFIN2(1)=XP(2) 
XPFIN3< 1 )=Xf~'(3) 
TH1:.:XP(1) 
TH2='XP( 2) 

--I!:.@;:Xf·(::;: ) 

.' , 
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:~: 100 

l.IU :.:: 1 Uti ! "" 1 , N 
U 1 ( I ) =U ( l , I ,Ii 
U2 ( I ) ;.::U ( 2., I , 1 ) 
U:::;: ( I i ==u (:3, 1 , 1 ) 
1'\1 ( I ) =r\ ( 1 , I , 1 ) 
r~2.( 1 )=R(2, 1,1) 
R:;: ( I ) =Fi C::, I , 1 ) 
G 1 ( 1 ) ;.::Ci ( 1 , I , 1 ) 
(;:~ ( 1 ) ",Ci ( 2., 1 , 1 ) 
133 ( I ) "'G ( :::;, I , I ) 
CONTINUE 

C ROTATION OF VECTORS ACCORDING TO INITIAL CONDITIONS 
C 
r OF JOINT ANGLES 
C~.~~ •••••• ".· •• ""··*··~····~k .. " .•.•...•.•............••.•..•..• 

CALL ROT1(Ul,THl,Xl) 

:3300 

:"37 

CALL ROTl(U2,THl,X2) 
CALL ROTl(U3,TH1,X3) 
CtiLL ROTI ( R 1 , Tl-il , Y 1 ) 
CALL ROTl(R2,THl,Y2) 
CALL ROT1(R3,TH1,Y3) 
CALL ROT1(Gl,TH1,Vl) 
CALL ROT1(G2.,TH1,V2) 
CALL ROTl(G3,TH1,V3) 
CALL ROT2(Xl,TH2,Sl) 
CALL ROT2(X2,TH2,S2) 
CALL ROT2(X3,TH2,S3) 
CALL ROT2(Yl,TH2,Pl) 
CALL ROT2(Y2,TH2,P2) 
CALL ROT2(Y3,TH2,P3) 
CALL ROT2(Vl,TH2,Ol) 
CALL ROT2(V2,TH2,02) 
CALL ROT2(V3,TH2,03) 
DO 3300 l=l,N 
U ( .1 , I , 1 ) =~: 1 ( I ) 
U ( 2., I , 1 ) ;::::::2 ( I i 
U ( 3, I , 1 ) =53 ( I ) 
R ( 1 , I , 1 ) =P 1 ( I ) 
F\ ( 2, I , 1 ) ""P2 ( I ) 
R ( ::;:, I , 1 ) =P::;: ( I ) 
G ( 1 r I , 1 ) =01 ( I ) 
Ci ( 2, I , 1 > ;;.02. ( I ) 
G (3, I, 1) ;;:03 ( I ) 
CONTINUE 
DO 37 I;.::l,N 
XV(I);;:O. 
XPH(I)==XP(I) 
XVH( I >"'XV( I) 
XV(I(I)=O. 
XVHIH I) =0. 
COrHINUE 
::; I Gl'1V;;:3 • 
:~lGI'IP:;.;I. 

HO',.J;-..:O. :;:~3 
ROF'.;.;:O.25 
[10 4(1 l=l,N 
DO '+0 J=l, N 
CV(I,J)~SIGMV.IDEN(I,J) 
Cf(l,J)=SIGMPRIDEN(I,J) 
FV(I,J'=ROVNIOEN(I,J) 
FP(I,J)=ROP*IDEN(I,J) 

4(, CONT I NUE 
[10 :~:O 1(;:;:;1, N . 
X(K)=XP(KI-XPH(K) 
X(K~N)~XV(K)-XVH(K) 

::;:(1 COI\jT I NUE 
DO :;:700 I:: 1 , N2 
XE:; ( 1 ) ~X ( I ) 

::::700 CONTINUE 

. , 
\ ..... \ 

. i 

• " .. r 
I, .' \.,.~, L_ I 
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G~~R~R~~*RRRR~RRRRRRRRRA~~R~~~~~~~~RM~RM~~~~~~R~RRRRMR*~*AR~~~R~~. 

·C k '" 
C CALCULATION OF INERTIA MATRIX M AND C MATRICES M 

C~~~~~~~~~.A~~R~A*~~M~~~~~M~~~ •••• ~~.~.~.~~~.R~M~.~ •• ~.M.~~~~_R~.M 
91)0 DO 2 I:.: 1 , N 

DO 2 J::.;;l,N 
K=I'I(\X ( I , J ) 
I'IT ( I, ,..I) "'0. (I 

7 

CALL FARK(G,R,Fl,K,I) 
CAl.L FARK(G,R,F2,K,J) 
CALL CROS{U,F2,C2,J,,J) 
CALL CROS(U,Fl,Cl,I,I) 
CALL fRANS{Cl,TR1,1,3,1) 
CALL MULT(TR1,C2,Zl,I,I,3,J,I) 
[If\;:;I'IA:::::3 ( I( ) ..: Z 1 ( I , 1, 1 ) 
CALL MULTCIM,U,Z2,1(,3,3,,J,I) 
CAl.L 'rRAN::: (IJ, TR2, 1,3,1 ) 
CALL MULT(Tk2,Z2,Z3,I,I,3,K,I) 
MT(I,J)=[lA~Z3(I,1,1)+MT(I,.J) 

IFCK.EQ.N+l) GO TO 2 
1<-"=1::+ 1 
GO TO :: 
COtHII-.JUE 
[10 ') K;::.l,N 
[10 9 1:::::1, N 
DO 9 ,...I:=: 1 , N 
L=I'1AX (I(, ,..I) 
IF(J.LT.I) GO TO 15 
NTH(I::', 1"..1):::::0.0 
CALl. FARK(G,R,F3,L,K) 
CAl.L CBO:3(U, F3, C3, K, K) 
CALL TRANS(C3,TR3,K,3,1) 
CALL FARK(G,R,F4,L,,J) 
CALL CROS(U,F4,C4,.J,.J) 
CALL CROS(U,C4,C5,1,.J) 
CALL MULT(TR3,C5,Z4,K,1,~,I,I) 
BT:::::MASS(L).Z4(K,I,1) 
CALl. TRACE(IM,L,N,Tl) 
Tl==0.5-TI 
CALL CROS(U,U,C6,1,.J) 
[10 7 1:3:::: 1 , N . 
CL(I,IS,1);::.C6(I,IS,1)~Tl 

CONTINUE 
CALL MULT(IM,U,Z5,L,3,3,1,1) 
CALL CROS(U,Z5,C7,.J,L) 
DO 17 ,..IS::.-: 1 , N 
TO(I,JS,1):::::CL(I,.JS,I)+C7(.J,.JS,1) 

17 CONTINUE 
CALL TRANS(U,TR4,K,3,1) 
CALL MULT(TR4,TO,Z6,K,l.3;1.1) 
NTHO<, I,.J);;;;BT+Z6(1(, 1, l)+NTH(K. I,J) 

16 IF~L.EQ.N;l) GO TO 9 
L=L1-1 
(;0 TO Co 

15 NTH(K.I,,J)=NTH(K • .J,I) 
';1 CONT INUE 

[to 5(1 I = 1 , III 
DO 50 ,..1=1, N 
NH 1 ( 1 ... .Ii ;;;t·lf-iT ( 1. I • J ) 
NH2(I,J)=NHT(2.I,J) 
NH3(I,J)=NHT(3,I,.J) 
NT1(r,.J)~NTH(I.I,J) 

NT2(I,J)=NTH(2,I,J) 
NT3(1,.J)~NTH(3,1 • .J) 

tiC; CONTINUE 
DO 41 I=l,N 
00 41 oJ::: 1 , N 
:2:; ( I, oJ) ::::1'11' ( I, .J) 

'11 CONT ! NUE 

, ( 

, .. :. t: t '. \ . I 
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42 -

CALL RINV(N,S,N,RQ,IFAIl) 
IF(IFAIL.EQ.(-l.» GO TO 3467 
CAL.L 11ULTIGl(S,FP,FS,N,N,N) 
CALL MULTLQ(S,FV,FT,N,N,N) 
DO 42 I=l,N 
DO 42 ,,.I:::;l,N 
FS(I,~)=-l.O*FS(I,J) 
FT(I,J'=-l.OMFT(I,J) 
CONTINUE·· . 
DO 43 l:::l,N 
Op 43 • ...1=1, N 

.' : I 

NL=I-t'N 
t"IL=.J1-N 
FMAT(NL,J)=FS(I,J) 
FMAT(NL,ML)=FT(I,J) 
GMAT(NL,~)=S(I,J) 

". I 

.. i. 
. , 

, t. 

CONTINUE 
CALL EXPO(FMAT,GMAT,A,B,6,3,O.1) 

~ •• I :... ... 

, . 
, I •• ' l .. .:. . I' ': \ : .. ': • I 

C** ••••• ~.*MM*.*.**~ ••••• M ••••••• *.M •••••••••••••••••••••••• 
(: ADAPT A T I ON . ALGOR I THt"1 l>: 
C l>: 
C* •• ~ •• ~l>: •••• l>:····M ••••••••••• M.MM ••••• M •••••••••••••••••••• 

DO :36 1=1, N ' 
MHT(I,I)=MHT(I,I)-(HLMCOFM(I,I)l>:(YVEK(I).XVHD(I») 

:36 CONTINUE 
OX=YVEI':'( 1 ).XVHD(2)+YVElq2)MXVHO( 1) 
MHT(1,2)=MHT(1,2)-(HLMCOFM(1,2).OX) 
I'IHT ( 2, 1 ) ::;11Hr ( 1 , 2 ) 
OY=YVEK(1).XVHD(3)+YVEK(3).XVHD(1) 
t"IHT ( 1 , :::: ) :::t'IHT ( 1 , :::: ) - (HLxCOFM ( 1 , 3) .OY ) 
MHT(3,1)~MHT(I,3) 
OQ=YVE~(2).XVHD(3)+YVEK(3).XVHD(2) 
MHT(2,3'=MHT(2,3)-(HL.COFM(2,3).OQ) 
I'II-IT (3,2) =I'IHT (2, ::;:) 
CtI1:;;YVEJ::: (2) • ( XV ( 1 ) 1>..2. ) 
OL=2.MYVEK(1).XV(2).XV(1) 
NH1(1,2)=NH1(1,2)-(HLMCOFNC1,1,2)M(OL-OM» 

.XSL=2 .• YVEK(1)xXV(1).XV(3) 
XSM=YVEK(3).(XV(I) •• 2.) 
NH1(1,3)=NH1(1,3)-(HL.COFN(1,1,3).(XSL-XSM» 
NHl(2,2)~NHl(2,2)-(HL*COFN(I,2,2).(YVEK(I).(XV(2).~2.)» 
YSL=2.",YVEK(1)MXV(2)xXV(3) 
YSM~YVEK(1).(XY(3l •• 2.) 
NH1(3,3)~NH1(3,3)-(HL.COFN(1,3,3).(YSL+YSM» 
WSL=Z.*YVEK(Z).XV(Z).XV(3) 
WSM=YVEK(Z).(XV(3) •• Z.) 
WSN=YVEK(3).(XV(Z) •• 2. ) 
NH2 (~:,::::) =NH2 (3,::::) - (HLMCOFN( 2,3,3) M( W:3L+WSM-WSN) ) 
NHT (1, 1,2) =NH 1 ( 1 ,.2) 
NHT ( 1 , 1,::;:) =NHI n ,::;:) 
NHT(I,2,2)=NHl(2,2) 
NHT(1,3,3)~NH1(3,3) 

NHT(2,3,::::)=NH2(3,3) 
NHT ( 1, 2, 1 ) :..::NHT( 1, 1, :2) 
Nil T ( 1 , 3, 1 ) =NHT ( 1 ,.1 , :::: ) 
NHT(1,2,3)=NHr(1,3,3) 
NHT(1,3,2);NHT(1,3,3) 
NHr ( 2, 1, 1 ) =-NIH ( 1, 1 , 2 ) 
NHT(2,2,3)=NHTC2,3,3) 
NHT(2,3,2)=NHT(2,3,3) 
NHT (::::, 1, 1) :::::-NliT ( 1, 1,3) 
NHT(;:::, 1, 2) ::::-NHT( 2, 3, 3) 
oCt 51 1=1, N 
DO 51 J=l.N 
Nlil ( I, .J) "'NI-IT<l, I, ~) 
NH2(I,JI=NHr(2,.I,J) 
NH:::: ( I , .J )'=I\II-IT (3, I , . ..1) 
NT1(I,J)"'NTH(1,I,J) 
NT2(I,~)~NTH(2,I,J) 

NT3(I,J)=NTH(3,I,J) 
51 CDNTlNIJE 
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4:2() FORl'lAT(:20X, 'X(', 1:2, ')::::·',FIO.3,/) 
C~R.~~~~~.k •• k.k* •• * ••• ~k.~**~.~.~.kk ••••• k.~k ••• ****k~**.*.k •• ** 
C CALCULATION OF INPUT VECTOR FOR THE ERROR STATE MODEL ~ 
r' 
C~*.k~k~~kk.*~*.**.~k* ••• M*.~.k ••• kkkk •• * ••• kk.**.k** ••••••• k •••• 

CALL FUr::F~I (I'lHT ; MT , I'1F , N, N) • i 
C/;L I F )jUf, I (NH 1 , NT 1 , NF 1 , N, N) 
CALL FUBRI(NH:2,NT:2,NF:2,N,N) 
CALL FUBRI(NH3,NT3,NF3,N,N) 
CALL I'l\ .. ECA (11F, XVHD, XFS, N, N) 
CALL MVECAINF1,XV,XV1,N,N) 
CALL MVECA(NF:2,XV,XV2,N,N) 
CALL MVECAINF3,XV,XV3,N,N) 

,CALL VECA(~V,XV1,WT,N) 
CALL VECAIXV,XV2,WU,N) 
CALL VECAIXV,XV3,WV,N) 
1'1(;( 1 );;XF:=;( 1 H'WT 
1'1G (:2 i :..;XFS 1:2 )~WU 
I'IG (3) "-XFS; (::':) ~'WV 
DO' 591 LOP;;;;I,N 
WRITE(6,592) LOP,MGILOP) 
FORMAT(30X,'MG(',12,')=',FIO.3,/) 
CALL MVECA(A,X,XE,N2,N2) 
CALL MVECA(B,MG,XF,N2,N) 
DO ::::~~ 1;;;;1, N2 
X ( I ) "'XC ( 1 >+XF ( 1 ) 
COIHINUE 
DO 4~iO ,JHL= 1 , N2 

450 WRIT~(6.460) JHL,X(JHL) 
4:~,(i FORI'UH (;;-!5X, "X ("',12,") ;;;;." FLO. 3, /) 

DO :=;::.: 1=1, N 
DO ::::~: ,..1= 1, N 
HI;;;;,Ji·N 
CMATCI,,J)=CP(I,J) 
C11l\ T C I , I H) =CV ( I , J ) 

:3:::: CONTINUE 
CALL MVECA(CMAT,XES,YVEK,3,6) 
00 492 1=I.N 

40~ WRITE(6,1100) I,YVEK(I) 
1100 FOlil'lAT ('.~!'5iX, .' YVEI:: ( .- , 12, ,. ):;" , F'iI. 3, I ) 

DO ::::'5i I:: 1 , N 
U 1 C I ) =U C 1 , I , 1 ) 
U2 ( I ) =U ( :2, I , 1 ) 

. U:::: ( I ) =U ( :;;:, I , 1 ) 
HI ( I );.;;R ( 1 , r , 1 ) 
R2( I ) ;;;;R ( :2, I , 1 ) 
F(3( I )=Fn3, 1,1) 
Gil 1 i ;;;;G ( 1 , I , 1 ) 
G2 ( I ):..;Ci ( 2, I, 1 ) 
G3( 1 ) ;;;;G ( ::::, I, 1 ) 

8';' CONT 1 NUE 

• • I, •• 

• I 

,:.,', I La t '" · ,:,. 
I, " ~ • ~ I' . , 

C**~*~*~x*.~x •• k*xxk~.~.xk~.~~~.~~R~k.~k~.kR* •• P..kk~~R~Rx.*~*P.*~kk~~ 
C OBTAIN NEW XP HAT VECTOR ~ 
C (OUTPUT OF THE REFERENCE MODEL ) • 
C k~~kkkx~k.~x •• k~**x.k*kk.*~MR •• M.kk.kkkk ••• M.*k •••••• ~ ••••• k~.k~ •• 

CALL EXPO(PO,Pl,SOM,ROM,3,l,O.1) 
DO 210,:;:. 1==1, N 
~T4(1);;;;ROM(I,1).RP(I) 

X "['5 ( I ) :::fWI'1 ( I , 1 ) *RP ( 2 i 
XT6(1)=ROMCI,1).RP(:;;:) 
CONTINUE 
X If" ( 1 ) =XPH (1 ) 

XIPC2i==XVH(1) 
XIP(3)=XVIID( 1) 
XIVil);;;;XP!i(2) 
X I V 1:2) ;;;;XVH (2) 

XLVI ::;:) =XVHD (2) 
X IT ( 1 ) ",XPH ( :::: ) 
XIT(:2)~X""'H(:;:) 

XIT (3 )=XW!D( :2:) 
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CALI.. I'IVECA ( :::OM·, X I P , :3W, :;:, 3 ) 
CALL MVECA(SOM,XIV,SV,3,3) 
CALL MVECA(SOM,XIT,SY,3,3) 
[II), 50:30 1 =: 1, N 
XIP(I)~SWCI)+XT4(1) 
XIVII)~SV(I)+XT5(I) 

XITCI)=SY(I)+XT6II) .. . ' ' - ' . CONTINUE . 
XF'li( 1 ):;;:;XIPI 1) 
XPH(2);:;;XIV(1) 

I L ' ,,-: \ . I 

~IO:':'O 

XPHC:3)"'=XITC 1) 

XVH(1)=XIPI2) 
XVH(2)::::XIV(2) 
XVH(3)=XIT(2) 
XVf-lD( 1 )"'=XJPI3) 
XVHD(2)=XIV(3) 
XVHD (:3 i::;:X 1 T I :~:) 
WR ITE ( .::.. 5060 I ( XPH ( I ) , 1::; 1 , N) 
FORMATCIOX,'XPH ~',8F9.3,//) 
WRITE(6,5070)CXVH(I),I=1,N) 

5070 FORMAT(5X,'XVH ~',3F9.3,//1 
C~~~M~.~~~~~~MM~~M~~~M~~M~M~~.~.~~.~ •••• ~ •••••••••• ~.~~M. 
C CALCULATION OF NEW XP VECTOR ~ 
C (VECTOn OF THE .JO I NT ANGLE:;; M 

r .~ •••• ~.~~~MMMMMM ••• ~.MM~.~~ •• ~ •••• ~.*M~~.~.~.*.~ ••••• * 
DO 4100 I;:;I, N 
XP(I,=X(I)+XPH(II 
XVIII=XII+N)+XVH(I) 

4100 CONTINUE 
XSOL< l)=XP( 1) 

X:~:OL(2)::;:XV( 1) 
X::::OL< 3 I ;;;:XVHD ( 1 I 
XSO/,1< 1 )=XP(2) 
XSOM(2);:;;XV(2) 
X::::O/'! C:3) =XVHD I 2) 
XSONlll;;;:XP(3) 
X::::ON I 2) =XV I:;: I 
XSON(3):::XVH[)(3) 
CALL MVECAISOM,XSOL,XT1,3,3) 
DO 2103 ..J::1, N 

2103 XSOL(..J)=XT1(JI+XT4(..J) 
CALL MV£CA(SOM,XSOM,XT2,3,3) 
[10 2105 .J=I, N 
XSOM (..J);;;:XT2(..J) +XT5(..J) 

2105 CONTINUE , 
CALL MVECA(SOM,XSON,XT3,3,3) 
(10 210:3 ..J=I, N 

2108 X50N(..JI=XT3(..J)+XT6(..J) 
XP( 1 i=X::;OL( 1) 
XP(2);;;:XSOM( 1) 

Xi=' I :~:) =X::::ON ( 1 ) 
XV'I 1 );;;:X50L<2) 
XV(2);;;X::::OM(2) 
XV(2:);::XSON(21 
XVD( 1 ):;X:::OL<3) 
XVD (2 I =XSO/,1 (3) 
XVD (::::) :::X:::ON I :~:) 
DO 1512 I=I,N 
X(I)=XPCI)-XPH(I) 
XII+N)=XV(I)-XVHCII 
XE::;I I )::;XC I) 
XE:::: (I+NI:;X (I+N) 

·1512 CONTINUE 
TH1::::XP(11 
TH2:;XP(2) 
TrI:::::::.XP (3) 
LFI::::LFI+l 
XPFINIILFI);;;:THl 
XPFIN2(LFI)=TH2 
XPF iN:;: (LF r > =TH3 

.' . 

' .• l 

. " 
: , 
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ZA=np( i>-THI 
ZB==rW (2) -TH2 
ZC=RP ( :3 ) - TH;::, 
TH1;;.:U'I 
TH2=ZE: 
TI-t:::::.;ZC 
ZD::;:AB~3 ( ZA) 
ZE=t\BS ( Z B) 
ZF'':=I~B:3( ZC i 
IF(ZD.LE.ERR) GO TO 928 

, " j .... t , 

C~~~~~.~.~.~~~.~~·~*~·***·*·*·***·******··**·*~*~*~·**· 
C ROTATION OF VECTORS TO OBTAIN NEW POSITIONS M 
C' AI':'TER DE:::;IRED 110VEI1ENT • 1-< 

C~ •• H*.** ••• * •••• ~*.******·**·*··**~··········*··**···· 
972 CALL ROT1(Ul,TH1,Xl) 

CALL ROT1(U2,1Hl,X2) 
CALL ROT1(U3,TH1,X3) 
CALL ROT1(Rl,TH1,Yl) 
cr~LL f~OT1(R2,TH1,Y2) 
CALL ROT1(R3,TH1,Y3) 
CALL ROT1(Gl,TH1,Vl) 
CALL ROT1(02,TH1,V2) 
CALL ROT1(G3,TH1,V3) 

928 IF(ZE.LE.ERR) GO TO 937 
2078 CALL ROT2(Xl,TH2,SI) 

CALL ROT2(X2,TH2,S2) 
CALL ROT2(X3,TH2,S3) 
CALL ROT2(Yl, TH2"F'l) 
CALL ROT2(Y2,TH2,P2) 
CALL ROT2(Y3,TH2,P3) 
CALL ROT2(Vl,TH2,OI) 
CALL ROT2(V2,TH2~02) 
CALL ROT2(V3,TH2.03) 

t, I 

937 IF«ZF.LE.ERR).AND. (ZE.LE.ERR).AND.(ZD.LE.ERR»GO TO $00 
761 DO 60 I~l,N 

U ( 1 , I , 1 ) =-S 1 ( II 
U ( 2, I , 1 ) ==:32 ( I ) 
U ( ::::, I , 1 ) ;:::2;3 ( I ) 
R ( 1 , I , 1 ) =F' 1 ( I ) 
R(~~, 1, 1l::P2( 1) 
R(:}, 1,1 )=F'3( I j 
G ( 1 , r , 1 );:::01 ( r ) 
G ( '2, I , 1 i=02 ( I ) 
G ( 3, I , 1 ) ==0:':: ( I ) 

~.O CONTINUE 

::::(11) 

801 

7(ll 
700 

::;:467 
34!;:;1 

GO TO 900 
W,( 1 TE ( 6 , ~;() 1 ) 
FORMAT(20X,'THETA l',13X,'THETA 2',11X,'THETA 3',1/) 
DO 7(1) I=I,LFI 
WRITE(6,701) XPFIN1(I),XPFIN2(1),XPFIN3(I) 
rOI~MAT (20X, F7. 4, 12X, F7. 4, 12X, F7. 4) 
COtH LNUE 
TI-I1=XF'F'INI (LFl) 
TH2~Xf'FlfII2(LFI ) 
nl~:-=XPFIN::':(LFI ) 
WfdTE(6, ::::451) 
FC~MAT(15X,', INERTIA, MATRIX IS SINGULAR ',II) 
~:;TOP 

END 
SUBROUTINE FARKlA,B,CF,KL,LT) 
DIMENSION A(4,3,3),B(4,3,3),CF(4,3,3) 
DO 1 1 I::: 1,3 
DO 1 .J.-'=1, 1 
CF(LT, II,.J.J);A(KL, II,J.J)-B(LT,II,J.J) 
I~ETUI\'N 

END 

. , 
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SUBROUTINE CROSCD,F,CR,KX,IX) " 
DIMENSION DC4,3,3),FC4,3,3),CR(4,3,3) 
Cf\ (t(X, 1, 1 ) ==0 (f<X, 2, 1 ) !>iF C I X, 3, 1 ) -[I O:~X, 3, 1 ) ~F I I X, 2, 1 ) 
CR 0:: X ,2, 1) =D (t:~X, 3, 1) i<iF ( I X, 1, 1) '-D (I<X, 1, 1) 1>.F C I X, ::;:, 1 ) 
CR O(X, 3, 1 ):::0 O(X, 1, 1 ) l>iF C I X, :2, 1 ) -D <I< X , :2, 1 ) ~F ( I X, 1, 1 ) 
RETURN 
END 
SUBROUTINE TRANS(ZL,CT,LI,NN,MM) 
DIMD~::;ION ZL (4,3, ;:i), cn 4, :3; 3) 
DO 1 II::::!' NN 
DO 1 .J.J== 1, 1-111 
CTCLI,JJ,II):::ZLCLI,II,JJ) 

1 CONTII~UE 

F;;ETURN 
END 
SUGROUTINE TRACECP,LZ,NZ,T) 
DIMENSION P(4,3,3) 
T:=O, 
DO 1 II::::1,NZ 
T:=T~'P C LZ, I I, I I) 

1 COt'H I NUC. 

3 
c:, 
~. 

4-
7 

RETLIHN 
END 
SUBROUTINE MULT(X,Y,Z,Nl,N2,N3,N4,N5) 
DIMEN~ION XC4,3,3),Y(4,3,3),Z(4,3,3) 
DO 1 II:=1,N2 " " 
DO 1" .J.J::::1, N5 
TT;::(l. 
DO 1,) I:J(;:: 1, N:::: 
TT==T"f+X(Nl,II,KK)·YCN4,KK,JJ) 

1 (I CONT H~UE 
1 Z C N 1, I I , J .. J ) =TT 

I<ETURN 
END 
SUBROUTINE EXPO(F,D,A,Y,NN,MM,TX) 
DIMENSION F(NN,NN),DCNN,MM),ACNN,NN),YCNN,MM),INTEGA(6.6) 
DIMENSION ST(6,6) 
nEAL INTEGA 
I NT£GEf~ POWER 
Nor~11fT:::O. (I 

DO 1 11 == 1 , NN 
DO 1 .JJ=l. NN 
ST(II,JJ)=F(II,JJ)*TX 
A(II,JJ):ST(II,J~) 

F'OWEn"" 1 00, 
DO 7 I 1:::::2, POWER 
FPOWR=POWER-II+2 
DO 5 .JJ=l, NN 
LaO 3 1:::1<;:: 1 , NN 
INTEGA(JJ,Kt()==A(JJ,KK)/FPOWR 
INTEGAeJJ,JJ)==INTEGA(JJ,JJ)+l.O 
DO 4 .JL==l. NI-l 
DO <1. JI(== 1 , Nt~ 
A ( .JL , .JI:: ) =0. 
DO 4 &1==1, NN 
AeJL,JK)=ACJL,JK)+ST(JL,JH)*INTEGA(JH,JK) 
CONTINUE 
DO 9 J.J==1, NN 
AIJJ,JJ)=A(JJ,JJ)+l.O 
1)0 ';I 1(1(=1, NN 
INTEGA(JJ.KK)=rXl>iINTEGA(JJ,~~) 
DO 10 II;:.;l,NN 
DO 1 (I .J.J:::: 1 , 1'111 
Y(II,JJ)==O. 
DO 1a) 1::K=1,NN 
YCII,JJ)==Y(II,JJ)+INTEGA(II,KK)RD(KK,JJ) 
I~£TURN ' .. 
END 

... ' . 
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SUBROUTINE MULTLQ~AB,CO,EF,Nl,N2,N3) 
D 1 I"'EN::; I ON AB C N 1 , N2) , CD ( N2, N3 ) , EF ( N 1 , N3) 
DO 1 II::::.l,Nl 
DO 1 .J.J= I, N3 
TX:::O. 
DO :2 1<:1(::::1, N2 
TX~TX~ABCII,KK).CD(KK,JJ) 

2 CONTINUE 
EF ( I I , .... 1 • ..1 ) ==T X 
RETUHN 
END 
s;ur:nOUT I NE ['v'Fi r K ( S, OFi, N) 
DIMENSION S(6,6),ORC3,3) 
1==1 
NX==N+l 
NY"'2;o:N 
DO :~:O .... I==NX, NY 
::;(1, ... 1);;;1.0 

:30 1;;: l,t-! 
L=1 
K==2 

110 XI'):;;;S(L,L) 
DO 140 .J::::L, NY 

140 SCL,JI=SCL,JI/XM 
DO l';:iO I:;:~:;,N 

X==S <I, L> 
DO 190 .. .J=L, NY 

190 S(I,J)=S(I,JI-S(L,JI*X 
L==L+l 
K::::f<-1-1 ' 
IF(L-NI 110,110,230' 

2:30 L:;;;N . 
2::::5 L.Z.:::L-l 

290 

4 .:-..... 

10 
I:S 

DO Z,i(l K=I,LZ, 
I::::L-f'.: 
Y"'S(l,L> 
DO 290 J=L,NY 
S(I,JI=S(I,J)-S(L,J)*Y 
L~=L-l 

IFCL.GT.l) GO TO 235 
DO 4!:~ I==I,N 
DO 45 J::::NX,NY 
LN=,J-N 
OR ( I , LN I =!;:; ( I , .J I 
CONTINUE 
FiE: TUF<N 
END 
SUBROUTINE MVECA (A,B,C,LI,MI) 
DIMENSION A(LI,MI),B(MI),C(LI) 
DO 15 I1~:=1, LI 
T!;:;=t). 
DO 1 () .JK:::.:l, 1'1 I 
T::;==TS+A C If::, .Jf:~):.:B (.J/() 

Ct::)NTINUE 
C ( 110 :=;. T:;::; 
m::TUHN 
CND 
SUBROUTINE VECA (A,B,WS,NX) 
DIMENSION A(NXI,B(NXI 
t.JS=I). 
DO 1 () I:::: 1 ,I'-IX 
WS;A(I)RBCII+WS 

1 t) CCiNT I NUE 
RETUHN 
END '" ... " 
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SUBROUTINE FUCRI (A,~,C,LS,LM) 
DIMENSION A(LS,LM),B(LS,LM),C(LS,LM) 
DO 8 l=l,LS 
DO 8 J=l,LM 
C(I.J)=A(I,J)-B(I,J) 

8 CONTINUE 
RETURN 
END 

READY. 

SUBROUTINE ROTl (A,THl,B) 
DIMENSION A(3),B(3) 
B(1)=A(1)~COS(TH1)-A(2)~SIN(TH1) 
B(2)=A(1)~SIN(TH1)+A(2).COS(TH1} 
B(8)=A(3) 
RETURN 
END 
SUBROUTINE ROT2 (A,TH2,B) 
DIMENSION A(3),B(3) 
B(1)=AI1) 
D(2)=AC2~.COS(TH2)-A(3).SIN(TH2) 
B(3)=A(2).SIN(TH2)+A(3).COS(TH2) 
RETURN 
END 
SUBROUTINE ROT3 (A,TH3,B) 
DIMENSION A(3),B(3) 
B(l)=A(l) 
B(Z):AC2).COSCTH3)-A(3).SIN(TH3) 
B(3)=A(2).SIN(TH3)+A(3).COS(TH3) 
RETURN 
~D 
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