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ABSTRACT

»
.

This thesis addresses thé problem of position control of an

industrial robot. The robot used for this study is a modified

‘]

‘UNIMATE—Zbou with fiwe, deérees of freedom, ‘which is dedicat%d to

. <

research in arc welding applications. - .

The " problem of position control of an iqdustrial :robot is

first analysed. It is evident that due.to'several factors such as the

Ay

elasticity of the arm, gravitational eﬁfecté'due-to link orienmtation’

- - : * -‘ \-h,
and load variations, a conventional fixed feedback controller is not

adequate. -1t is therefore necessary ito use an adaptive control scheme

for position c¢ontrol. ) 4 .

‘

It is well kpowq that the dynamics of a robot are non*lineér

and coupled, because of -which it is not convenient to derive control

v

- laws which ‘can be implemented im real time. Further,” because 'the

dyﬁamfcs change as a function of link orientation and load variation,

the model has to be' evaluyated on-lipe. - :

4

L]

N

’iﬁr In tﬁe past, robots were modelled.from laws 'of classical

-

mechanics. /(Althbugh this scheme .can result in accurate models, they
> - + . .

'

are not suitable for adaptive.control applicaciéns because of their
complexity. In addition, -this scheme of modeling requires a-priori

knowlédge of mass of links, ° Specifiéaqion of servo amplifiers and
. N .
actuators. ° Often, to simplify models, dynamics of actuators and

elasticity of links s nggiﬁcted which results in hnsqtisfactory

* N ]
- 0

control. ‘ e .
. . . . . )

N

. ) “ : ‘ ~idi . .
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In this thesis we describe a new method for modeling the

robot. The model is derived from experimental observations and does

S

M .

- not require knowledge of the structure and internal subsystems of the

robot. Further, it includes actuator dynamics and the elasticity of
o ) ‘

the arm. The method- is demonstrated by modeling one axis‘of the

UNIMATE-2000. )

a

Since . the model is of non“minimum phase.,, the explicit‘pole*

’ placeméht type of a self-tuning regulator was designed.. Parameteqé of -

-

the médel are up;ated at every samblingﬂinterval using a récursive
least squaré; escimatof.‘ Since, as mentioned before, dyngmicslof the
robot chdnge as a function o; link orientation and load Yariatgén, a
'weighting .factor' s used for- parameter estimafion. . Studies

-

presented include the effect of truncation of controller parameters,

adaptivity ‘of the regulator to changes in system dyqamics,.and the
effect of a variable weighting factor. |
Fipally, several aspects of implementation of thefselfﬁtdning~
.regulator,‘inc uding selection of the controller structure, seiection
of ‘the microp OCe;SOf, A/D, D/A converter and progfamm%ng language aré

. \\.
discussed.

ivvv '
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CHAPTER 1

INTRODUCTION

1.1 Eackground . o E

L]

Since the beginning of industrialization, scientists and

engineers have striven to increase and improve production in a cost

N

.effeé}tve manner. In the past . two decades, 'the strategy for

increasing productivity has been the introductien of automation. More

recently, automation has been in the form -of industrial robots. The
robot manipulator system is defined as a programmable, multifunction
manipulator designed to move material, parts, toels or specialized

devices through programmed motions for the performance of a variety of

* tasks. In the literature, the terms mechanical arm, artificial hand,

2 -

robotic- arm, open articulated c¢hain ‘and manipulator are wused

interchangeabiyf o .

[y

- : @

" several rigid links, connected in series by kinematic joints, into an,

‘

open loop kinematic chaint The joints are rotafyvor linear (sliding),
with the first joint fastened to a fixed support (base), whereas -the

last 1link functions. as the 'end effector', which: holds the "device
' L R '

\berfbrminé the task. Each joint is assumed to have one, degree..of

robot. A functional sketch of a five degree of freedom

freédom, so’ the number of joints defines .the degrees of freedo Jof the

« ot .

- g,
robot i xghown

in*figure 1.1,

In general, the robot manipulator system is composed of



- -
he <

Fig. 1.1: A five deéree of freedom robot.

L]
-

The first commercial robot was'maﬁuﬁacturgd~ﬁn 1961, but

- .

robots were not introduced on a large scale until late 1970's. Since

then, however, .mainly . due to technological . ‘advance -in micro

Ed

electronics, industrial robots are being used- im a’ var{etx of ¢

N
- -

_applications in wide ranging areas (1].

‘Applications of robots in the industry can be classified. in

two maid catagories [15]. ' . . o K

4

1. Tasks involving high pefsonal risk such as loading or unlodding '
hot parts from furnaces, sétellite repair in space, pndqfwh er

exploration, handling of radioactivé and toxic waste, ‘etc.

il
a

3

2. Routine anctions éhat.have,tb bé done over aéd over again, such
as in‘a typical péoguctionxeqvironment. These jbbsiﬁéry”from
"simple ‘'pick- and place'w 6§eratioﬁs isu?h qs‘”staékiﬁg boxgs~ of .
paper or testing eleEtriqila@ys td giéﬁly.skiLied-jobS‘liké spray

# painting and arc welding.

i



- et
rs

A N

In general, the use of computer_contfolled robots offers a

. . - . &
significant number of advantages. These 1include .cost savings,

. . N . " . v
reliability, tolerance to working environment and immunity from socio-
economic and political problems. . o

For example, in the arc welding process, the heat required to
fuse the metal surfacés together is derived from an _electric "arc.
- When the arc is struck, the temperature in the vicinity rises rapidly

to about*bSOOoF. This heat cause$s a small pool of molten metal ir the

workpiece and the ‘end of the electrode also melts to supply additional

filler metél. The area surrounding. the arc is flooded with argpn‘or'

carbofi. dioxide .to protect the weld from ther atmosphere to inhibit

oxidation. . When performed manuéllj, .hpman judgement is required.

. ' P ‘o, . : ' - -
throughout to position the electrode at- an optimum distance from the

workpiece,'and to move,iﬁ_along the line of weld at an evén rate té

produce good flow of molten metal between -surfaces. . It is evfdgnt”

..

¢ a

that the whole procedure is subject to human variations and ertor. in -

addition, the welding process creates a very unpleasant and unhealthy
. . R ‘

[y
.

“working environment. Considerable ultraviolet radiation.is present in

‘the glare from the arc, requiring the operator to wear dark glasses
‘ ~ - : ‘

for préventiﬁg damage to eyes [2]. Smoﬁe, gas'apd:Spérks héve also 96

.

be .contended with. . . ‘ g - T

Since ‘the robot is undaunted by the epviionmental broblem, and

under normal operation .is incapable of any deviation from a well

¢

defined task once programmed, it is‘idéally suited po.fh? arc-welding

process. S . ’ . : ) -



In the analysis of robotic manipulators, there are three main

L

problems that need to be selved. The first fs that of eoordinate

N ! . i ) .

transformation. The desired positfon "and obrientation of the end

effector in the cartesian (world) coordinate space are. given or

>calcdlated,”and the problem is to find the positions of individual'

JOlnts which will result ‘in the robot reachlng the desired position.‘

(]

If the number of degrees of freedom of the robot is more than the
’numbef of coordinetes (ang erientatibd) specified, there -may be an
infinite number of solutions. However, if the number of degrees of
freedom is the.same as tﬁe~coordieates specified; the solution is

anique and the joint position.may be determined from the inversion of

the geometric transformation which relates the Joint variables” to the

-

end effector position and orientation. Several references for such
; . N .

Erausforﬁations are available (2, P 10] "Throughout this - work,

however, it is assumed that an approprfate solution for this problem

”

exists {9].

The second preblem is .that of dynami¢ control of the

manipuldtor, This ‘involves decgrmininé the - structure of the,

‘controller and the,generatiqn of a control signai which directs the

v

movement of the manipulator system from its present configuration to -

) the desired one. This thesis deals with this‘coptrol problem. ‘3

PR

JIn general, frqm.a position contral point'of Gfew, tasks-f

"o

performed by an industrial robat can be divided into two catebories

(1) point-to-point type; ‘'such operations include stacking boxes,

¥

. ..’driliing printed cirelit boards, spot,welding, etc., and



3

‘e .

(2) ¢ontinuous path ‘type; typicél applications in this catagory
are spray painting and arc¢ welding.
The third aspect refers to the: control of the process itself.

In ‘case” of arc welding, the most {mportant c0n§iderat§on is the

.

quéliEy of weld. This is judged in terms of the fusion of workpieces,
and penetration of the molten metal. Often, as described in later

chapters, it is possible to combine the two control problems, that of

d ?

B

position control*and the process controlg In the arc welding process,

it is possible to use a sihgle'sensor'which gives information about
I N N Y . - N
4

e e st Attt

the accuracy of pqsitioniﬁg the end.effector, the temperature and size
TR -. .

of "the weld pool. However, in general, thse issues can be dealt with

o .

independently; and for this work it is assumed. that process related

€

parameters are éppropriately,bontfofled."

A" schematic drawing of. the block -diagram of the operafing

SENSOR .
. CONTROL '
COMPUTER ROBOT -
TEACH N . ' ~ PROCESS
UNLT » PARAMETERS

 Fig. 1.2: Operating environment for an industrial robot. - .

.



P

)
. " ‘. ,

Q * A common method. for obtaining & desired motion is to first
lead the end effector through the desired path with’ the help of a

'teach pendant'. The control computer 'records'.the control signals

23

.required for several points on the path. Reéorded values are used
subsequently qb carry out the pfocess. This.mgthod is slow and
un5u1table for most modern applications. .

In the other method for obtalnlng the desired motion, the

operator programs several poihts (usually ~corner points), through
w ,
which the todl attached to the end effector must.pass. The control

-

computer, in real time, calculates and generates control signals-

e ’

required to move the: joints: of the robodt to produce the desired

motion, -
The control problem consists of (a) obtaining the dynamic

model of the manipulator, and (b) using this model to determine

o
~ .

controi laws and generate 51gnals to achieve the d951red motion.

5

The current approach, as evident {rom comggrc1ally avallable

. Systems {11,91], for robat arm control is to treat each joint as a

.

“simple servo mechanism, The serQo is contrqiléd with velocity feed-
backf ffom a tachogene}ator and pos{gion feedback from ‘5 pdsieion
encéder, mounted on the motor shaft; Fixedﬁgéins are used in,the
contfol loop.- However, because the industrial- robot iskinherently

nonllnear, the control system described above is inadequate. The

nonlinearlty in the robot is. “due to 1nertlal loading, coup11ng between:

Joints, backlash in gear trains, and gravity loading ofdthe mass pf

" arms. Furthermbre, the structure of, the -robot varies signif}cantly
~ ' 1 W .

N +

dépending on the position of various links and the mass of the ’

[



~ requiring- a large amount of memory and execution time.

> . N
load carried by the end effector. It is therefore:.easy to see that
convéntional feedback, whén used with robots will result in.un-

*

. s R . < I\
" desirable oscillations of the. end point due -to factors such as the

elastiéity df links, backlash, and inertiav The result is, reduced

operating speed of the manipglétor. Any significant performance gains

v

a ) N :
_ir the control of the. rebot arm require the consideration of elaborate

o - .

dynamic models and sophisticated controlvtechniques.

In the past depade, many schemes for dériving a dynamic model
of the robot have been proposed. Most of Fhe approdches are based‘op
tepresgncingithg robot‘a; a.multi-input multi-output, coupléo, non-
linéariset of'differential equatfons. These equations, usually
written “in a matrix form, are derived from laws of classical
(Newtoninn) mechanics . {4,5,7,8,10,13]. Thé complexity <°f, these

equations makes it, impoﬁsible to derive analytiﬁal control laws.

Furthermore, since the model of the robot varies due to link

\orientation and load variation, models used for the control .strategy

“have to-'be evaluated for each- control cycle. Even with on-line

numerical techiniques, this is a considerable ~computational loa

» IS

. . 0 ‘
For fast and 'efficient control ,of robots, it is therefore

necessary to simplify modifs using techniques such as linearization

and decoupling.

s

[}

Several me thods have been proposed but in all cabes the

computational time required is still large and they dre therefore not

3

‘suitable for implementation with high speed manipulators. More0ver,

¥

o

‘they do not account for pa;load varfation and link orientation.. In

: :

addltion, these models require the knowledge of several parameters of

« ‘ .

f B



N

robot arm and 18ad variétibu;ais to be  achieved, one would have to

if the model accounts for the elasticity of the arms, ?Ptorndrives,

gear drives, and belt couplingSg

the rohot, such as, the. mass of Iinks, friction and backlash in gears

and models for electric motors.
2

v « ' . &
It is clear that if any significant improvement in tracking

.

the desired trajectory, as closely as possible over a wide range of

take recaurse to adaptive controllers.
é} adaptive control scheme using a model reference is proposed’,
in [12), A linear, second order tive invariant, underdamped model was

-

used as references for the output of each joint. The manipulator is

controlled in a signal synthesis type model reference ~ﬁdantive

controller [MRAC], so-that the difference between the output of the

actual system and that of the reference ié minimized. Coupling terms

between joints dre neglected; thus, simplifying the models of the

manipulator. Simulation studies [12] Hemodsqréte the feasibility. of

the approach. 1In -the MRAC, the compliéated model of the manpipulator

based on Newtonian mechanics is not directly used. However, 'since the
MRAC scheme assumes perfect cancellation of the robot model, stability

cannot be‘guaranteed‘in practice. -This problem’ has also been
. o .

discussed in Chapter 5.

Another approagh was propesed [10] in whicﬁea second“order'AR

model was used to represent the manipulator. The model was not

obtained directly from input-output data of the robot. " The dynémics

.of the ménipulator weré first modelled as nonlinear, ' coupled

differential equations of high order, using classical mechanics. This

model was then used to simulate the robot. Further, it is not clear

%
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1.2, Organization of the Thesis and Contributions
4 Pk . .

In this seetion, we discuss the objective; organization and

-

A

major contributions made in this thesis.

\

The thesis focuses on deriving<accurate dynamic' models of the

¢ 3

robot from samples of input and output data and the use of these’
models to design ddaptive controllers to contro} the positioning of

the ' robot, ‘Guidelines for the implementation of thHe adaptive

LY

¥

controller-are also discussed.
Y :

1]

The thesis is organized as follows:

In Chapter 2, we describe various components in the robot

}

system and describe their operation. Specifically, the' structure of

the robot, the welding .equipment and ‘the existing contreller are

€

described.

- In Chapter 3, we first discuss problems encountered whedLusinga‘

conventional position control methods. Several sources of error are

- —

identified, both from the point of vigw of the position control of the

.end effector and from the;point of view of the weld quality. A brief.

review of various types of pasition sensors is included.

,Also. included in this chapter is a review of various methods

e

of po§%tioﬂ control. A new method, fn which an auxiliary robot 1is
N

.used for 'vernier' movements 1is described. A conventional feedback

v

scheme using a proximity probe to sense the deviation érom‘the seam to
be traced was imblemented. A b}ief description of the implementation
is given! Since for édaptive control, a model of the process, is .
necessary, tﬂe cﬁapter toncludes with a revie& of system
identifiéation and parameter estimation techniques.
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In Chapter 4, we discuss the modeling of the robot arm from

- D’. . .
experimental -observations. <¢Details of the four steps involved in

¢ -

_-modeling a system using a 'black-box' approach, viz. data acquisition,

structural ‘identification, parameter estimation and model verifica-

tioq*\are~discu39éd-in detail. A direct method of obtaining a
. ¢ s ‘ .
continuous~time model from samples of input-output data is developed.

In Chaptep 5, after a, review of adaptive control methods, we.

1

describe fhe*dcéign.of a pole—-placement type of an adaptive control-

-

”

ler. Two commonly used structures are evaluated for robustness.

-
~

Several simulations age presented showing the adaptivity of the

controller to parameter changes in the systems A study of the effects

&

of including a variable weighting factor and the effects of numerical

truncation. of controller parameters on the performance of the

regulator are presented.

. In Chapter 6, we preseént a survey of microprocessors, analog

to digital converters, digital to. analog converters,. shaft encoders .

and programming languages from the point of view of implementing the

adaptive controller. Guidelines are provided ‘for the'.selection of

these components and suggestions regarding the structure of the

PN . »
caontrol system are made.

-

In .Chapter' 7, we present conclusion and discuss topics for
R ‘ RS
further research.

Some of the.contributions madé in this thesis are: \

-
A}

. Successfuls application .of a pole—placement'type qf adaptive

self tuping regula;or‘for the position'contrgl of the robot
s ' o : - .

<
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arm. Lt is shown by Eiﬁulation'studies, thét this reéulator
erthances the performance of the robot systgm‘signifiéantly in

terms of 'positioning accuraecy and sénsitivicy to changes 1in
s . .

system parameters. Details are given in Chapter 5.

4
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Development and testing of a seam. tracking scheme for the

et ‘
robot, using a- prokimity probe sensoer and an LSI-11/23

microcomputer, .

Development of a genéral method for identifying a continuous

time system directlf'frop samples' of input-output data. An

advantage of this scheme is that it does not require the input

- -

€0 be persistently exciting; also.it\gén be used with step,
ramp and other deterministic inputs [Chapter 4].

i4

.
a

Conducted experiments for data acquisition for  the welding

~

robot and used this data’ for modeling. In this wdy, ' the ropot

is treated as a black box and no a-priori knowledge of the

w

hardware is required. In addition it also accounts for the

elasticity, of.limbs, actdator and gear drive characterjstics.
. ~ .

~. .

Design, simulation and comparison of two commonly used
structurks of the pole-placement type ‘self-tuning regulator.
It 'is shown that although the two structdres are alﬁpst

identical from the design point of view, their performance is

significaitly different with regpect fto the numerical

. precision used for c0mputétion {Chapter 5]..
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Simulated cases were used to study the adaptivity of the
regulator \to"¢hanges in ‘the system dynamics, and the

. ,r ) . ) ' : .
performance of a binary switching of the 'weighting fac;or'-'

Results indicate’ af signifikant; improvehent, in the rate of
adaptation and accuracy in position‘conttol. - .

. I3 r " ' o ¢ - ’
In. addition, a comprehensive survey of the existing methods of

-

position control of a manipulator was conducted. Their merits
and demerits were analysed and a new method involviag an

auxiliary robot is suggested.

.



.
’
& . k 5 e

. CHAPTER 2 L.

COMPONENTS AND OPERATION OF THE ROBOT SYSTEM .,

4

2.1 - Introduction . . .
In Chapter 1, we describe why the arc we'lding pracess.ié
suitable for autémgtion. Justification was.based’on the fact that
welding produces toxic and carcinogenic fumes, splatters of- molFen
metal and inéense radiation that may cause é&ye ihjury and skin cancer.
The welde} has to take upoaﬁkwérd posrtion‘in hot, qufined spaces
while being weighted down ;ith éq;ipﬁept andvprotective clothinélL
- , . . .
FlekibleAdé%ices; such as industrigl robots mré {dealy 5ui§ed _
for automating the arc welding process. Problems related to au;omated
arc‘wefding‘can be dividéd iﬁtp’£§9 mgjor'catagories - tdrch position

related and arc process related. Both of these issues are discussed

in detail in the next chapter, In this chapter we describe various

components of the robot system used for arc welding and their, .

s

ope€ration,

[

Basically, the system consists of a continuous round wire fed

from a spool through the torch. ° This wire Serves aé a consumablg V-

electrode. The arc generated between the tip of the wire and the
workpfece melts the electrode (wiréi and some- of. the workpieéel'

Molten wire 'serves as filler metal to fuse the.joint. The torch

connected to.the end of the robot arm is made to move along the scam

-

at a uniform velocity to get an acceptable weld,

13
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. Details of varjous subsystems, 6peraior interface and safety
. : 10 A

’

features are given below: : ) . .

2.2 The Ar¢ Welding Robot .
The robot used for arc welding is a redesigned UNIMATE-2000.
It has five degrees of freedom, as shown in figure 2.1.° As‘indicQCed

in table 2.1, four.of the five axes are 'rotational' type and one is

linear.

BASE

Fig. 2.1: The are¢ ﬁelding robot.

2>

The' robot was originally. hydraulically actuated and was

equipped with absolute (g;ay scale) encoders in the positional feed-
back loob.i This~configuration had serious problems with repeatability

-

‘of_theurdbbt motion. ~ Hydraulic gctua;orghwerg’replaced.with electric—

.al (DC) servomotops'aqd the aﬁsblute épcoderé were replaced by

feiativé encoéers. Electrical d}iveg required -a mechanigal Adrive
trai; with a lafée_(ZOO:l) Speeé'redgctfén. An ;ﬁitialf@esign using‘

wprﬁ gears proved unsﬁitable because ¢f backlash ip_the worm—geafs_
: ’\Fhidh 'affécted repeatability. Théy. were therefore replaced by

* .

-
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“harmonic” drives which provide large speed reduction with negligible

backlash. ('
Table 2.1: Description of Robot Axes
Axis Type, ) Motion
A - Sweep ' Rotational . )
A2 . i .. Lift "+ Rotational . .
A3 . - . Bend . Rotational
A, Swivel Rotational .
Ag . ‘ Extend ' . . Linear

"\/—’ L -
. . "

In' géneral, each axis of the robot is eqdipped with a d.c.

2

. . * > X i . . .
motor coupled to a tachogéneratory an incremental position encoder and

a harmopic drive. . R ’

’ . H

A welding torch is mounted at the free end on the robot.

A4 * * - ’

-2.3.. Welding Apparatus [15,18})
’ \

The procéss“Selected for ;obot Qeldipg is Ehe"gas~meta¥:arc
. weiding"(GMAW), ar metal—ihért—éas.tﬁiG) technigugg ic is epmmonly
" used iﬁ, most autdmatic "and semiwéhtématic welders.: f‘Tpe equipmeﬂt
consists of a Hebart 'MEGA—MIG ASO;pVSl‘ éonstagt—V6ltage—fegtifier
Weldingnmachiné Qicn a”MEéATCON modelli11 welding éont;ol unit. This,

control unit drives‘a Hobart model H4S wirerdrivé feed head. . A . L

¢ . ' . B N N qe

[y

>
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electrode to workp1ece distance of the welding gun..

s e
-

fmxed to the end of the robot. The'MEGA—CON welding control unit is

-

interfaced t6 the main robot controller through optlcally 1solated

switches., Welding parameters - the Wire feed rate 'and the“voltage,

.

are the two main parameters directly controlled through software. The

welding current is indirectly regulated by the wire feodrate. If the

wire is fed quickly, the current <increases and if Eed slowly, ‘the.

current decreases. The shielding gaq used is carbon dloxlde.r

In mahual weldlng, coordlnation of .various parameters is done

-"continuous round solid wire0feeéé.through a models GAL-400 welding gun-

Lan

by a skilled'operator, but dn the case of robot Welding it is done by

“

set by‘software; and 1s coordlnated with the travel speed “and

)
2.4 Control System [3,16,17]

Y .t

'The Master Computer: . ‘ B

*

As described earlier, each- axis of the robot-is equipped with
a d.c. motor, a tacbogenerator'ahd a pdsition encoder. lhé-syetem
controller‘ls built on a two level hierarchy. ‘The lower . level fis

called the’ 'slave' .controller and the higher one is called the

\

. 0 0 5_ »
‘master’ controller. The master controller is bullt around the Intel

.~

1SBC 8H/12A 51ngle board computer comblned with the ‘80 b1t,, data
processor "iSBC 337“. Key I C!s in  the master. controller are the 8086

and‘8087 micfoproceeeorsq -Jhe 8@87 is used.for hlgh spee¢ flxed,and

float1ng pplﬁt fun@tlons. . ReSponsLbllmty of the master controller

tﬁe'controller software. The wire feed rate and welding voltage 1is

1nc1udes oommunlcating with’ the operator and issu1ng commands to the

¥ ;
M &

L .
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welding. controller described -earlier and the slave controllers.

The overall interconnection diagram of the . master and slave.

4 N . ‘ - = P 4
controllers is shown in.figure 2.2. . . )
. e ..
/ TEach L L "MASTER A
PINDANT CONTROLLER S TERMINAL -
1 ’ S
\\'lfl.l)fNG o ',~ N : “.‘ \,\.7. : g , . [; . 1ave 6
O [sysTEM Slavc 1 Slave | . | Slave .3 ,A}gvu 1 s1ave 3
.. ’ ’ . . I ‘ - M ® % S
' AQ O - ) ‘ . o : ~
. o = i $ ) ) ) T
e ROBOT -
< N 4 1
g 1 ) . )
Fig. 2.2: Robot Controller., ‘
_— The ‘Slave Controller: ‘ -

. o 7 - . , ' ;
"There is one slave controller for each axis. Except for their -

-

.

addresses on the master bus, they are identical in operation. Slave

. . .. . . .
controllers are built around the' 8 bit Intel 8748 micrpprdCQSSdri. It
- . : ¢ :

is the responsibility -of this controller to generate the velotity

‘. . ¢ .

— ) . . L
.error following a.cemmand from the master controller, generate' an.

analog voltage to drive the motor, and to stop™thg motor from rotating.
at o . ) .

.

once that axis has reached the commanded position. Feedback from the
position encoder is used to determine the positipnal ‘information.

2
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Various components on, the slave controller are shown in .block .

.

.+ . diagram form in'figufé 2.3 . o
INPUT 8748 .
- BUFFER - MICROPROCESSOR FROM
S — | . TEACH
: B [ " . UNIT
g ; ' FROM
MASTER OUTPUT D/A * FEEDBACK POSITION
conTROLLERl | BUFFER . CONVERTER COUNTER | ENCODEK
) . 1 1l ﬂ —= - . .
-.| ADDRESSING S ' T TO
- —— LoglC | ] SWLTCH DRIVER _f— SERVO

a

*.

Fig. 2.3; Simplified biock:diagram of.slavé_cont?ollerf

a -

[}
’

Since ,the 8748 1s an 8. bit microprocessor, ‘it has .to
:communicate'wiéh the 16 bi¥t master compute} through- 16~ bit bufﬁers{ '
Data from the 'master’ haé’té'be.read in 2 bytes by the -slave.

which are read by the master

Similarly, the‘slave writes two bytes,

. computer.

N

P

N

Once the path coordinates: are programmed as described *in
., section 2.5, the master computer is set in the 'run' mode. The master

computer computes intermediate points in 'world' coordinates. and

transforms them to''joint' -coordinates. The amount-of motion required
for the joint (in joint'inbrements of motion), is passed  to slave

cqncrolleré every 20 to BQ“milliéeconds.. Thé‘§lave cpnfrbiler\

N . = RN
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box are a part of the slave controller ‘card.
movement of’ the robot from the teach pendants ' : .

205 Operator Interface

ta

19

.

compares the -value of these increments to the actual (incremental)
position recordéd by, the position counter to genérate the error. This

error is converted to a velocity, signal to drive the- motor 'to null
error. A block diagram showing the motorIQEive‘and feedback details
- o

for a é}picql axis is shown in figure 2.4. Components enclosed in the

« Tav
«

The switch shown- in figure 2.3 .is-used to allow manual .

.

\

The operator communicates with the robot-system through ‘two

* devices. The operators console or terminal is used to imput all

¢

_compmands and setting ﬁaramgtefs; Thé terminal is also used. for

dispiaf and editing of program sequences and path coordinates.

After power is turned ON, the operator initializes the robot

:
.

‘to its ‘home' position.” At this point, he may select one of several

modes of oferation. The robot may be commanded to weld along a.

Al B “

preprogrammed path or.a new path may -be entered. Corner points of ‘the

'péth"ére input using the teach.pendant. The robot is first moved to.

- -

the desired position and. coordinates of thefpoidt'aré'saved by
¢ A . : .

pressing the “record" switch. Afrer all poin%s.haQe beénxrecorded,

the operator edits/saves them. and writes a ’'program ‘(sequence):n

specifying whether a particular path Is to be yeldé¢ or not. When

-

"*WELD ON' is specified, the.speed of wirg‘fegd and the voltage have to

be input.. The pfogfam is' executed after ascertaining fits cqfréétness.
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T A néw, high level,” robot control language has  been developed,

intéractive way. Commands are menu driven and extensive ON-LINE help

is provided. Details of this package are given in.[19].

a »

T 2.6 Safecty Requirement
. . * . . ..
: ’ Sdfety of personnel operating the robot is an important

consideration for 'any robot installation. The swing of the robot arm

is presently limited by software limit switches. Provision for- hard-

Waredlimft switches -has been made and are to be inst@iled shortly. A

o - -
N

“dead man's" switch, whielf disconnects power to the servo amplifiers

when relgased‘has been installed. This ;witch is al&ays in use when

. = . \ .

. thé robqt‘is operating, singe it is spring‘loa&ed'with normally open

contacts. A brake has ﬁeen.installed and plans are ugderway’fon the
[} - * . . - \ .

. installation of a steel ﬁence‘&round the robot work area. :

-

*

2.7 . Concluding Remarks

In this cHapter we describe various components of the robot

< - .
system. The robot used for arc welding has five axes, of which four

are of the ~revolute type and one is linear. The gas metal arc welding

'(GMAN> process has been selected.because of itg suitability .for auto-

.

-matic welding. A two level controller is-used to control the novement

of the robot. A 16 bit master controller provides .the interface be=

. tween the operator and each of the five axes. Each axis, is controlled

v

by a 'slave' coﬁf;oller based on an 8 bit microprocessor. Since the.

. 8afety "of personnel’ is an jmportant consideration, various ‘safety

- - . ' ~
s

_features incorporated are discussed.

‘ 5 ¥

which allows the operator to use the robot in a ‘user friendly',

~



CHAPTER 3 :

~7 SYSTEM IDENTIFICATIéN AND CONTROL -— A REVIEW

3.1 ° Introduction

In Chapter 2 we described various components of the robot

'

system. The'operdtion_ofvthe control system was given ih section 2.4.
 End coordinates of the path to be followeé were input to the
‘boptrollér, which interpolated intermeaiate'poiéts, éoﬁvéét;d them to
the joint cpordinates and ai;o generated vél;ages required'tovdrive
the ;cﬁuators. It was implicitly assumed that the robot would then

~re§u1t in motion along the ﬁesirgd bath.

Whén the welding unit is turned Oﬁ, this, mécioﬁ should result
in.the desired weld. . Unﬁortunatgly in’ practice, this is not always
the Ease.qnd noh~ideal weldgng is achieved.

In this chapcaé we discuss reasons for this degrédatioq in

quality and review various methods to improve the performance. | The
, . .

chapter is'organized as follows. 1In section 3.2, we outline causes of

error. Basicaliy, there are two types of error, (i) error in-

-

positioning the robot{ on the ‘seam, and (2) errors in setting the weld

parameters. Both.of these aspects are discussed. In sectiom 3.3} a
L4 -

brief survey of various methods used for sensing the bosi;ion of the
_ seam and.quality of weld are qiscussed. Section 3.4 describes several
‘me:hoqs for controlling the-moéion qﬁ the robot. A scheme using a

-
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& c .
3 3

g .
proximity sensor to detect the position’ and an LSI-1l in a feedback

loop was implemehceé. _Details oé this scheme are also included in
this géction.' . ' , . -

Adaptive control schemes are co&sidered for the positi;n
control of'Fhe robot. Since theyeare based on oStaining a dénamic
model‘of the robot, Fhe problem of‘iystem identificat is reviewed
in section 3.5, - o

Speéifip details on modeling the robot arm ate given in the
‘next chapter. In this section on system identificatioﬁ, a geﬂeral
review of Va;ioqs forms.of modeling(along-with their merits and
demerits are discussed.

.3.2 » The Contral Problem - h ,

k4

As described in section 2.4, the end point coorqgnaces'of the
.path té6 be traced are input to the mqstef controller. The comtroller

evéluates intermediate points by. path¥interpolation, and converts them

to -equivalent joint coordinates. Command .-increments are then

* .
~

generated and tr;nsmitced from the master controller to thé slave
cont}oller at periodié intervals.  The slave controller aécepts Fhese
increments and generates analog éQICages to drive the motor. Feedback
from the position encoder is used to ensure that the motor roééteé as .
. : . © .
required by the, commandp Welding is performed when the welding unit
is turrnied ON as the tdbot ﬁoyés aiong the desired path.

« The control of arc welding- process 1§ directed towards two
gen?ral objectiées. One objective is ;o wmaintain the bcint of arc at

the proper location relative to the seam; This is coﬁmonly refgrred
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to as -joint or seam tracking or 'position cont'roi'. The other aim 1is
the con‘trovl of the weld quality. This encompasées control of many
varlatgleb \;bich affect the quality of the [inisbhed welda. Both these
control problems are‘discussed“in c;\is séction. ‘

- The issue of position cpntr‘oll is of inCerg'st‘ fﬁot only-in case
of‘ arc welding, but for many other ro-bot applicatiops ;uch as gas -
cutting, painting, etc. NEve,n in: applicaﬁiof}s that require point-to-
point movement, such as" in spot welding, wachine part ass.embl)L,.and
drilling of printed circuit boards, ‘ett’.,’ good position controf '\is

1T - '
desirable for accuraey and spead. '
Although voltages required for the motors are evaluated by
accurate coordinate transformation, and the moti:onnchecked by feedback.
~from the pIOSition encoder mounted on the mc;tor shaft, the path

generated by the robot is usually not in exact agreement with thi
A

planned path. This error shown in figure 3.1 s caused by severa

—~—rt,

» factofs, some.of which are listed in table '3.1,~ [15]). . . .

© . .Path.traced by robot

- . / "Commanded_path

—

€ TE’ : "\:Ac;:ual sean: T \

€ - error due to workpiece variationm

* € - gross error

»

' . 'V . N ) I
Fig. 3.1: Positional error.

4

Il

The above figure " shows errors which are' transverse to -the

. . . R ] : 3 . \

'seam. It is {mperative that for acceptable welding, such positional
N . o 7 -

x
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.arc/prbcéss variables (61},

257

“rror be minimized and the welding be carried out on the seam.

s

‘v

‘Taﬁle 3.1: Types and Causes of Error

.

o

SNO * TYPE ) CAHSE OF ERROR

l. ‘Structural (a) Inertia of the arm
(b) Backlash in gears
(c) Elasticity of limbs

2. ‘ Workpiece " ' (a) Piece to piece variation
(b) Expansion and warping of

: - «- the structure
3. Algorithmic (a) Accuracy of the model
4, Computatiotial (a) Finite word length effect

- The second aspect, that of weld dquality control, refers to the

control of many possible variables which measure the acceptability of

1

the finiéhed weld. A poor qgality of weld and improper positioning of

the point of applfcation of the arc, both lead to’a 'weak' joint.  -On

-

close obsefbatioq ofs the arc wélding process, a comprehensive list of"
welding parametérs.and variableg can be déveloped. 'Since many
variables have significant effect on others, a tabular format is used

to show the interaction. Table 3.2 lists the . primary and secondary

weld related parameters against’ the controller and unmanipulatable

.
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Table 3.2: Variables/Parameters Relevant to Weld Quality
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3.3 Position Sensing

)

’As desgribed ahoven one of the 'primary bgjectives in Eﬁe,
‘contTol of the robot is to ensure that the path tr§ced by the robot is
exactly on the .seam oé the- two pieces‘keing welded toéether.°' Many
different t}pes of positioﬁ sensing devices are available, however,
most of-theﬁ can be élassified in the fhrge~general-éa£agories

deébfibed below [20-247.

1. Arc sensing: 1In-this method, the robot is programmed to’
. 5 .

bsai}late across 'the seam, and the location of rthe seam is determined.

by measuring - the variation of the arc voltage and "current. Such

systems are commercially available, but are limited to welding certaiq

1 ~

types of joints. Algo; the weaving effégt caused by .the ¢scillation,

)
‘

" may not be desirable in all cases?

.
.

2. :Tactile or proximity sensors: ‘In this method a gfoup”bf

sensors connected to a péinter are made to trace  the groove ~in thé

. »

workpiece .to be welded. Signals emitted by “these sensors give a

.

measure of the location of the. seam. Most of the devices available

cpméerdially use tactile sensqrs, but some using 'non—contqct' type

sensdrs_are also available. .The problem with such position sensing >
_deQicgs%is that because . they 'feei; close to the point of wglding,

they are often affectedwby the weld splatter from the molten pool and

.

»

arc. ' kE . AT



.

3. Vision sensors: Vision sensors are popular since they
have the advantage of being 'non-contact' type- and 3130 they do not
require. the welding torch-to oscillate about the secam.

There are several variations in terms of the type_of - light

3
.

sources used for illuminating the workpiece and the kind of sensors

L
-

used for image pickup. But &Ssentially, a’T.V,:camera and interface
/? - . " .
s u&éd to quantify the light reflected by -the workpiece. Some of the

v{siop systems require special lamp§ for iilumihating the pbject,while

in ‘some cases, the light emitted from the arc is used. The optical

image picked up by a C.C.D. T.V. camera is digiéized and analyzed to
locate the position of the seam- 7 L ¢ .

~

In éomeisensoys, afrays'of‘infra Fed sensing diodes are useq

“ instead of thefT.V. cémeFa.~ These do nbp ;equire special illumination:
siécg' they sense ‘.the position of the'(seam ‘from the thermal
distribution of the workpiece. .Whén a Lline- sensor is uSeé, it is

common to record the temperature profile, as shown in figure 3.2.

¢

o
-
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LY

-, For a 'rectaﬁgular grid type infra red sensor ‘the fmage i§

.

digitized and analyzed by a vision processor for detectlng Weld pool

. featuqes such _as the pool w1dth and’ 1sothermal contours [24]
Position-information is .obtained from the shapes of the isotherms as
P . . . w . . i
<. . shown in figure-3.3. ) : .
i

. H

AN F}g; 3.3: Iqotﬁerms _
(a) arc on seam, (b) are offset from seam. N

- ' . n
- .
e

Isothermal contours are symmetric ‘around the seam i'f the arc is

* ' " & LT . <

being applieﬂl.mn_ the seam. A deviétion from the’ seaﬁ results in

-~ .

© asymmetric contour%. An advantage of thls method 1s that, it also

¢ . -
b}

provxdes a measure of the pool w1dth temperature, travel velocity,

»

o

3etc., whlch may be used to control the quallty of- the weld. One af

sy the drawbacks of this type of sgnsor is that it s expensive ‘gnd'

.

requires a high speed processor” for real time’ appllcatxons.

v - »

4 Some manufacturers make infra red sen§0rs that are mounted on
s .

.

hat they can . be used only ‘when the back51de is acceissible. Instead

13

of meaqurxng pool characterlstics, 'backside sensors' can measure. the

N ]
' N .

penetration of the Etller metal dlrectly. : Lo A

”, . y w0 ’

the backside of the workbiéea.. These sensors have the“disadvaptage-



3.9 ’ ﬁethods of Control'[li]

" reasops. Some of them are lisféd in taole 3.1.

%
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¥ . .
Ny . a - B -
.

It is "evident from this survey-of -sensors that a. variety of

devices for4position sensing are avaiIablei Because of-their relative

.

merits and demerits it is not pOSSlble to pick out the most sultable

sensor. The’ ch01ce will be gOVerned by. the speed of the appllcation‘

and from economlc con51derat10ns«

. > .

" . As” mentioned earljer, the problem of. position control is. of

prime imﬁortanée for many  applicatiens of. the inddstrial robot,

-

including arc welding. .Positional errors. occur "due to $everal

s

v
B

In this section,” a survey “f various methods for reducing
these errors is given. One scheme which is based” on the ‘feedback of |

'the end posxtlon for tracklng the seam was 1mplemented. Details of

.
: .

thlS scheme are also inc¢luded.

1. - Open loop method:: In this scheme, an accurate d&namie

model’islconstructed for_the joints and links in the robot; whicﬁ.elsor

- %

lncludeé the effect. of fhe elastfcity of .the arm, backlash in geare,

etc. Controls required are then evaluated using- this model. Such a

scheme suffers from severe& limitations. A very elaborate model may”

»

N

result if all factors are taken into account thle modeling the robot.,

With such a complex model, the number of comoutétions may be too many,

- .

and henceﬁtime’consuminga The reSultlng system may not be. useful’ for

¢
* c

real time qoolicatfons. On che other hand if the: model is’ simpllfied

bx*making'assumptlons, such as éssuming limearity, and neglecting the: .-

r
.

‘. .
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. ' . B . .
- .

" ‘coupling betyeen.joints_etcm; inaccuracies will exist, resulting in
‘deviation from the “required performance. - Also, since this method is

fopen-loop', there is no check for system failure. .
-
-d

2."Oﬁf;1ine'technique: In this method, ‘a detailed dynamic

.mbdel of . the: manipulator is mot made, instead errors between the
_programmed path and the seam are 'ledrned' and“compensatedffor.' This

' requires two passes over the seam. - The first pass is dedicated to

.'learning'~ che* contfols reduired for pfdper.kpositioning, @dé the
éécond‘ﬁase id used~fot the céér§ing the actuai welding operation.
The off;line metnod i; -also called a irﬁultipass"method because it

'requlres mare than one'pass over the joint to be welded.

.

Sznce at least LwWo passes are requ1red for each jOb _the

method “is ‘not as efficient as the one—pass methods. Also, it cannot

~

©
’ \ .

_account for errors duye to the expansion of the structure.. . "' .-

:
.’ . « . .t

.
. 3 - e ’.

. \ 3._ Feedbéck controlt. AUnlike the ptevious technique, thié‘

1

.method performs on-lxne control. The difference between the actual

© - seam and- the path traced by the robot controlled weldlng gut is

‘

continuously measured and this error is fed back to modlfy the control

: 31gna13 The‘welding torch is thus constralned to follow the seam. A ‘t-

_'block diagram representation*of this method is giyen in’ figure 3.4f

f



Jifigure 3‘5.1 !

‘ROBOT SYSTEM

ouTrL |

oL T }xcrUAL POSITION

- h .

?ig. j.&; Conventional feedback control syétem.
A controller pased on the above was de51gnéd and - implemented‘

The *controller was used to force the: robbt ‘to track a seam

32

na
,

intentlonally placed at an angle to the programmed path 1Details of-

T‘\« -~ -
s . .,

"the scheme are given below.

"y
.

The exlstxng control system “of the robot was descrlbed in

-

sectlon 2 4, The block dlagram of the controller ‘is. reprz?nced in’

.
PER) "" -~

a

motor. Feedback from the positlon encoder is compared with the

‘ » r +

. command 31gnal to ensure that "the motor rotates through the requ1red

angle $o that the resulting motlon is as de51red. However, because

\\

The p051t10n encoder 1s 1nsta11ed on the rotor shafc of the»

this feedback is not-from the.positidn of the_ end p01nt‘ of- the' robot

arm, it does not reflect errors due fo the 1nert1a ‘of ‘the arm, its

felasticity”‘errors in gear drives, etc. Also feedback from the’

position encoder does ndt account for workplece p031tioning

N .
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_—— e — S ... ———Programmed path

distance meas\ured by the proximity probe was kept within a i‘:’re—

<

Using .a proximity probe to’ detect the distance between the

programm,ed path and the .actual location of the seam, a feedback loop

was added‘to the controller eo~that the robot could be Yorced to trackft.

-,

" the seam. A steel strip was placed at an angle across the programmed

. path of the robot, as’ shown in flgure 3.6. st

.’ s . ",
N . . .

A Actual ‘seam

\ ) Fig 3.6:‘ Robat mot(?o ith addltional loop.

» s

This additional ‘.lo'o‘p-Was controlled through sof tware #ri‘tten.
in the*LS‘I-ll assembly language. A block diagram of the gverall
control system with ‘the addition is “shown m flgure 3.7.

. Signals from the proximity probe and the output of the

i

or1g1nal controller were input to the LS'I -11/23 mlcrocomputer, through
~

an AXV 11, analog—digital interface. A digital to' analog (D/A)

LOﬁVEI’CEX‘ was used to - generate a voltage to drive the d.co, motor.

.

This additional loop operates: ‘as an ONHOFF controller, - so that the.'

Vv

.specified band. ‘With the addi,t:ion of this extra loop, the manipulator

was forced to track the seam of the workpiece. T - -

o L

R

2
5

: * .
Path followed by robot

8

4
:4-.&_@53-.;
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- case of structural changes or component failures. Unlike fixed =

~

" tuning regulator is shgwn in figure 3.8.

¢,

Siﬁée,che controller described is not. adaptive, it may prove

(Y

fnadequate in the presence of a large unpredictable disturbance and in

“control systems, adaptive control systems adapt to changes in the
o\

. -

properties of the controlled processes and their signals. An adaptive’

controller may be more robust and has the advantage of ‘'graceful
r Q , g gr

¢

degradation® in case of component changes.
e &

4

L]

4, 'Adapxive controllers: = An adaptive system measures a

[y

certain index of performance using the inputs .and. outputs of 'the

., adjustable system. From the comparison of the measured index of

pgrformance~values and a sei of given 6ﬁes, the adaptation mechanism
modifieg' the parémeters of the adjustable system or generates an
auxiliary dinput in order to @aintain the indgx of pegformance value
éios; to tﬂe:;et of given onés. "Adaptive systems have been classified
into two distinct classes, although receﬁt papefs‘havé shown that some

equivalent properties’ exist between the two types of adaptive

.controllers. These two approaches can be summarized as follews:

(a) Explicit identification approach
In this approach, a model of the process to be controlled is

identified in real-time, from the measurements of the input-output

signals. Controller parameters.are . calculated from the process

parameters obtained from the identification algorithm. . Controllers.

based on ‘this agpfoacﬁ are also referred to as- 'explicit self tuning

. ‘regulators’ and 'indirect controllers'. A block diagram of a self



REF.

E :

CONTROLLER
s ‘ezt
< ESTIMATOR
]I .. {
———ee . ) ' . ‘ \w . ' o
INPUT CONTROLLER: - PROCESS —-
" CONTROL -+ } OUTEFU

Fig. 3.8: Self Euning regulator.

Discrete time models and recursive ﬁarameter estimators are
paéticularly suitablé for implémehting Ehis type of regulatﬁrs on
digital computers. Detailed design and the performance of the self
tuning regulator for the robot ié given in éhapter 5.

(b) Implicit identification approach

Instead of an ekpl;cit identification of the  plant, one may
simply &se an‘implicic method, i.e., one may adjust the paramefers of
the ’controller directly so that a performance index is satisfied.-
This {s done more conveniently by using ‘a reference model. Such
systems are called model reference adaptive systehs‘(MRAS). MRAS cah
be implémented in two ways:.(l) barameter adaptation ﬁethod, and (2)

the signal'égnthesis method. A block diagram of an MRAS is shown \n

figure 3.9. Dashed lines are,applicablé when the signal synthesis

method is used.
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-

CONTROLLER L __ " o_..] PROCESS OUTPUT
s \ /
1 SIGNAL
. ' | SYNTHESIS |
- : + .
‘ . ADAPTIVE : ﬂ +> ,
PARAMETER ALGORITHN ERROR o
: ADAPTATION -4
. - REFERENCE
- MODEL
REF. INPUT .

.

-

Fig. 3.9: Model reference adaptive system.
The two approaches are explained in greater detail in Chapter
5, on the design and tésting of an adapgive controller for the
industrial robot. Due to some limitations of the MRAS, this scheme - -

<

could not ‘be used for the adaptive coatroller for the robot.

~

5. Vernier robot method: 1In the ‘schemes for trobot control

mentioned so far, errors in pos}tioning the torch were minimized by

.

suitably modifying the signals or parameters of the controller.
It is evident from the ‘list of factors contribating towards
the deviation of the weld point from its desirea position, ke.g. Table

3m1){'that inertia of the robot érm, elasticity of the arm and the

M &

- backlash in _the joints are major factors. Using precision servos for

all axis mations will reduce errors, but this may not be econoﬁically

-~

viable. . ]
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'Si?e and weight of tﬁe arm are governed byvstructural Aesign
to achieve the requir;d span area and the jbb.f;nction. So, "while
error de;iations to bg correcﬁed,for, are small, the total span of the
robot arm_may. be laqge. These re&uire@enﬁs‘ impése ﬂa( cbnflicting
limitation on the ;ize of éhg manipuiétor ;rm.

. One approach to soiying this'problem is by the addition of a
precisionArobot‘with 1 or -2 degrees of freedom;'immediately bebigd the

welding torch. " A sketch of such a robot is shown in figure 3.10..

-

e

+ Fig. 3.10: Vernier robot.

Finer movement required for error correction is made with this -

vernier (or auxiliary) robot, which being of smaller dimensions may be

.equipped ‘with a precision drive mechanism. Gross movement 1is

controlled by the main robot. This scheme has, been discussed in
gfeater-ﬂetail in [13].

From the above survey it  appears that 4o achieve higher
performance from the robot in a cost effective manner, an adaptive
controller or a vernier type of robot may be réquirede‘ A vernier

robot increases the effective degrees of freedom (DOF) énd should give

BN
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o »

good performance from simple controllers, however, they .may oot be

o !
alternative.

A selfﬂfuﬁing type of an-adaptive controller based on figure
S :
3.8 has _been de51gned for the modified UNIMATE -2000. Details of the

de51gn are given 1n Chapter 5. One of the requlrements of the self

tuning regulator is on-ling modéling of the robot., Further, the.

~ v . ¢ N

structure of the robot has to be Known in advancé. A review of system

identification is-given in the next section . .

8 -

3.5 . System Identlflcation P ST Lo

It is ev1dent from the above, that ‘a description of the

process involved is neCessary for the analysis and design of an’
- £ s . !

PR

adaptive eontrqlley. S ch a description:is often called Che model of-

.

the process (or system) since it provides an insight into itfs

oharacteristics._ A model can take several forms, such as graphs,

. . *

. . . ‘ \ Lo .
‘easy to implement. Adaptive controllers seem to be a viable -

plots, éXpressions; egc., “howevei,"the type of model‘ required’ most

* .

frequently is the mathematical model whlch is’ a descriptlon in terms

°
< .

of mathematical relations. : .

Since an industr1a1 robot usually has f1ve to six, Joints, each

. ‘ 3 ‘

driven by an independent motor, the robot*hQS‘to be" modelled as- a,

Y

Y

shown "14-7,10], that the relations.for the dynamlcswoﬁ a .robot are

analytic solutions are not avallable, and numerical solutions obtained

.

on the dlgltal computer are tlme consuming.

. : , . 3 .
. . . R
» .

. N “w

*multlvar1able system w1th several inputs and outputs. It has been .

'non;linear, complex and consist of coupled terms.‘ Clo§ed ﬁorm;-



‘othet. A comparison of these methods' and algorithms for

~a single input_single output system (SISO). . X SN D

S

The dynamic model of the robot, has to be simplified by

assuming linearity, and neglecting the interactign between jointsw

»

Simulation studies 1in [12,13]) demonsgnaté the ~feasibidityxiof using
% - . . e W

simplified models for adaptive control.

A multivariable system can be represented in , several ways

. 1
.

{(27]). Some of the commonly used schemes are{

. .

< l. Transfer function matrix,

2. Impulse response matrix, - : ) . ‘
3. Polybomial matrix, and -

4, State space formulation. ‘

< N . «

Alﬁhough ‘these .are different representations, ~ they are’
- ‘ - e - B )
equivalent in the sense’ that it is possible to transform one to the -

their

estimations are given in [27].

. [

- N ' ' v [ ' N ] -
For :the industrial robot,  because the interaction between

v
-

joints is assumed to be.small, each joint. is treated independently ,as

"
.
-~

‘As mentioned earlier, a model for a system can,befrepresente&

in'a variety of ways. A brief account of methods and types of models

— "

'i% given,beldﬁ. Méthods of modeling a ‘robet arm .¢an -be classified

"

into two catagories. The first pethod involves modeling the rbbot(iﬁm
. . ty L -

. | . . )
from the knowledge of its physical subsystems and thgirhinteraction.

' -
. . - »

Information such as ‘the time "constants of ' motors; load-torque .

¥

~ -

characteristics, etc., 'is usually available from the manufacturer.

Thi@linformation and the knowledge df”ph?%iqal taws ‘may be used to

formulate a model of the systems ' , L

o

i: . T 41
3 - L N " ,' I
B . . .

-
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The main drawback of this method is ‘that often, when the

" system has complex dynamics, complete. knowledge of interacting sub—.

systems is not available. Also, - in some .case, "resulting models are .

too complex for real time implementation on migrocomputers. * -

The second method is called the 'black-box' approach, because

. . . .
v " a -

the ‘model is derived from the measurements of the input (éxcitation)

and tﬁe output (requnsa@ of the system. The main advantage of - this
approach is that the model is obtalned by practlcal testing, so no a-

priori 1nformat1on about the constituent subsystems is ,necessary.

~

This dpproach popularly knoWn ‘as system idenfifiéation' has- been the )

. o'

topic df research for. a long t1me and is exten51Vely documented in

books [26-30,40} and papers [31,92;34-39]; L.

A model for a-.system .pay be expressed ih,variouékformsy.

v 4 A

' broédly classified in two.catagories ~ the noﬁ-parametric modeL,‘which‘ :

is usually in the form of a impulse, step or frequency resgzrse plots,

and tbe parametrlc model usually in the form of the system functlon

~ ®
e v

) in the z~doma1n, difference equation, state space equacions or in the~

s-domaln transfer function. The type of model de51red is dlctated by

.

the applicatiqn for whlch 1t 1s used VqriOus xypes_of models are

represented in a diagramatic form 1% figure 3.11.” R

.,
.

Among non-parametric models, one can isolate frequency and

impuise'response estimation as the basi techniqueé [39]. Both
me thods yield models in ‘graphical form. Sincg, \in, most cases, it.is
not possible to use an 'imp#lée' test signal, ‘the impulse response is

obtained in an implicit.way from the reﬁhonse to more feasible inputs.

Several methods. for 'implicit' impulse responsé modeiing‘ace.availhble‘

[‘27)32)39]' S l‘ O

N



,c‘

. o S . . o .
. directly from the input-output data. -The figure also shows the

P
-

‘ processed by a digital computer._"‘

]

In” the frequency domain, the '‘most common representdtion of

_System dynamlcs is in  the form of Bode 'plots.. While these\ N

-representations are convenlent for controller de31gn and stab111ty

énalysi;ffggky are generally off-line methodé and are_not_suitaole for
the design of adaptlve controllers, Compact models, in the fotm of

mathematlcal expre831ons are requlted._ Non-parametric models can bé
convérted to parametric ‘oneés by:curve fitting and. straight line

.

.approximations. References for some methods of conversion .-which

assume that the systems ofder' i's known are given.in {[27,39}. An

iterative method for obtaining a state space formulation from samples
N °

of the impulse reeponse'without»a-prioti knowledge of the system order

. is given #n [33]. T . B

. -

As shown in figure :3.11, parametric models can be ‘obtained

A0

‘different, types .0f parametric’ modeis in both the discrete time’ and the

N

.continuous type. - . N : P S -

B

‘The process of -obtaining a mathemarical representation of the

-

Eystem'dynbmics:(often”thé‘transfer function) frgm 'readings" of the’

inbut and;output:is termed as 'identificagion‘. fhe input and outpot
are normally anaiog signals, and often in the past analog computers

were used for identificatlon. Due to recent advances in micrO'

A

_electronics, digital computers are cutrently quite inexpens;ve, and

-

have the’advtntages of small weightignd siZe. Hence, recent treno has

been to ‘use digital computefs for identification. This requires that

’
L

%

" the system input and, outpuc slgnals be sampled sq thae they‘cén be

~

’ - . . -7 . M A . .
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+ N ’ . N

9

discrete timé diffe;ente‘equation is most suitable.’ Sometimes,'ii is

e .
s —

not poss1ble to obtaln the, 2- domaln model dlrectly from samples of I/O

. v

data. In such cases one has to derlve them erm noﬂ-parametrlc models

P

'as'desqribgd above . or from_other types of .parametric models: In tbe

Lo - .
» N . D - ..

case of the inapsttial robot, it was necessary to obtain the discrete

. - - .was.evaluited from the samples of input-output data, which was_then

.- . .
- . " - 0

. . . s

converted to an equivalent discrete-time model. Complete details of

. - . ¢ . * . 1 .
CLt L. . ' AN A . ‘ H N - .

‘the hmeasurement of data and modeling the robot-is given in the next
cﬁapter. The 'process of parameter ésiimation, which is common to most
mode}rs described’ above is reviewed below. *

Methods of’parametér estidation:

The - purpose of xdentlflcatlon is to deve10p a 1nachematica1
¢ . model whlch de8cr1bes the-. behavxour of the unknown system in a

» .
. ‘

suff1c1eﬁtly accurate manner «
' , o A critical examlnation of the quality of the model is obtained

. .
il v

by~%3comparlson of the system output and the model output, when thex

bqth are excited by the same input signal sequence. ‘ "

n

TR . _l Con81der' a dynamlc systenn with an input {u(t)y " and outpﬁ;

o fy(t)r. " Let ;hese signals be sampled such that. t = 1,2,3,.,., and the

i ‘sampled values'be related by the difference equation.

o

. ‘o ‘.. "" .Y(t) + a'y(t l') + tQ‘ + a y(t:"'n)

= b u(e- 1) 4 wes + b u(t:*-m) + v(t) (3.1)

-t

. Lo o -Since the- adéptivg controller is implemented' on ,a digital .

_computer, a model in the’ form-of -a z-domain trardsfer function or 4

time model in two steps. . First, a‘cdqtinudus‘timevparametric’m6§e1~

».



he

. where’ v(t) is a dlsturbance. E . o -

U31ng the backward shift operator for convenience, we may N

rewrite }.1 as . . '1 S o .
: ® - - iy
R O Y O S Y € IS
mhere - -
e =y - (3.3)
and - - a ‘ . B o | A
A(q-l)'= } + aqul + azq.2 b e, ¥ anq_'n - (3;43)'7
o s e e g™ T ()

. . . . . . R
’ T .

The model descrlblng the’ system by ‘the equatlon 3 1 or 3.2 is

expressed completely in @erms of the parameter vector.

4

T

‘ v . 9\ == [’a see a b ;1;~ bm} o - /' . . S (3-5)

1. nl

Defining a vector of lagged -input output data

- . ~ ' + “ R .. “
o ()= [=y(t=-1) ror =ylt-n)ult=1) ... u(t-m)) ‘ (3.6
" Equation' 3.1 ‘may be rewritten as_ = o Y
f T " * '- , ' 13 . B :‘ M /I .
y(e) = 8 ¢(ed+ v(e) -~ - < (3.T)
, o | : I ; '
.

.

The obJecn of parameter estlmation is to escimate the besc"‘

value ‘of''a 5 § from measurements y(t) and ¢(t) for t ='1323't"N where

N is the measurement period. ’

A



T

.

There are several me thods available in the.litgréture [27-33]

I

fof.éﬁaluating 6." . L.

-

"'Since we are -interested In adaptive control, only recursive

(on-1line) approéchés will “be cohsidered‘ Some heghods‘ére: (1)

5

. . ) . - . y .
. Recursive least squares, .(2) Recursive instrumental variables, (3)
Recursive extended least sqkares and (4) Recursive maximum likelihooi

methods. Also, since all these methods are "well documented [30],

details have not been included here. " However, some comment on their

merits and a unified method for estimation has been included.’

_been .compared with,

Parameter estimation algorithms ~have

’
i}

respect to thé - performance of thé estimates, feliability' of
convefgence and the computational effort. Results of comparison of

the recursive parameter estimation algorithms can ‘be sﬁmmarized as

' '\‘\ . i *
follows: - Lo :

o

Recprsive' least” squares (RLS):  Applicable for small’ noisé/signalv

ratios and :uncorrelated noise , . otherwise gives biased estimates.

Reliable convergence. Relatively small qomputatianal effort.

.
@

Recursive extended least squares (RELS): TApplicable for iafger'

nqiSQYSignal ratios. Convergence:'slow in the starting‘phase and not .

glwayg reliahle. ., Noise’ parameters "are estimaied{ Sbmewhat larger

o

congpuca'cional'effon than- RLS. CL , o

- - .

Recursive instrumental variables .(R1V): . Good perfarmance of parameter

estimates, Inftia]’cdnﬁérgen(e can he:acre}erated.by starting with

" the RLS, ‘Computational effort greater: than RLS. L .

’

N

.

A

<



ﬁeenrsiue maximum likelihOOd (RML): High performance of parameter

estlmates., Convergence 1n the becxnnlng is slow but is. more reliab1e~
”than ‘the RELS.‘ Conputatlonal effort is greater than that for RLS
RELS and RIV. @ . . ‘ k »
‘ - In general‘ for small noise—to—eignal’ratios, thevRLS methnd‘
‘1s preferred because of its simpllcity and reliable convergence. The

~

least squares estlmate e(t) for e(t) can be recursively calculated by

the followxng expre831ons.

B(E) = B(e=1) + L(©) [y(e) = 5(e-Do(ed)] .- (3.8a)"
“L(t)'i' P%t—l)ﬁ(t) T T (3.8b) -
cla o ()P (1) (e) e .

: | ERPRNE FN '
P(t) = P(t1) - EEE 1)e(t)e (£IP(t-1) (3.8¢)

) | R R O L 1Y R
0 and

Initial condltlons for startlng the algorlthm are §(0) =

P(0) = C. I where C ‘is someularge constant. dt is ueed to assign

weights to data and is therefore called the weighting factor' (40].

A unified algorirhm for all methods listed earller is given in

v

Table 3.3. Basic expressions are LA ' - o
B(t) = §(e=1) * L(e)e(c) ' (3.9a)
e(t) = §(t) - eT(t¥l)¢(t) o o . (3.9b)

‘and L(E) = w(O)BCe-DWCE) L . .. T (3.90) .
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3.6 Concluding Remarks . .
Robotic‘welding is done'by programming the robot to move along

the JOlnt while the weld;ng equlpment is turned ON. 1In practice, it

is seen that due to several errors and limitations, perfect weldlng is
rarely achiezEET In this chapter; we first idenc1fy the causes of

error, It is seen® that they can ba31cally, be llSted in two

.

catagories - those causing positioning errors and the others as errors
in setting weld  parameters. The problem of containing poéitioning

errors is addressed in,geegger detail. Flrst, a review of various

.
]

p051t10n senslng dev1ces is included, followed by a survey of p0551b1e

control schemes. ‘Details of the implementation of a, feedback method

© .

for "seam tracking are included and a .new méthod uSing an-auxiliary

‘robot is suggested. A self tunlng type of an adaPCLVe controller was

seen to be most suitable~for the controller design. Since adaptive’

*.
.

* controllers are based on modeling °the system, a review of system

"identification methods is included.

1
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excite the system..- . 7 ' -

CHAPTER 4

MODELING THE ROBOT ARM

4.1 Introduction

It wgé shown in Chapter 3 that an adaptive controller was -
necessary to get satisfactory performance from the industrial robot.
Several forms of adaptive controllers were discussed and it was

observed that all of them are based on a model of 'the system.

v

In this chapter, " we describe details of modeling the

industrial ‘robot. The chapter is organized in four main sections as

.

described "‘belaw.:

.

Since the model was derived from\ché-input-output beha;iour of
éhenrobot, the First section describes the experimental set-&p for
medsuring the input and output, signals for the«robot'érm; Samples of
the input a&d output signals. were then used fdr obtaining the model.
Because Eﬁé proceéure for modeling _ahd ‘the design of an adapfive
controller is the same for all axes{.dgtails of only one "axis ;ye

g

includeq. In a practical implementation of the controilér, this

procedure has to be repeated for the other axes.

An ideal input from a system identification polint -of vigw”is :

[

the pseudo:random binary sequence (PRBS).. However, for some systeﬁﬁ,

it may nat be convenient to:apply the PRES. So with a view of keeping

the algorithm_aé general as possible?sihe\step ﬁignal_was~gsed to

¢

51



52

-

The second section is on specifying‘th? structurglof the
model. Since ‘the transfer function type'of model‘was selecged, this
step refers to specifying: the order of system polynomials.

Section 4-4.de5cribes;the theory for evaluating Lhe‘pa;ameCers

"of the model, from samples of input-qutput data. The controller

described in Chapter 5 is based (on rete tim¢ model, but because.

it was not possible .to get a dfscr time model directly from the

input-output samples, ‘a -‘two ¢tep approach was used. The two steps

involved, are evaluating a ontinugus time model and then converting

it to a éiscre;e time mode}.‘

This section déscribeé the theory for .evaluating the
continuous time model. The second part, that of converting it to an.
equivaleht discrete'time model is explained in the next cha?ter. It

is important to note that this process of modeling the robot is off~

©

line and has to be done'only.qnce. toﬁbline parameter tracking and

modeling required for adaptive contrqol is performed di}ectly in” the

v

discrete domain. ~

T Section 4.5 deals with the aspect of model verification. This

is to check how well a model fits the input-outpug data and .to select
. ] !

, . ‘;.! » . -
between‘severai models for the system. -Finally, -in section 4.6, .we’
¢ oo ' ‘ . . h ) 3
present results of modeling the robot from samples of its step

4

response. Theory described in earlier sections 1s used and.several

models for the fobbt ére obtained. The theory is first vegifiédva

simulaﬁion studies. In conclusion, a third order model is’chosen for

¥

the adaptive contreller. These steps are diagramatically represented

in figure 4.1.

2

R .
. ~ . . . . .
N . 3 . . - .
€ . .



INPUT ' § .+ OUuTPUT
. —~1  SYSTEM . - - .
u(t) - ) y <t) ) c h

<

< TA/' .. % SAMPLER . . . . ./T

DATA - o
LOGGER ‘Data Acqu%81t10n
f
7 3
17 . ;/ ‘
STRUCTURAL s .

IDENTIFICATION - ) -

. . .0 1dentification

q . * PARAMETER , . )
) ESTIMATION N S
S T A / 4 - |* WHITENESS TEST
, & N yl - * PERFORMANCE
. . : MODEL / —-—({’b—‘- INSEX \
. _ -
.« « « Verification
y .

Fig. 4.1: Systenh identification.

4,2 Data Acquisitioh ' . ‘

5

(a) Iyﬁ% of fnput:

@

. < This step involves the generation of -the input or excitation,

-

and measurement of the'system response» The two mhin issueé inVolved

are .the  choice of the input’ signal and the choice of the sampling

interval. As' mentloned earlier, the ngs is an- 1deal input frdm the

»

system identification goint of view. “In practice, a square wave input

v * i

hgs also been'found quite suitable. However, for many biomedical and -

1

mechanical systems, it 1is not possible (or convenient) to apply 'such



w

. N . R £ ’ . v L
. 'persistantly exeiting' inputs, and the system.has to be .excited by

':equations, which cause numerical pfoblems. Large véluee of T clearly-

v . ot

./' . . . y
inputs such as the step, ramp, ‘pulse, etc. ’ : : v

Since the step_inpgt'is‘the'easiest to génerate, it was ueed'

for modeling the robot .arms One of the serious consequences' of "

restricting ¢he .input to a -non—persistantly exciting one sug¢h as the

step input), is .that ‘the  commonly used methods to obtaip the discrete
time model ng) can not be used. As described in latetf sections, H(z)

is now obtained indirectly, by first evaluating the continuous time *

£y - Y

model H(s). S S IR o

° . ~

(b) Choice of sampling interval: ‘ -

< * « < . A

The. other important’

»

interval T - The;valné of T is governed by {3&]; (a) the sampling time

. . . ' :
e oo . ' ~ £ . . *

model, and (c) numer cal problems. .

/f too small :a value is chosen, in addition'tb‘

.

" wore ‘computations, it ~regults in ilI-conditioned matrices and

»

result in a loss of information (accuracy) - A rulé-of*th&mb suggested

"in [451 is’ that T should be chosen such that A T<0 5, where A is’the

\
.

Ilargest elgenvalue of thevcontinuous time model. In practice however,

¢
.

xa~pr10r1 knowledge of the location of eigenvalues is not available and

‘one has to estimate T based .on the 1nformation of system time

»

constants, It is suggested in. [341 that the sampling time may be

‘chosen such that T95/T =5 .., 15 where T95 is the 95/ settling tlme

AT . .
. .

of the transient function. . _ -

- . i e
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input and response of the rqbot. ) o7

N’ - i - ) ]
i~ 3

. - '

« (ec) Experimental details: ) .
< Pl * - T . . . . -

One -of the most importaft tasks in data,acquisition .for
modeliug'the industtiai rbbot‘ﬁtom samples: of -its step feeponse, is
locdting a converient inpﬁt poifnt. - The prééent .control and drive
system of the robot were described in“Chapter 2. \A convenient point

. ‘ 3 . N ,""’
for the abplicatiqn of the input is the terminal marked 'A’ in figure

2.4, This terminal can be ieelated easily by removing ;11.'§1aye".

?

‘cards: The problem with’ this approach is that with the slave card

’ N .

‘A sampllng tlﬁe of I ms was selected for sampling the step

. ?

removed, the< position lodp' 1s left open. Since the position loop is

closed through the slave card, it was necessary to excite the system

‘¢ with the slave controllers 'in—circuit'.- Further? becauee\the loop is

.,

closed by the flrmware of the microcomputer, ?it was necessary to

H

analyze the firmware S0 that an appropriate"'sbftwarer entry poinc

_could “be determined. Also since the slave conttoller communlcates

f .
. - s

with ' the" master bbqtroller,‘software ‘on the master’controtler has to-

[y
v
.

be modified to include signal generating software.

Slawe controller firmware L . S

3

‘As me@tione@ eérlier, the slave controller is built around the

A

§748 miero~epmputer. The firmware was written in its assembly
language viz. ASM-48. S1nce an’ assembly language Ilstlng may not be
eaey to'coﬁbrehehd witheut fam11ier1ty yith the circuit details, a

block level flow ehart;hee been presented in figure 4.2% " The path

v
.
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M 2

’ R N I 'l (a) Initialize variables .
. and registers
(b) Reset clock'flag and
. |. ° read request flag.
| .(e)" Clear F.B. counter.

<

ol

Accept data from master .
and assign to XCOM, the
commanded positiom. o

o - Accept data from master ,/
and .assign it to mode n
select.. ) '

"Point to point

LY

. teach mode

PATH MQDE

g

. . continued on .next page

Fig. 4.2: Slave.contrcller firmware.'



| Clear "XACT: actual position
XCOM: commanded pqsition\_
YCOM: commianded -velocity -~

|

-

is a read
request
pending

Read the iocrement
or decrément in.

commanded position
{rom master: DX

XCOM = XCOM +DX

ves oot

S

Read and clear f.b. counter

1. | wodify Pfb=fb{new) - fblcld)

Modify ‘
XACT =XACT £Dib

_Evaluaée
VCOM = XCGOM - XACT

4

1
Ensure VCOM is
within limits

* Output. to D/A
' convertor

A

Tie ’ nad

ﬁ:;.mouion stops when VCOM =0

v
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~mode ‘was selected since, it was the only mode which closed the position

~

loop an& did not force a ffapezoidal velocity profile. 1t is evident
from the flow chart that once the path mode has been selecied, it is’

possible té control the direction and magnitude of motion for the

~

selected axis of the robot under the control.of the master computer.

This mode hasc been used.to excite the robof to procure its'step

response. )

.Scheme for applying the input

A step input,sigral can be generated by turning a sw1tch ON or

'OFF manually. However, it was decided to use a pulse generator S0

that by selectlng an approprlate repetitlon raCe > settllng tlme)

the xnput ‘can be made to recur periodlcally. an addltlon,~1t would
. also facil1tate the applicatlon of 'pulse trgln' tyﬁe‘of'e;ci;acionh
The gmplrtudg of the motion is gntered through the‘méin keyboard and-a
'motion enéble' switch ig‘ﬁsed ép enable or disaéle.motion (fig.. 4.3),
This switch ;pg;forms- énother 'functlonl - evegy time the motion is
dlsabled,‘it.re—runs thé ﬁrogram so that the operator may change the

magnitude of motion and also the axis to be exercised.

e

i
. -( TERMINAL ' S AvES”
‘ RN SLAVES™ .
PULSE
.GENERATOR : ‘MASTER .
4 C ' ) p
b “MOTION " AP IR ROBOT

:NABLE/RESET ‘ co i



.

B

E ' . . o
Thé software 'used to generate commands for the slave' control-

‘

Software for the master controller

ler is‘showa in the form of a simplified flow chart "id figure A.4‘

!

Thg software is interactive in.the sense that it prompts the operator

. with méssages such as 'Tcrn on-servos', ,'motion disabled',; 'Input.

magnitude of motion', etc.  The' pulse generator and the moﬁion.énab;c

switeh dre .connected on a parallel port.: If thé motion is enabled,

. the master. controller seﬁﬁs:cdmmands‘to the. selected slave,cvefytime

the_sigﬁal from .pulse generator changes state from '0' to 'l or "I’

. N V .
tyt . 1
to '0'. Y ) . : . ,
* - 7’ N
. ’ . HN N R c, .

Data measurement X . - T \
The input signal and a sigﬁal corresponding to the end

position of the manipulator,(Zs picked wp by a proximitﬁ probe, was

dlgitlzed and stored on a floppy d1sk Thxs task ‘was simpllfied

xbecause of the availability of a digital scope whlch had a bullt in

. flqppy §ystem. A block dlagram of the system used for data collectlon
“and ‘storage i§ sh0wn in figure 4.5, The scope had ‘a capacity. of -

storlng approxlmately 8000 samples. The measurement time for one

'record with a sampling rate of 1l ms is 8 seconds which is long enough

f9f the manipulator end to attain a steady state value.~ s oo

Typical measurements recorded are plotted in figures 4,6. and

4:7. The set up ‘shown in figure 4.5 was also used to record’ the

signals correshonding to the commanded velocity.

a . -~
[}

v
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Initialize ports, clear screen

* and display prompt .

—y

(1

) Initialize slaves, output
XP0OS=0 to all slaves

) Select path mode on all -

" slaves )

(¢)- Display brompf to turn ON

servos & axis.to br tested

~Input axis number -

Prompt for: DX

Input- DX

.

z,

.Ensure ‘displacement for
all other slaves is, zero.
This locks them in the
“initial- position.

is motion
enable ON

o

. print message

[ f 3

is motion
enable ON

i

"

change, sign and

output DX to”’
selected slave¢

Has input
changed .
state.
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MASTER
) TERMINAL CONTROLLER
" SBC-86
- AP
"] PULSE GENERATOR U
e | 5% SLAVE CONTROLLERS
. Ap
“ End Position
MANIPULATOR ARM '
PROBE
DIGITAL SCOPE = —
. . !
el S/H e CLOCK *T S/H t
. l | l
A = 8 MEMORY fe— A/D :
l .
a’ . 4 . |
 k ‘ I £ PROGRAM | !
.+ |PISPLAY [ >} MICROCOMPUTER 1 HEMORY .
- 1 v l
»’ + Jr l_. — —— —— oy — — _'__'
'SERIAL’ PORT [
PPy | ‘ T ¢t L "| PRINTER
STORAGE . |
. N . ll
H

LSI-11/23 -

- TO" vmg;'\11/780 :
, - N AR

Fig. 4.5: Data coll\&"tion -and storage.
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It may be noted that the amplitude of the step as shown on the
‘plots is not representative of the actual commanded displaceméent. The
displacement was input to the master computer directly through the
operator terminal.

To facilitate the analysis of these signals, thé scope was
interfaced to an LSI~l1 microcomputer and reééfded waveforms were

transferred to the VAX-11/785 mainframe computer in an RT~11 format.

4.3 Strggtural Identification
. This step invol;es the estimat;on of the' structure of the
model to be used. As mentioned in C£apter 3, there are several ways
of representing a system. In this case, the transfer fanction
approach was selected because of its suitability in tﬁe design‘and
analysis of the controller. For the transfer function model,
structural para&eters required to cgaracterize the model are the
degrées of the numerator and 6;1 atop'rolynonmials.
In general,y ?f:\
b4 b 8™ 4. 4D | -
H(s) = B(s) , _m m-1 0
A(s)

n . -1
s, + a "

(4.1)

n_.lS ,+ see + ao

The problem is to,spééify m and n.
In some cases, it is possible to estimate the order of the
system from transient response plots. However,“\ﬁ% most practical
o

cases, particularly for higher order systems and when the -noise level

is high, selecting the order is‘more difficult.
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Frequency domain plots such as Bode plots, provide some

' M - ) : « .
ingight to the - order and natural’ frequencies of the system. But in //

' practice, frequency response curves are not always availableg and it

-

. A
may not be convenient to obtain them experimentally.
There are some methods that indicate the model order fro

matrices formed from samples of input-output data or from samples Jf
. ’ /

the impulée responsgi Since most of them rely on evafuagﬁng'

A - A 4 )
determinants of these matrices, such methods are not always re{}éble

’

because of the ill-conditioning  caused’ by the presence of xoise.
/

'

‘Other methods of obtaining the model order are given in several

\ - i
references, e.g. in [27,32,33,46]). In practice, for unknown/syscems,

-~ /’

N /
.a few different structyres have to be tried and the model

AN

carresponding to the “'best fit' selected. Many cfiteria for

. - L /
determining the 'best fit' have been suggested; an index defined as

/

/
'ratio test' (RT) was used for.selecting the most agpropriate model

for the rabot. The index RT is based on comparing the step response

/

“ / v
of the robot to that of the model, and is defined in section 4.5.
;

!

4,4 Parameter Estimation {
'ane ‘ﬁhe structure of the model 1is décided and the input-—
outpu; data acquired, -the next step involves estimating the parameters
of the model; The d;sign of the controller described in%Chapcer‘5, is
based on the discrete time mode; of the robot,
Several methods of estimating the discrete time model..from

samples of input-output data were described in Chapter 3. It was

shown that graphical methods were not suitable when the system order

/
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is high and +also when data is corrupted -by noise. Some other common
N ¥ . M

approaches to 'system identification' were not applicable in ‘thi

case, because of its requirement that the input (test) signal has to
. } . 3

be 'persistantly' excitiné.
In the approach-used, the discrete time model is evaluated in

two steps. The first step is to obtain the continuous time model in

thé form as shown in Eq. 4.1, by using the 'direct' method of

' .

“identification. This model is then converted to an eduivalept

discrete time model by assuming a zero-order hold circuit -at the input

and a sampler at the output. '

In this section, we give details of the direct method of
aluating pafameterg of the, continuous time model. The‘§cheme is
ased .on . obtaining . piecewise constant Solutions of a linear

differential  equation describing the system behaviour over a short

»

* interval. It has the advantage that it is not restricted. to low oxder
X * * - . .

.

systems, is fairly insegsitiﬁe to noise in the data, and can be used

with stqpﬂang ramp:inputs also. o

oy - N
t° . o

. The direct method: : ,
girect me ﬁ \ ,

B N ' o, .

. The direct method for evaluating coefficients of the transfer

.

function from input-autput data has.been discussed by several authors
[36,38;4;}ﬁ4]. A s&stématic classification of varicus methods for

ésriméting parqmétérs‘of continuous time systems is given in [47].

/e T
,In the time_ domain, the system H(s) in Eq. 4.1, relating input

¢ 7 \

v and Sutpu; may be w;ttten as S

. . M W
L] . * ¢ ~ ! L '. ‘tl

s
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. 4y, ____;z NN
— * e 0 y
FPL 1 qeh : l dt 0
m m-1 ]
- b-clr‘l+b_1d _‘1’+...+b13—’;‘+b0u : T (4.2) .
mdtm . m dtm ~ :

)

’

88 seeer@ s bO’bl""’bm; from samples of u(t) and y(t), that is
from sequences {u(kT)} and {y(kT)} for k = 0,1,...,N-1, Where T is
the sampling period ‘and N the measurement -interval.

Integrating Eq» (4.2), n-times with respect to '¢', in the

duration kT < t £ (k+1)T, and reartranging, we get

[1 (y) - I (y)] a, . [I

. n,k+l e ) T T e
T kO = Iy O a ) = T g () = T (W) by eee =
L, k+1(“) a1, = ™ Vi (4.3)
. . N . \ ' '

~ T ¢ .

where I k+1(u) is tﬁ& n® integral of u(t) at t = (k+1)T
n,k+1(y).is the nth integrql of y(t) at t = (k+l)T,-

and y = y(kT)" - a ,

+

" .
(4.3) may .be represented in vector form as

ék+1—~ yk*l ‘ . . R C )

The problem is’ to obtaln art estimate of tﬂe model parameters

R R
«
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T ’ - . ’ :
,where 8" = [ao,a1 R T bO b1 fes bm]

The vector A is ‘made of integralé of u(t) and y(t). . = - " |

1 4 = Tagen ) - Inji,k(y) .

and Bi = In—i e (W) T-In—i,k(u? S .

then ék+1 [°0 1@... an-] “Bg ~ gi ....—gm] R K

Setting k ;'0,1,.‘.,N—1 in equation. (4.4), we get N equations for
n+m+l unknowns. This set of equations may be represented by .

, -~

Sge=3 L o (4S)

where the vector B is given by

\

i ] (1 ]
Yo7 Yy Ao
T
yl - y2 Al .
E = . and ' .‘b =. .
- . T 1]
In-1 T N Ag-1

v

Equation 4 5 may be solved for an estimate e by any of the
lwell knoWn parameter estimation technlques described in Chapter 3.

It“&r be observed thac the vector b is made 1 up of elements'
thch are a functlon of Guccessive inCegrals of u(t) and y(t) It 1s.
ev;dent ‘that even when the imput u(t) ¢; — a constant\btep function,

‘equations used for identiflcation do not contain linear combinations

4

3
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.r

of parameters.” For the discrete case, as mentioned earlier and shown

in [26}, the vector corresponding to y would contain lagged samples of ;

N

+

the input and output. This causes some terms in the identificdtion

»

T R . ‘., , . Lo
equations to' appear as linear combinations thereby making identifica

tion impossible. .

Complete identifiéatioé og the ;ystém using Eq. 4.4 may ‘be
represented as shown in figure 4.9, .

it may be'noted‘that this‘séheme of using multiple integrators
is:a~spec;ai case of the. state vqriap;e fiftér (SVF) approacﬂ:.

descfibed in-[47l.

LT J . .-

: - ; T _
INPUT )r_‘ u(kT) . PROCESS . OUTPUT -
ule) : , ‘ y(e) . .
‘ : . : - y (kT)

MULTIPLE ' MULTIPLE

. INTEGRATERS - : © INTEGRATERS
Ae} {8} . > S

PARAMETER *

ESTIMATOR

LS, IV, ML, etc.

. MODEL
—*1  RESPONSE

VERIFICATION

4 YT -

-
h

Fig. 4,9: Direct method of modeling a continuous-time system.

.
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Integrals givén by {ui“and\{B} are evaluated from samples of
the fiﬁput-q;tpgtx signals by first approximatihg éiécewise ~constaqt
.fpnction; over the sampi§ng interva}s; ‘Sévsr;l me thods héve>béep used
in the past [42,43] to. approximate ; signal from its sa&piés. Some ?f"
. them_ are (i) Walsh function methoa; (ii), Fourler—Walsh method, k%ii)
ﬁlock pulse fuh;tion,féprokimatién, (iv) Trapezoidal pu&\e functionst
and, (v) Cubic spiine abpréxiﬁafioqs. |
The cubié_'spline apﬁ§§xima£ioh‘.ofl sa@ﬁigd éign;ls s more
‘accurate, but requfrés"‘a large number of . cémput%tions. - The
trapezoidal pulse function approximation (TPF), 1s ‘a good comproﬁlsé
- between the desired accuracy and the computational complexity. In the:
TPF approach, theﬁcog&inuoug ‘time fgnction y(t).is.?pproximaxed from
its samples as, shown In figure 4.10. '

[N

yo : S
]. . :Q. -~ l ’ ’ .

0 v ot E t

Fig. 4.10: Trapeioidal‘pulse fdnc;iqn approximation.;

. Méthematically, TPF approxipmation may be reptesented by, -

y(e) =.% [((k+1)T-t} y(kT) + (t.-kT)y((‘k+'l)T).1 T (4:6)

R}



Using the above approximatlon, it can been shown [43], that

th -
the general expre331on for the n integral of y(t) with respecﬁ to

et at t = Qk+15T is given'by o ';_ o ‘ .
» P2 . : ) “.. . . T2 ) . . . T R
. Iﬁ,k"'l(y) = In’k(Y)’ + wT'I_n_l’k(y> -.*‘—2-? In__'z’k‘(}’), + :-.q
Tn—l‘ : iy n .
S oo 1 k(y) + { +1)' [ny(kT) + y(§,+l)T] (4.7) ‘

Weh I oGy =0. .

Eq. (4.7) may be rewritten as . s et et
i ; E n—lle _— im . e . ’
a1 027 E ST T i 0 Toapyy [y (D) # yGerdT] = (4-8)

. ¢
>

From Eq. .8 and Eq. 4.4' we geﬁ a set of N equaéions‘for k =
0 l,...,N 1. This set of equations, of the form A8 = B may be solﬁed
for the vector 9 by any of . the methods described in Chapter 3 and

[27,401. The least. squares estimate requlres the least amount of

¥,

'computations and storage.l In all simulattons and alse for modeling.

the robot, " the least squares method was used to esximate 5

It may be noted that the smoothlng effect due to the integrat-
R .

v

, ion performed, results in fez?}y&good estimates, even.in the presence )

)
- 3
.

of‘noise. For very noxsy data one may- usé the instrumental varlable

(IV) or the maximum likelihood (ML) methods. oo

' .
¥ . A
.



2o

T4°,5 Model Verification

*

e

After a model has been obtained, it is'necessary to'test it

for sultabllity. Diagnostlc tests are also required for selectlng the
best among ‘several models for the same process. These tests are based

~ <

.on comparlng the response of the process Wlth that of the model. A

model 1s ton51dered suitable 1f the two responses are ,sufflclently

olose,. Several methods for model veriflcatlon are avallable in the -

}itera ' ch both .in books [26 28 49] and papers [41 481 Commonly

4

ethods of model verlfication (figure 4, 11) are: (i) testing
e

8 for‘whiteness, (11) usxng an 1ndex to define closeness and

L MR S I

. €iii) by a visual comgarison of the plots,of the actual output and the

! . . '
4 . * x

mqnel output,

: ) ] y(kT) -
STEP INPUT 1 sysTEM . . FITNESS
C T I B INDEX
u(kT) . . - —
: 1 : WHITENESS
IDENTIFICATION - TEST ©

Fig. 4.11: Model verification.

The residuel erto% e(kT) is defined as y(kT) - F(KT)-where

"

F(kT) is the outpuc of the model and y(kT) the actual system output,

¢

v ] - ;
corresponding to the 1nput u(kT). . : T e
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For results presented here, the . fitness index RT[S50]} as

defined in equation 4.9 was used

: N-1 9
' . - L e (k1)
RT = 1 - K0
: N1,
. Ty (kT)
k=0

An idea of how well the mbdél.fits the data can be obtained by.

_teéting‘the value of RT. - A good fit is indicated if RT is .close to’

. +1.

Iy

4

-

The model oltput Y(kT) is required For all verification Egsts."

It may be evaluated by spliting the'modél tfansfer,function ;ngb its.

partial ﬁ;actions, and then determining the corresponding time domain

function. A computationally more efficient method pan'be.derived from

?

Eq. 4.3.
We have from Eq. 4.3
_a-1

j=0

LIS -

I (u)

N ey ® L G
LS Tl PR AN LN L }

' ,nuj’k.

a
-

n-r,k-

b
LA

a,
J

We have Erbm\Eq..4.4l by ehanging’epé‘ihdgk"n' to x

s x~l. .t

RN ave T
I AN N - . . = \ | o—
x,k+1<y> Ix,k(Y) ‘ cil ,t!

¥

‘

4 X

P I S
t,k(y) f'(x+l)

r

.

) ‘I\ A ‘
1 {ka + yk+1J '(4\11?
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.Substitut'ing (4.11) in (4.10)

. n-1 ‘n-j-1 7t 3 .
Tirt T Yk T ji ,til of Tomgmr, k30 Ga-3+D)! [én- J)yk * Vet 8
m n"r'"l t" ner - -
T u T - o
+ I | ,
riO til -l n—r—-t,k( ) Co-rsi 0 [(n r)Uk + Uk+1] br (4.12)

- Transferring terms containing 3}1‘{“ to the LHS of the ‘expression we

have, }:he LHS

n-1 n-j.

o T ' . o ' ‘
Y+l (1 +, 20‘ n-j+l)! a ] o , (4.13a)
The RHS is )
, ool .\n-j‘—(l Tt o n-1, ATn-‘j '
Vg = 2z s 'E:T‘I,n—jft,lg(y) ay.” j£0"m' (n~ j).yk.aJ

o i

Y b

+ L £ .--I__ (W) b+ r. —+—_———-—((n r)U+U '

r=0 =1 . B! TTTTEK £=0 (n-r+l)! k Tkt r
e Vo f" . o . , (4?‘131)') -

Starting with y(O) 0, subsequent values of y(kT) may be

,evaluated from equations 4,13 and 4.8. The complece procedure for

i J.dentificat:ion is represented in the flow chart in (ﬁigure 4, 12

‘ .
*
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Select model order

Generate a set.of N
- equations using
4.3 and 4.8

3

Using "least squares ) ’ ) -
or ‘'other techniques
solve. for parameters

i

Calcuiate vy (KT). dsing
model parameters,
Fq. 4.8 and Eq. 4.13.

No .

“Calcalate RT from.
N . cauation 4.9

~

Fig. 4.12s SequenCe 6f steps system'identiffdation.

s, . »
¢

ot

4.6 Discussion;of Results .

.

The aléorichm described above'was-fmplementeg in FORTRAN-77 on

“

the:VAXb;1/785 computer and used to.obtain the transfer function of

the gohot arm. - = . . ‘ s

-
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Beforg applying it to‘the robot data, s%veral simuiatiOns were

F;ied’td test the élgorithm and dts imblémeqtafipn. Input-output data

corresponding, to second, third and foJrfh order‘systems was génera?ed

énd used as test input 56? the idéncifiﬁatign:aiéorithﬁ ana the model

obkained chécked for accuracy. ' To test the robustness and performancgr

of the algorithm, several parameters, such. as the type of inﬁut,

sampling_éime, signal to noise raFio, and the system order, eté.&'were
varied.

We present here, results’of‘modeling two simulations an& the

industrial robot. .. S

(a) Simylated systems:

Case 1 .
Samples of the step response of the syétem described‘by

z

Gls) = e e (4.14)
~ (st0.6)7+(3.5) s +1.2s5+12.61 S

were generated and stored. Results of the identification for
different -sampling inQefvals are presented-in Table 4.1. The order of
’ thé system was assumed to be known. In each case 500 samples were

"used and no noise was introduced in ‘the measurements.

L
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R
'Table 4,1: Pfféct of sampling interval
’ SNO‘ Structure T RT . ' Parameters:' Roots
[n,m] — : —

1 2,0 0.5 0.999  1.265, 1.545, 15,955 -0.772 + j 3.919,

202,07 0.2 © 0.99% 1.043, 1.270, 13,156 -0.635 + j 3.571
32,0 0.1 10, 1.010, 1.214, 12746 ~0.607 + § 3.518
4 2,0 ,0.05. 1.0 '1.003, 1.204, 12.644 -0.602 % j 3,504
5 2,0 0.1° 1.0 4 1.000, 1.200, 12;611 '-o.eooij 3.500
6 2,0 0.005 1.0 ' 1.000, 1.200, 12.61 0,600 4§ 3.500
7 2,0 « 0.001  Numerical ill cohditioning caused ;bﬁbrmaa

termination of the program.

8 Actual values 1,000, 1.200, 12.610° =-0.600 + j 3.500

N -t

It is evident that better gccuracy'is’obcaihed for lower
sampling fntervals.'. .This 'is expected, face m&re ' accurate
approximation is made to the éontihuous timeisjgzz;, Qhen T is small.
However, for veryliow sampiing-iptervals, no results could be obtaired
due tbfﬁumefical ili conditioning.

| Table 4.2 lists the results of 1dentifyi;g the same s&stem,
;But wit;0ut prior knowledge of the'strucpure.A‘Tﬁis time, the sampling
interval was fixed a; T = O;l secs. and IOQ‘sémples vere used. As
before'thefe was nb noise introduced. ‘ "

-

- - {

*
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Table 4.2: Effect of model order variation

SNO Structure RT - Poles | Zeros
{n,m) : -
1 1,0 0.942 . -1.088 % j 0 .-
2 3,1 0.618 -.605 +°3 3.577 1.308 + j O
1.308 + j 0
3 4,1 -0.302E38 -0.579 + j 3.489 _
T -3391 %30 -3.564 + 30
, 116,257 + § O
4 4,2 -0.953 ~0.606 + j 3.516
’ 1.125+ 30 - 1.125% j 0
. 0.035 + § 0 .0.0357+ 10
5 53  -0.136E29 -0.564 + § 3.476
' ‘ 4,304 + O 4.362 + 3 0
0.319+ 30  -°0.321 30
~0.225 + j 0 -0.243 + § 0
6 actual values ~0.600 + j 3.500 - -

Model orders ranging from ! to 5 were tried. It is evident’
o : ) : . ~.
that ‘for over—parameterized madels, the excess roots in the numerator-

. and denominator can.be picked out since they are‘ﬂumerihally close.
‘ ~

'Obviously, this is pdssible only when the number of excess poles and
. : , C Ve
excess .zeros are equal. A poor ‘fit is indicated by the value of RT.
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The e¢ffect of noise was considered by adding rand?m Gausian
noise to the step .response daté. 'Resulés correspoﬁding‘tﬁ signal—to-
noise ratios (SNR) of 30, ‘20 and 10 dB are shown in Table 4.3. In-

' this casef-it is assumed that the*structure of éhe system is known in
adrance. As béfdre) 100 sampleg at T = 0.1 secs ;ere used; As

indicated by the factor RT and the wvalues obtained, less aecur%S?

models result as the noise level is increased.

Table 4.3: Performance in presence of noise.

sNO T SN RT Roots
dB ' '
1 e 0.999 -0.607 # j 3.518
2 30 0.998 ° '—0.662e +§ 3.503
T 3 20 0.988 -0.768‘1j 3.450" .
4 - 100 ™ 0.906. -0.909 + j 3.200 -
5 actual values- -0.600 + j 3.500
Case 2
\J - In this sidulation, an attempt was éade to fdent}fy tﬁe gxstém

I
+ from samples of the step response of
’ 52 + s ; 2
(s+1)[(s40.6)%+(3.5)]

. G(s) = (4.15)

A plot showing the step response is shown in figure 4.13.

#»
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2.5 ] .
0.16 __|
0.08
0(\
| I A o N
0 200 ) 400 ' 600
Samples

£

Fig. 4.13: Step reéponse of simulatedﬁsystem.

-\\\ As shown in ‘Table 4.4, the method coyld be used'successfdbly
" to determine the coefficients of the transfer function. The structure

was assumed to be known, and no noise was added.

. .

Table 4.4% Results for Case. 2

SNO _ Strudture T RT " Parameters Poles . , Zeros
[n’m] : T . . K3
N . ' K )
1 3,2 0.1 0.9999 0.997,0.997,2.007 -0.625+§3.498 -0.500+j1.327
. 2.253,13.880,12.656 -1.002%j0 .
2 Actual values 1.0,1:0,2.0 ~0.600+j3.500 ~0.500+31.323
. 2.2,13.81,12.61 -1.00+30 .

1]




0.16"

"0.08

32

o

A figure showing the plot of the model response y(t) and the
aclgal step response y(t) is shown in figure 4.14. Both plots have
been shown on the same set of axes for easy comparison. It is evident

3 .
that the model output is close to the actual output.
. . - \

Actual and model résponse

—

1 I | | l
0 ) 200 Samples 400

Fig. 4.14: Actual and model response of simulated system.

(b) Inéustrial robot
ks mentioned beforé, design details are given only for one of
the ‘five axes. _Data for modeling th;,rob;t arm corr;spohds‘to the
'rotate' axis which also has the lowest damping thus causingn the

greatest 'ringing'. Results of the modeling of the arm using differ-

ent model structures were obtained.: The .step responée of the model

.superimposed on the actual robot response are‘shown in ‘figures.4.l5 to

4,19,

600
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Denominator order N: ¢ 2

Numerator order  M: : 0 :
Sampling interval T: : 0.008 seconds

Performance index:’ ! '0:994903E+00

POLES

Fhkkhkkhkhkhhkikhkkkhhhddhdkhkhkdk ik dkkdkhkkkidokkkxkkkkhkik
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Fig. 4.15: 1Industrial robot: Sécondkﬁréér model with no zeros. ,
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Denominator order N: ) ¢
Numerator order - M: 1 . '
Sampling.,Interval T: : 0,008 seconds TS
Performance index:' : 0.995605E+00 -

POLES

N ******%***********************************************

* NO. * Real . Imaginary *
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Fig. 4.16: Ibdustrial robot: Second order model with one zero.
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Denominator order N:' 3 .
Numerator order ~ M: : 0 .. . ,
Sampling interval T: ¢ 0.008 seconds
. Performance index: : 0.999747E+00
‘ _POLES X
Kok ok koo R Ak ok Rk R Ak Aok kR ok ek ok sk ek ok ok ks
* NO. * Real *Imaginary * "
e P R PP LT S
* 1 x ~3.894698 - . 18.840031- *
* 2 x -3.894698 ~18.840031  *
* 3 ~8.316282 0.000000 ° *
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. P .

»

I T T 1
0.00 80.00 - T160.00

-

0.00

1
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Samples N .

. R . »

Fig. 4.17: Industrial robot: " Third order model with no zeros.
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Denominator order N: : 3
Numerator order  M: ¢ 1 o
Sampling interval T:, : 0.008 seconds S
Performance index: : 0.999777E+08
0LE i »
J 2 S
*********************************é********************
* NO. * . Real Imaginary Za'
Kok o sk ke ok ook e Tk o e Rk R R AR R R Rk Rk ke kR R K ok R Rk ek
S S -3.743144 19.354004 *
* 2 % -3.743144 ~19.354004 *
% 3 * ) ~8.416816 03000000 *
******************************************************
Q ’ “ * 'U . "
: ZEROS

N
. . M .

******************************************************

* NO. * - Real = Imaginary., *
e e s e ek s sk sk sk ek sk ok ok ok ok ek ko ek ok
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.'Fig. 4 .18 -Industrial robot: Third order.model. with one zero.
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Denominator order N:
Numerator order M:
Sampling interval T:
erformance index:

yFig. 4.19: Industrial ro&ot: Fourth order model with one‘zéfo.
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Location of the poles and zeros for the model and its fitness index

>

are also includéd in the plot.

) Since it :is desirable to select the model with_ least

N

complexity, a trade off has to be made between the accuracy and
eomblexity.‘ In this case the.third order model with no zeros shown in'

. N N - -
figure 4.17 was considered most;Suitab197

.

4.7 - Con?ludiqg Remarks

- A model of the industrial rob9t'ié required for the design ok
an adaptive controller. There are two basic approaches to.modeling
tﬁé.robot. Tbe first, in which tge rq$ot is modelled from physical
1aw§ .relating .various sébsystems, is not suitable becauge. of {ﬁs

complexity and the lack of information on interaction of subsystems.

-

The other approaéﬁ known as the black box method involves modeling the

robot from its input-output behaviour.
>

.This chapter gives details of the measurement of input and
output data, the theory of the algorithm for identification, and

difcusses the result of applying the theory to the daté obtained for

the¢ industrial robot. Since the procedure is identical for all the
. . ")

. axes, details for only one of them is prbvided. In particular,

. - - b R
the Yrotate’ axisgzjgﬂsis also the one with least damping was chosen, -’

The _:ﬂchapt

is divided . in five sections that deal with (1)

data/ acquisition, (2) structural identification, . (3) parameter

estimation, (&) model verification and (5) discussion of .résults.
Aléhougﬁ the PRBS is known to be an’'ideal input from the

system identificatﬁon point of wview, it is‘often not. possible to -apply
s ' " . )
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it to real systéms. In order to keep the identification a}korithm as

general as possible, the step signal was used as an input.

.

Abplication of an input (teést) signal to, the robot required

modification to the 8086 software on the master controller and an

understanding of the 8748 software oﬁ\chq slave controller. Details

of these modifications and data acquisition and storage are described

. . v []
in section 4.2. L .

Since conventional methods of system identification are not

‘

applicable withsstep respornse data, a two(step method was used.

Details of identifying the continuous time model by the ‘'direct’.
method are-included. L. .
Results are presented for two simulated systems for testing

the performance of the algorithm and its ipplementation, followed by

results of modeling the robot. Several second, third and fourth oxder

[}

models were obtained, and finally the third order model with no zeros

r

was(sélected to represent the 'rotate'-axis of the industrial robot

for the developmen& of the adaptive controller. Details of the design

of the adapfive controller are given in the next «chapter.

.
’



_CHAPTER S
iR 2

ADAPTIVE CONTROL

5.1 Introduction

The concept 'of ~adaptive control was introduced. in the early’,

]
3

+ 1950's. It was motivated by‘the‘design of auto'piigts for high

.performance aircraft designed after the second world wars The ;dea
‘originat;d from the need for- sophisti&qted céntfollers for the
airc;aft which operated err a wide fange of speeds and éﬁtitpdest

However, ' since thege' controllers were based on the °u§e' of
analog techniqués, they were  not very successful and economicgl.
Research activity ip’this field was rejuvenated in ;he‘garly'70's with
the advent of digigal cbmputers, microprocessors, analog to Qiéital

.(A/D) and digital to analog EB7A) convertors.

The fdndame;tal difference between fixed feedback - control
systems'and adaftive control'systems is that the latrer adapt their
behaviour_ to the (changing)i prbperties of cohcrolled‘ processeé and
their‘signals [52]. There are several ways of imélementing an
adaptive controller - a»basic distinction can be made de}enéing on
whether 1t 1incorporates feed forwgéd "adaptation or feedbdck
adaptation. The feed forward metﬁod is often called the 'gain
scheduling' method. Adaptive econtrollers gaseq on the feedback
approach are further classified into two catagories:. The model .

12

reference é?aptive controller (MRAC) and the self tuning regulator

[}

(éTR):

.90
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5.2 Gain Scheduling

=

-
i

Due to several advantages of’ the STR over the MRAC, a self
tuni;g type regulatorﬁwas designed for the robot.

Contents of this chapter are in the following order. A brief
deqcr1pt1on of the gain qchodullng, MRAC and the STR type of ;d;pcive
contrallers is first given, This is folLowed by a description of the
discrete time mpdel for the robot. Details of the design of the STR
are “then {ncldded. Two sgfucchresﬂfor the ‘regulator were simulated.

Results of.the simulation tests are then.given. The chapter concludes
. v .

with a discussion on the performarice of the yegulator.
< - .
A I = L

"

o . .
0f the three 'schemes for adaptdve\control the gain scheduling

me t hod is the only ong' based on feed forward adaptation. It 1is baéed

*~

on the idea that often in practice it 1s possible to f1nd auxiliary

Avariables which correlate 'well with changes in the sttem dynamics-

1f {t ds known in advance, how Ehe controller is to be adapted in

A'dependance on these variables, the system can be controlled by

»

changing the parameters of the regulator (51, 65] In the context of
the auto pilot, the Mach number and dynamic pressure atre measured by
air data sensors, and used as scheduling variables. In the case of

.

thé,robog arm used for arc welding, since the dyﬁami;s change with the’

"length and position of various joints; joint coordinates may be used

»

‘as the auxiliary variables.

E

In a, typical design procedure, auxiliary variables are first

identified. Regulator parameters are then determined at a number of



opera;ing positians, using some - suitable design method. Regulator

parameters are then stored for use on-line, A block diagram of this

tvpe of an adaptive controller is shown in figure 5.1.
' r

GATN L
| SCHEDUL ING i
! » |
} I e
| '
SET POINT L1 y : !
Ne ) ) .
u_ : REGULATOR e TROL PROCESS OUTPUT
- i

v

Fig. 5.1: Block diagram of gain scheduling method.
Particular attention has to be given to the transition between
. different -operating points. The number of intermediate points is
increased if necessary.

Gain scheauling" has the advantage that the regulator

.

parameters can be changed quickly - in response to syg;em changes -
limited by how fast auxiliary variables relate to system "cthanges.s

The main disadvantage i{s that it is an open loop method and as
such there 1is no feedback which compensates for an iéqccuracé
scheéufe.« Also the design s very time consuming. In effect, one has
to determine regulator parameteis for many systems and store éhe
values in a look-up table. The éize of the look up table depends -on
the number of intermediate points that are used to design the

regulator. For vefy accurate control, the number of points may be

large, thus resulting in a large table.
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A combination of thé gain scheduling method and a feedback

method” may be used to advantage, the gain scheduling maf be used to

3

control gross movement and the other for-finer control.

5.3 Model Reference Adaptive Control

As mentioned before,  the model rgferenée adaptive controllgr
(MRAC) is based on feedback adaptation. In the MRAC, the
‘characteristics of the desired closed loop system are specified in
- terms of g(model (56].. The difference between the desiyed response
agd the response of the process is used in an adaptive.way, to force
the proceéé response to trackbthat of the model.

Basically, the MRAC can be {mﬁlemente& in two ways: (i) the

parameter adaptation method'aﬁd, (i1 the signal synthesis method. A

. \
block diagram of the parameter adaptation scheme is shown in figure

5.2 ' .
! } %
REFERENCE
MODEL
REGULATOR
PARAMETERS
ADJUSTMENT
MECHANISM -
v - : ™ . v
< ~|  REGULATOR PROCESS R
SET POINT i CONTROL |’ OUTPU1

. .
‘-

Fig. 5.2: %}ock diagram of parameter adaptive MRAC.

4
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A =

v . . :
Here, as the.name suggests, feedback from the adjustment

mechanism‘is used to control the parameters of the regulator. In the
signal synthesis method, shown in figure 5.3, ‘the plant respomse is

forced to track the model output by manipulating input signals.

SET POINT , ' ' Vo
= - MODEL
, " ‘ . e +
. ADJUSTMENT \ ( /.
, ' MECHANISM e
v x y ¥ y
PROCES -
CONTROL | PROCESS QUTPUT
.  FEEDBACK- ) .
Fig. 5.3: 8ignal synthesis t%pe MRAC. a

“ ' .‘ (<4

Since in general, the number of regulator parameters are more

£

i 9 . «
than the number of signals, the signal synthesis approach, leads to a

relativély' simpler realization and implementation of the adaptive
controller. “Details of analysis, and design of the MRAC system is
given in several books and papers [53,54,57,59,60-62].

Al

The MRAC was not used for the control of the industrial robot

due to some of its limitations listed below.

. . 4
reference -adaptive control method. 7J£

The follewing 1is a list of some observations: on. the model
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>

MRAC is a feedback method;of adaptation- which does not require on-
line identification of iﬁe.prﬁceés. The error between the ptoéess

. * ' ‘ )
and model output  is used to adjust the controller parameters or

the control signal.

The ‘error a%gnal is'a»meaSure'of the perfotrmance qualjity.

s . \ ! <
The stability of fhe -closed loop system can be assured only when
the relative grder (i.e. the. difference between the number of

poles and zeros) of the prbcess is known. .Also; the higher the

relative order the greater the complexity of the MRAC.,

Réference models with a’smaller relative order than the system,

leads to a large (practically uﬁboundéd) control signal.

SinceA MRAC schemes, conceptually, involve cancellatiqp of the
process poles and zeros, they can not bg ‘wsed* for non-minimum
pﬁasé systems. This is imﬁbrtapt, since often in p}acticef the
conversion of c¢ontinuous. time. models (including thoéé wﬁich'are

. ‘ . . . -, N
minimum phdse) to discrete time models, result 1in non-minimum

phase systems.

Self Tuning Regulator

The second tybe of feedback adaptive system is the self tuning

regulator (STR). STR was first proposed under. the title 'self

obtimizing system', by Kalmqﬂ in 1958 [52]. This proposal had little
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immediate consequence because both theory and ‘technology were not
develo;g@ sufficiently enough.

In recent years, both problems have Qeenk significantly
reduced. The theory was reviQed and extended by Peterka [52] and
later by Astrom and-Whittenmark in 1973 [64]. Strides made in digital
technology, in particular, the availability ;f“computers and
microproceséors, have made it possi81e to:apply ghese t%eoriés.

The STR basically consists of three elements as éhown by the

-

block diagram in figure 5.4. |

REGULATOR [ PARAMETER .
DESIGN I “u |  ESTIMATOR ‘ y
® 9 v -
U C
C' J -
] ] -
SET POINT ) :
o - CONTROL QUTPUT

- Kl

Fig.'S.&: _Block diagram of self tuning regulator.

A recursive parameter estimator continuously monitors the
plant input and.output signals and computes the estimates of the plant

dynamics in terms of a paramgteric model. The structure of the model
. K

” ! - '
is pre-~assigned. ‘Current parameter estimates are used in a control

_ design algorithm which generates the .regulator parameters. The unit‘
shown .as 'regulator ﬁégign“, represents on-line solution to tﬁé

controller design problem, for a system with known parameters.



The control law is usually in the form of a difference

.equation which ‘acts on the output, reference input (or set point) and
.past conefdi signals to generate the new signal. Since this tyﬁe of a
STR involves identification of the system model in an explicit way, {t

is'cal}ed-an 'Explicit STR'. It is sometimes possible to fe-arrange

the design of the regulator such that it can be expressed directly'in

terms of regulator parameters. - A regulatb# BQSéd on this approach is.

called an 'Implicit STR'. . _

« 9 G ’ ’ . ‘ b

The use of an implicit algorithm lgads to a significant
« . .

simplification of Ehe STR, bécausg steps in¥olving design calculations

A

N

are eliminated. Such an approach: is however, possible for minimﬁm-

-

H
phasé systems only.

~

Many diffiééa;.parameteb estimation schemes "have’ been used;
. L4
for example, stochastic approximation, least squares, instrumental

variables, Kalman filtering, and the maximum likelihood methods. --
. ‘ \
" The choice of identification method depends on the process,

disturbances and the’time available to perform calculations. In’ the

. .

case .0f the industrial, robot, the recursive least. squares method was

used beeause of its advantages of simplicity in terms of the nuﬁber of

computations. y _ ) g

Several regulator designs have been used in the past.” The
most> common are: (i) minimum variance and the linear quadratic

control, and (ii) pole/zero assignment techmiques. 'The problem with

the optimal control strategies. is again related to the non minimum

phase behaviour of most discrete time systems.

~ .
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Minimum variance strategies mﬁy try to cancel the non minimum

phase zeros with unstable poles. Suboptimal solutions may be used but
they are often algorithmically’ more involved, requiring on-line

polynomial factorization or equivalently, iteration of a' Ricati

equation.

A péssiblg practical difficulty which may occur in minimum :

vafiance regﬁlators due to these canceilati&ns is that the amplituée
of the control signals may be large and may exceed the dynamic fange
of the D/A converter. used to drivé the plant input actuator.

. Thé othér commonly.used methoé‘is intutivély more appealing
from an engineering point of vigw. In .the 'pole/zero 'agsignment'

method, the desired response of the syStem is speqiffed in termg of

the closed loap transfer function. The motivation'foﬁ ‘such an

approach is that it is easy to relate pole~zero locations to tranéient

. performance. .

-

cancelling only those zeros of the system, that are eutside the unit

circle. This however requires on~line polynoﬁial factorization. A

0

vhpiétion of this approdch, which avoids factorizatiom is the 'éole

plaé;;;;zj\%lgorithm, in which none of the zeros are cancelled. Pole .

assignment self tuners are therefore the most reliable.controllers for

.

non minimum phase systems, .

‘

Complete design procedure  for the self tuhing fegulator for

the industrial robot is given in the following sectifnss The cf;t;ca;L"

computation is the solution of a Diophantine equatioiq®which is known

to have numerical problems if the

‘e

]

* The problem..of -aon  minimum pHase plants 1is avoided by’

re are common factors in the model



polynomidls.  Another problem arises from the: parameter est;macor;
‘when a.constano forget%ing factor (K1) is used éor hisconnting old
data. When the self tuner operages for some time with little or no
distufbances ;he value‘of4the co—;ariance matrix increases ;apfély, se
that when a disturbance occurs, the estimation gain.is high and the
conqrol'exercised is poor.: Thls problem is:resolved by adjusting .the
foréetting factor accofding toan 'information measure'. The value of
ihe factor is made close to 1 when tnere'is no‘new information

"available from the data.

* «

Details of the design and performance of the - STR for the

industrlal robot are given in the remainlng sections of this chapter.

As a c1051ng -comment on this brief descrlption of various

methods of - adaptive control, it may be painted out that recently

‘ severall papers have been published on combining the MRAC and STR

approaches. It has been established that for some cases,-notably ﬁor

minimum phase systems, the two approaches are identical, However, in

i

general for non—minlmum phase systems, the pole placement STR is the

most reliable and convenient to implement. As will be seen in section
5.5.1, 'the model for the robot is non minimum phase.

5.5 Design of Self .Tuning Regulator

As explained in the previous seccion, a self tuning regulator’

is based on reCursive 1dent1f1cation of a madel of the process, and

-

on-line use of these model parameters for the design of a. controller.

- u.\\.

The desired perfdrmance is specified in terms of a closed lfop modelﬁ

3

The control action'is to move the poles-(and sometimes the zeros), to



in greater detail in the following sections.
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SR

those sﬁecified. A block\diégtém ﬁf such a. regulator is given in
Eigﬁ}e 5.4, . )

The design procedure is influenced by the choice of (i) che
’ R ¢
model for the process, (ii) structure of the compensator and, (iii)

choice of the parameter éstimation gcheme. These steps are described

5.5.1 Digcrete—Time Model for the Robot - -Arm

In the self tuning regulator, the process to be controlled has

to be modelled on-line. ‘ Sévefal‘metﬁods such as the least équares,
instrumental variables, maximuh likelihood- ‘method," etc., Tare
applicable. Howevér,‘the st?ucture of the @odel is assumed fixed and
known a—priori._ In the previous chapter, bn modeling the rogot arﬁ,'a
third order model was seen to adeduately describe the robot arm. The

model. chosen was in the s-domain-and is.reproduced below.

Y

B

1 ¢ . . ' .
H(s) = - (5.1)

(5+8.316282) [ (s+3.894698)% + (18.840031)%]

Since the self tuner is to be implemented on a digital computer, the

€

) ' . .
process model has to be expressed in ‘the discrete-time form or in the

z~domain.

A z-domain function was derived from the transfer function in -

Eq. 5.1, by assuming a zero-order hold ‘and a sampler as shown in

figure 5.5.

"
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————gd ZOH

PROCESS H(S) .| -
T ‘ ' | y(e) {y(kD)}

Tu(t)

" Fig. 5.5: Diagram showing zero—order hold approximation.
- The, z~domain transfer function from the input of the ZOH. to

" the output of the sampler is obtained as shown in equation 5.2.

- -
)-

- HG) = gg; = -zl z {f’lﬁg—)-.n L (5.2)

where U(z) and Y(z)' are ;he z;£qgésforms of the input and output
sequences {u(kT)} and ({y(kT)} respecéivegy, T corresp;nds to the
sampling inferval, K the time index, I..'_1 and Z the inve;se‘Laplacé_and
chg z-transform ;perators‘respectivély. V

.

Choice of sampling interval: .

_Thé sampling interval T is chdsentnexb. We see from Eq,:S.l

that the time constants, associated with the system ‘are Ty 0.12 secs
% B -
and Ty = 0.25 secs. The samplingAinté?val is chosen to be spmewhat

smaller than the smaller of the system:tige constants. Also, it may
be note& that cﬁoosing a veéy small interval. may result in numerical
} ill'conditioning. In addition, since in'a STﬁ; the' identification,
. calculation of paraméters and tﬁe generation of ‘the hongfo} -sign;ln'

haée to be done within the §ampling.intéival, ‘choosing a very small

value may not be feasible. 'These points " are illustrated here by
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0.1, 0.05, 0.025 and 0.01

=

discretizifg the model (Eq. 5.1) for T

secs.

o

‘ Followiﬁg the précedure in Eq. 5.2, we have

&

e
"

“For T = U.1"secs

‘. , ool -2 -3

H(z) = - 0.9405208314 2 l+ 2.080534434 2 2+ 0.42109749 2
1 - 0.0179013064 2 + 0.277164697'2 r’0.1997761591 Z

(5.3)

>

A
3

. For .T = 0.05 secs - ﬁL. ‘ | |
‘ | aane oL -2 P
_ 0.16328826 7+ 0.5114003 2~ + 0.10918917 7 : :
H(z) = 22 bl - (5.4)
I =-1.6279936 Z '+ 1.3162310 Z = - 0.%%6961 Z
~ v . \
.

For T = 0.025 secs
v 0.02330 2 + 0.083387157 25 6.01905212 7
2 0.6685514314 272

' 1

H(z) = ) " =
1 - 2.4291611 Z = +°2.136415062 2

' (5.5)

and EorrT = 0.0 secs .
3

(5.0

. o o )
2 0.001598191 2 + 0,006130115 Z ~ + 0.001474539 2
272 2 0.85124373 2°

H(Z) =1
1 - 2.8097667 A +°2,.66384309

hY

The. locatiop of poles and zerps for the models described above

are_shown in Table 5.l.
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Table 5.1: “Location of Roots -for Robot Models<

¢

Root - 0,1 secs 0.05 secs 0.025 “secs 0.01 secs

0.4353:30 10.65981j0 0.8123%30 o 0.9202t 30
Poles i

~0.2087:30.6445  0.4841:30.6656 0.8084zj0.4117 0.9448+350.1801

~1.9868=30 ~2.9014230 -3.3328230 -3.5778=30
Zeros . :
~0.2254240 ~0.2305230 ~0,24531 30 ~0.2579-30
! \

' The following observations may be made from table 5.1.
(i) Nore of the models-are minimum phase.

(ii) The unstable zero moves towards the unit circle as the

. . g
‘sampling period T is increased.

(iii) Poles of the systeﬁ move towdrds the unit circle as the ’
sampling  period T is decreased. -
Also it may be observed from Eqs. 5,3 to 5.5 that as the value of T is

decreased, the coefficients of .the numerator get smaller and those of

the denominator increase. Since the numerator values become very

L]

small, low values of T may cause numerical problems.

A sampling interval of 0.1 secs was chosen for~thé self tuniné
regulaéor for thé industrial rébot. _ S;nce the model fis non-minimum -
phase, the polé placemént type of STR would be‘su}table;

’ PR
5:5.2 Structure of the Regulator .

A compensator ecan be configured in several ways. The twao

cémmonly used apprdaches are shown 1n‘figures 5.6 and 5.7.
. ‘-
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L)
- L
- MODEL . '
‘ DESIGN. . RECURSIVE "
- CALCULATOR . IDENTIFIER
AY
. -
. T/R PROCESS ’ y
. B/A - QUTPUT
3 .
) :
u L ) . -
+ » ¢ 0\ ) S/R "
. * : » . {5 x R
- SET POINT o C - -
P .o .
. : * ~, t - . 2
L : . Fig. 5.6: Self Tuning Regulator ... I. ‘

This configuration has béen used by several authers J51,52,

§4-66,68], and’ has the advantgge that ﬁc)gllows some flexibiliQy fdr

- . cancellation of stable zeros. This is described in the next section.

The configuration shown in figure 5.7 originacasx from the’

-

. . . . . .
observer-contzoller scheme popularly used in the state-space theory. . .

[

DESIGN - RECURSIVE (
: CALCULATIONS . ESTIMATOR
'I —t” - - B
SET POINT
. : u I N .
PROCESS B/A OUTPUT .
) I ‘ S
) ) R 'V\:i,/ S y
. 1 ’
¢
. : .
: .

. Fig.'3.7: Self tuning regulator ... II.
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R ‘This yas"first proposed by Wolvovich'(72]. 1ts interpretation

‘ -

'fftomgiﬂﬁfiﬁsfgr function point of view .is given by Kailath [63]. 1In

’ ﬁhfs case; there is a feedback from the control signal as well as the

4
-
-

- s'ﬁuﬁﬁqbp&l signal. It is seen that'with full computer precision, in a

,:’@

- , I
puggly” pole placement design, the two approaches yield identical

‘ CT .
I * rESultS.

et

7

.
s
N

.
.

e,
Lot

27 5.5.2.1 Details of Design (Scheme I)

) ~*"  In this section, we describe the design of a regulator for the

| g "~

s-industrial robot, based on figure 5.6. The récursive parameter

estimatof i6¢ described in section 5.5.4. The regulator part of the

'j'kaaaptive controller is drawn below.

w
e

,UC ” N + y ) >, N
L X P /R(e) | B(2)/4(2) .
SET POINT - OUTPUT
 S(2)/R(2) .

@

Fig. 5.8: Block diagram of regulator (I).
"i
.The relation‘between'che control signal u and the output

-signal y igggiéen by the transfer function of the system or,

.
.

H(z) = B(z)/A(z) e ' (5.6)

\ . Lot

- \ . : M
where B(z) and A(z) are polynomials with no common. factors. .The

+
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fuaction H(z), represents the dynamics of the system facluding the

hold circuit, actuator, drive, sensors, etc.

" The desired closed loop pulse transfer function is specified -

by . ’

B (z)

ul

Am(z)

i

H (2) = (5.7)

wheﬁg’Bm(z) and Am(z) are polyn;mials with no common factors.

In geqeral, witﬁ output feedback, there will‘be/addiéional
dyaamics, which are n;t excited bf the command signal. These are
specified in terms of the "obgervér"polypomial Ao(z).

We have from figure 5.8

G

. - [
0(2) = B2 v (z) - & v (5.8) 7

;
The above mé&‘be,xewrittenﬁ after dropping ‘z' for convenience

¢ w

RV = TU_ - SY . (5.9)

*, v

We have from Eq. 5.6

T
]
i<
]
|

or

YA = BU ' (5.10)
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Eliminating U from Eq. 5.10 .
ya=ply -BS
YA’ BRU,: RY
or
Y . BT
U " AR + B (5.11)

%his equation tepresents the overall transfer function of the

v

closed loop system from the set point to the output. ‘Since the

desired closed loop perfoimaﬂée is specified by Hm, we .have

- BT - BmAO
AR + BS AA
m O

- Y
5 (5.12‘)
c

Mclosed loop

where AO represents the cancelled dynamics.
The design broblem is to determine the polynomials R, S and T

that satisfy Eq. 5.12.

Pole~zero cancellations:

w~

"The poles of the closed loop system are’ the solution to the

characteristic Eq.

s L4

v

AR + BS = 0 i w O (5.13)

. A .
The zeros of the closed loop system are the zeros of B and T: Since,

these closed loop poles and zeros are also specified by um, in~
- - M ~ X,

" general, there have to be'cancellattoqs. Consider first the open loop

zeros, i.e. the zeros of the palynomial B. Yf a factor of B is not &

o~ )t
- ¢
LY o - N
S



. o . ) - 108

@

. -

factor of B, then it has to be cancelled by a factor of AR + BS.
Since the closed loop system must be stable, it is.essential that only
stable zeros be cagcelled. < . )

Let

. B=2g8T8 . . (5.14)

- \ - ) + ¢
where B has all the zeros outside’ the unit circle and B has all hﬁBP

zeros - inside. Since B contains ‘'unstable' zeros they can not be

<cancelled and have to be retained in the closed ..loop transfer .

L3 v

2 = + s s
function. All zeros in B may be cancelled. A unique factorization

\
. +
may be obtained by constraining B to be a monic. polynomial. Tt is

clear that this procedure permits the design of regulators for non-

*

¢

minimum phase systems also. . ( b,

‘Since ,B is not a factor of AR+BS, it has to be a factor in

B , or ’ .
m

B, =.B B! (5.15)

o “ N » -

. . g
. + ) o . .l
Also since B is cancelled by a factor of AR+BS, and A and B have no

[}
common factors

R = R'B . 2'. : . (5.16)

.

" Using the relatiohs derived above, Eq. §.12 may be rewritten és:

“ ) , ' v ' M

+ - « - ! ' ) - »
B‘B T - B BmAO . . (5'17)

¢ BT(AR'+BTS) m0

t'_“.]'< -



’ '109

«
[N

O ‘ . ) »

) .
Y T _ BmA
d U7 o ine AR -18)
'?, AR'+B S m-O.( [l . '
Therefore
= T=B'A . / (5.19a)
. and ‘
AR'+R S =.A A - (5.19b)
m O .

-

Steps involved in the design of the regulator may be summarized:
. . +._
l. Factorize B as B B .

-

* 2. Determine R' and S satisfying-Eq. 5.19b.
3, Evaluate R and T using Eqs. (5.16), (5.19a) and R' apd $S obtained
~in step 2. ' t

4o Calculate-the control signal using-Eq. 5.9.

°

fhe polynomials A, B, are either available or specified. The
degrees of Am,°Bm, Ay R, S and T are derived from constraints of

causality. These canditions are listed below [51].

’

1. = [Deg A, ~ Deg B ] 2> [Deg A - Deg B] ) ‘ ‘ (5.20a)
'
. . -,
2. ‘Deg Ay 2 2 Deg A —~ Deg A = Deg B - 1+ (5.20b)
3. " Deg R> Deg T - (5.20c)

4. Deg R > Deg S S & (5.204)
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Also, we have

3

)

' +
Deg(AR) = Deg(AR+BS) = Deg(B vAoAm)
or
) ’ - . + . . .
Deg R = Deg A, + Deg A+ Deg B - Deg A - . (5.21)

Design details of regulators for industrial robot

We have from Eq. 5.3 ' .. N -
o o) - oz '[0.9405208314 + 208053443420 + 0.42109749;72]
‘ 1 - 06.0179013064 zml + 0.277164697 z-2 - 0.1997741501 2—3
or
- H(z) = 0.9405208314 22 + 2.080534434 2 +—d:42109749 - B
z7 .- 0.0189013064_z2 + 0.277164697 z - 0.1997741501 .
, (5.22)
In general,
bzz2 + blz + b0 : E )
H(z) = 3 5 . o (5.23)
z +az +az+a ' :

2 4 0
’ ,

We koow from table_S.l that the model for the ropoqbis non-
minimum phase and as such has éeroé outside the unit circle. _Since?
unstable =zeros cannot be cancelled, we would have to factorize the
polynomial B. Keeping in mind -that a new model for the robot 1is
obtained [from recursive identifier] at every sampling interval, this
factorization has to be performed on-line, within each sampling

interval.

4
.
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One way to avoid this is to retain all open loop zeros in the

s

closed loop'system. The prbblem is strictly azpolerassignment'

problem.
d .
le + - 2 .
o B =1 and B =B = b,z % b,z + b_ . (5.24)
2 1 0
“The closed loop performance is specified by.Hm = Bm/Am. Since all .
. zeros are retained, let B =B. Also, for a unity gain_ - .
A (1) B T
..Hm =—B—(—l—-)——x;' . . ‘(5026)

.

From conditions listed in Eq. (5.20), orders of various

polynomials are evaluated

" (a) Deg A’> Deg A - Deg B + Deg é;
.« Deg Am 23-2+2 ‘
>3 .

2

Let Deg Am = 3 and the general form of Am be

. “
i -

>

2 + P,z +P

. 3
A (2) = 2yz° + Pya | 0. (5.27)
3. . 2
‘A (1)= © B, and B(1)= I b
m- i=0 { ; i=0 *
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"3
' B 2 .
B.(2) o i Ibyz’ bz :
H (z) = &~ =1 , (5.28)
m Am(z) 2 [p 23 + P zZ + P .z + P.)
I b 3 2 | 0-.
, i .
i=0 -
&' B _=87B' = BB
m m m
From Eq. 5.28
3 2 -
B'= 5 P,/ : b, =K . (5.29)
m i=0" i j=0 * m . )
. . .
(b) Deg Ay 2 2 Deg A - Deg A~ Deg B - 1 ;
or - Deg Ao.Z 2
kk?fJ
. 2 . *
Deg AO = 2 and AO be of the form X2 f X,z + X, (5.39)

This polynomial is .chosen arbitrarily.

One of the choices ‘is to make the dynamics fast, i.e. a

deadbeat observer.

Tor . Ay =z o ’ : A (5.31)
We .have
. . »
T.= B'A, :
T(z) = K_z° - (5.32)

3
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From Eq. 5.21 ° . »

-

- -

’ +
Deg R.= Deg AO + Deg Am + Deg B - Deg A

or
Deg R = 2
- R=r'8"
Deg R'" = 2
_Let ‘ © . -
. _ ) ‘ ‘ ‘
R'(z).= rpz" * iz vy - ‘ (5.33)

(¢) The condition of Eq. 5,20c is satisifed.-"

. (d) éi?ce we have Deg R > Deg S

Let‘

Deg S = Deg R

t

(5.34)

and.

: 2
S(z) = Szz + Slz + S0

The next step involves solving for the coefficienté of the polynomials

R and S. This is ‘done by soiving_the equation AR' + B_S = AmAO.

¢

In this case; because18*=l,.R=R' and B—=B,

e

** & Eqe (5:19b) may bé rewritten as

£}

L}

AR f BS = A A, : g _ . (5.3%)
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This class of equations is called the Diophantihé equation.

We have from Eq. 5.35

3 2 .
lz™+ a,z” + ajz-+ a

ollryz

7
+ r.z+r

1

o)

+ [b222 + blz + bO][szz2 % s)z + sO]‘

In matrix form

2 3
=z_ [Pyz
1 0 o
oo
al a2 1
= B
0 .
% "%
0 .0 a

This system of equations may be solved for sz; Sy11-6gs

+ P222 * Piz
0 0
by 0,
bl b2
by. by
0 bd
0 .0

+Pol

3

(5.36)

(5.37)

Ty Ty

and L using any numerical technique. The three pobular methods are:

}s LU faltorization (Grout's methéd).

-

3. Successive over-relaxation method.

. 2.* Gauss-Seidel relaxation algorithm, and’

The first method .is a direct' one, while the other .two are

RN iterative, using successive approximation.

Iterative methods are useful for solving systems of linear

equations, when dealing with large épa;se matrices. They are 4lso

effective wﬁen dealing with ill-conditioned systems., In this .case,

A

@
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the Crout's method was used because it has the advantage that it is
particularly well adapted for programmed computers.
Y The final step involved the évaluation of the control‘signaf

u. This is achieved by using the control law in Eq. 5.9.

We~ have

or

) .
[rzz + rz + rO]U(z) = Km22 Uc(z) - (Szz2 + S.z + SO) Y(z)

1

Converting to time domain and dropping the sampling interval T for

convenience, we get

+ 2 1
L s y(kti-2) ~ 2

U(K+]l) = %— [K U (k+l) -~
mc i=0 i=0

riu(k+1—1)] (5.38)
2

This completes the design of the regulator.

5.5.2.2 Details of design (Scheme I1)

In this section we describe the design of the regulator based
on figure 5.7.  The recursive identifier is described inm section
5.5.4. A block diégram of the regulator is shown in figure 5.9.

This configuration 1is ‘adapted from th; combined observer-
cont}pl}sy farm commbnly useéd in the state space method of pole~
placement regulators. A ﬁroceddre for the design of.sucﬁ }egulators

using the transfer function approach is givun-by Kailath [65].
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-
INPUT + + C()‘NTROL B(2)/A(z) OUTPUT=
u, - r/ff R v
. u
nu(z) gJ/:f\+ “y(z)
1/5(z)
Fig. 5.9: Block diagram of reguiapor (11).
We have from figure 5.9
< | | .
U (2) - [—GTE) (n, (2)U(2) + ny(z')fl(z))} = U(z) (5.39)
or
[s(z) + n (2)) U(z) = 8(2)U(2) - n (2)¥(2) (5.40)
or
' n (z)
§(z) y N
= - WAl
U = ey * a el P T @ ey () (5.41)
A The process transfer function relates to the control signal u
-
and the output y as h
B(z) . _
U(Z) A Z) Y(_Z)
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The transfer function from the set point UC to the output y is given

-by .
S
(6(2) + n ()] 22 v(o) = 50 (2) - 0 (2)v(2)
nu B(Z) z Z ¢ A ny yA A

or

(DU (2) = (ls(z) + n(2)) B2 4 g () ¥()
or

_Y(z) B(2)8(2)
"2 =Gy T sy KOO EFReHe (5.42)

The desired closed loop performance is specified in terms of a model.

As bef N
s before “,
Bm(z) . KmB(z) .
Hm(z) A "X ) (5.43)
m o
We have from equations'5.42 and 5.43 .
H () = e 5(2)B(2) B g@)
c Uc(z) (6(2) + 0 (2)]JA(z) + n (Z)B(z) A (z) 5(25

(5.44)

Where §(z) corresponds to the observer used in the %tate*eéace method
and represeats the hidden modes cancelled between the inpuf and
output. r
The polynomialg A(z) and B(z) are assumed to be kpown and the',

polynomials §(z) and Am(zg are specified. The remaining polynomials

nu(z) and ny(z) are evaluated by solving the Diophadtine“equation



-

[6(z) + nu(z)]A(z) +'ny(z)B(z) = %;‘G(Z)Am(z) o (5.45)

*

Relation to previous method

The control law of Eq.:5.41 may bé’represented by the Block

diagram
v .
LNPUT _ S (2) B(z)/A(z) . OUTPUY
U, [*(2) + nu(z)l \
QXEZ)

{2(z) +n (2)]
u

- ]
— s

Fig. 5.10: An interpretation of the control laws.

Comparing figure 5.10 with figure 5.8, we may deducg the following:

-

Ap(2) = 5(z2) | (5.46a)

T(z) = 8(2) | : (5.46b)

i R(z) = {§(2) + n (2)] . \. {S.&ﬁc)

and S(z) = ny(z) : (5.464)

Rewriting equations of the closed loop from section 5.5.2.1 we

have

\

BOT(z) . ol@¥ B2
A(z)R(z) + B(z)S(z) AO(Z)Am(Z)

H (z) = (5.47)
‘ C



Substituting valies of T(z), An(z), R(z) and $(z). from Eq. 5.46 we
/

have, \\\v

§(z)B(z) i §m5(z)8(z)
[s(z) + nu(z)A(z) + ny(@)ﬁ(z) G(Z)Am(z)

(5.48)

This oqu;tion is identical to Eq. 5.44, The main differencé
in the two procedures is.the way gain Km is handled. . In the first
;ase, it is takén into account in the feedfo;ward block. TQQ
polynom}al T(z) = BéAo(Z) or KmA(z). In che‘sécond case the numerator
. is simply equivalent to Ao(z). K has to be taken into account in the
evaluation of nu(z) and ny(z). This is achieved by Eq¢ 5.45.

‘ As sbown in the following section, although the numerical

values of the coefficients are different, the averall performance of

the: two schemes is identical.

13

Sumitary of design procedures for the regulator
l. Obtain the process model In terms of A(z) and B(z).
! X

2. Specify the poles of the closed loop system in.terms of Am(z) and
» \

calculdte Km;

3. From conditions LiQtej in Eq. 95.20 and 5.21 determine the grder of
polynomials R,S,T 5nd AO for the first scheme or §, n and ny for
the s;cond method .

4, Specif; the observer polynomial 50(2) ot &(z).

5. Solve the Diophantine equation 5.35 for R and S or equation 5.45

for n and n_.
u y

6. Evaluate the control signal from Eq. 5.38 or 5.40, )
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When this regulatoer is used 1n a self tuning mode, the model
of the procéss B(z)/A(z) has to be identified on—line. The sequence
of steps listed above have to he repeated for each sampling interval.
Recursive identification and other aspects of the self tuning
regulator for the industrial robot are addressed 1n sections 5.5.4.

Regulators described above are first tested usi%g fixed models.

Details of various cases studied are described next.

5,5.3  Testing the Regulator

-

Both the algorithms described above were implemented on the
VAX 11/785. wﬁen used with an actuwal system (real life), a signal
generator will be required for the input signal Uc' The output signal
would, be available through a suitable sensor. For the purpose of
these tests, a step input was simulated. The output signal 'y' is

° :
evaluated from the control signal u' as follows.

We have for a general system -

T m c =1
“b Z + b 4 + .vt‘+ b bA + b
: - B(z) . m m-1 ] 0
¥(z) A(z) U(z) N n-1l U(z)

z + «ve * a2z + a

1 0
or, by coaverting to the time domain and dropping the sampling

interval T for convenience,

n-1
biU(k+i-n) - I a
0 i=0

y(k) = y(k+i-n) (5.49) °

. i i

o8
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~

Similarly, the expression for the output of the open loop system for

N
2

the same input UC is

k]

m - ' n-1 . ,
= J i~ - i- 5.50
yo(k) iio bllc(k+1 n) ifo a yo(k+1 n) ( )

- *

The desired performance of the closed loop svstem is specified

N
by H . The output corresponding to the set point is

m
m n-1
yq(k) =R { £ bU (k+ti-n) - g aiyd(kﬂ-n)} (5.51)
i=0 i=0
where
n m ~ :
Km = ¥ a; /& bi . (5.52)
i=0 i=0

The following cases were studied. The fnput to the system was

“chosen to be a step signal, and the desired poles were arbitrarily

Y

placed at z = 0, 0 and 0.7,
£

(1) Model of the robot at T = 0.! secs. *

(2) Model of the robot at T = 0.05 secs.

]

(3) Model of the robot at T = 0.025 secs. -
(4) Model of the robot at T = 0.0] seocs.

(5) Model of robot at T

L]

0.1 secs, except that its real pole is
shifted to z = 1.0,

S A(z) = z3 - 0.5826 z2 + 0.0515359 z - 0.45893594

-
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(6 As in (1) except that the real pole ig,moved outside the unit

circle [z =‘i.05].
.o Az) = z3 - 0.6326 22 + 0.0206659 z - 0.4818827
: ~yp

[

¢

Discussion of results:

.S8ince the performance of hoth structures was seen t$ be
identical, onl& one set of plots is presented.

Figure 5,11 represents the ;ncompenséted, open—-loop step
response of the systeﬁ for cases,l—é.‘ The 'deéired' or specified:
performance of the closed 1o§p is shown in figure 5.12 (a).
Performance of the closed loop system ih all the four cases'was
identical and is plotted in figure 5.12 (b). It is evident that th;
regulator output is closé‘to the desired output. -The control signal
required to genefate this is shown in figure 5.13," for all the four
cases. The control signal for T = 0.05, 0.025 and 0.0l secs has an
overshoot. Also it is evideat that the ;wing ;f the control signal
"increases as the sampling time is' decreased. This poses a réquirement
that the amplifiers used’to driQe the actuatér must have a high
dynahic range. In -additioén, such a swing may not be within safe-
operatiag limggs.

Cases 5 and 6:

The other two cases.are variations of case‘ 1. For case\5,_the
real pole 1is shifted to the unit circle. This has the effect of
including an integrator in the system. The performancé of the

regulator. is shown by the plocs’in f;gdfé 5.14. As expected, the
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uncompensated (open—loop) output, -figure 5.14 (a), increases without’
bound. However, the closed loop output’ follows the desired signal
[figire 5.14(b)] closely. The control signal is plotted in figure

5.14 (d).

Results of case 6 are shown in figure S.15. In this case,

N B .o )
'since one pole is outside the 'unit circle, the uncompensated output of

¥ : .
‘the system increases monotonically as shown in figure 5.15 (a). The

closed loop perfo?m;nce [figure 5.15 (c)] is quife clo;g to the-
desired output [figure 5.15 (b)}. The control signal is plotted in
figure '5.15 (d).
.o It ‘ﬁay be concluaed~ from .theée ‘results that the regul%cor
peffofms sétisfactorily for & variety of sttuatioﬁs; in-particular{
thefsituaqions cénsidered were (i) different éampling periods, (i;)
change in robot ﬁodel sugh that a pole is on the unit circley éﬁd
(iii) change in the robot model‘su;h that Q pole is;outside the unit
circle. VThese situations, alghough severe, may orcur in ;rackicé for
some orientation of the arm or in base'of a component.(o;‘sgb system)
failure. . ) o - N

Table 5.2 lists the’ valdes of 'tﬁe ‘coefficients of  the
controller for the 6 céséé. Results for both methads 1 and 2 are
given. While the performance of both metﬂodé was the same, it can be
seen frbm.Téblé 5.2 that for.caseé 1 to 4, as the‘sampling.interval is
reduced, the coefficients of the polynomial Ské) for Aeghoé 1 increasé

substantially. A significant variation is also observed in the

coefficients of the [6(2)*nukz)] polynomial of metbod 2. However, for

. this g¢ase it appears that the change in S(g) édiynomial is greater.

v

=
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Also, for cases 1, 5 and 6, where the sampling period is the
same [T=0.1 secs.}, the variation in the coefficients evaluated by

mgthod l is larger, though not by a significant _amount. Another

observation”is that for this case,'the magnitude of the coefficients

gvaluatednby metgod 2 are larger than the corrésponding ones by method
l. This has the advantage that any rounding (or trun tion) due to
the finite. word length‘ of microprocessors will‘-gesult in smaller
deviations from the theoretical values. |

Y

5.5.4 On-Line Parameter Estimation and Adaptive Control

Results presented in the previous section assumed that the

parameters of the process were known in advance. Using these

_parameters for the model, algorithms for a pole placement regulator

were developed which resulted in the desired closeéd 16Bp.performahcé.

In this section, the regulator is modified so that it can operate in

an adaptive.fashion. 'This is achieved by iaentifying the model of the
system, on-line, so that the regulator performance js as specified,
even when there are changes in 'the process. The regulator is then

s .

called self tuning and can be represented as in, figure 5,6 or figur

5.7.

. The control signal 'w' and the process output 'y' are used in

a recursive . identification algorithm. In Chapter 3, we described

several methods for .on-line .parameter estimation 1including the

¥

recursive least squres (RLS), recursive instrumental variables (RIV),

d )

and the recursive maximum likelihood (RML) methods. Any of these

"methods could be used, but due to advqntages‘in terms of coﬁputational

-

4t
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complexity, the RLS was chosen.

1t is assumed for the design of the self tuning regulator

»

(STR) that thohgh model parameters are ndtwknown (and possibly

changing),'tﬁe structure of the model is fixed and known a-priori.

R In general, the model is represented as
A(z)¥(z) = B(2)U(2)

where

w

¢ 2 -m
® + + e
cBGzy L P1% . T by b 2

-1 :
1l +az + arz + 4es 3 2
n

(5.53)

S
The model in 5.53 describes the dynamic relation between the

control input 'u’ and the output 'y'. -

Define a parameter vector : -“. N 40
N S |
8 = [al ag eee @ hl .o bm] . (5.54)

”~
-

and a vector of lagged input and output samples

Iy

o = [-y(t=1) ... -y(t-ndu(t=1) ... u(t=m)] T (5.55)
In the time domain, the outbut y(t) may be expressed as

y(t) = _e_Tw(t) + v(t) ' (5.56)

, ' " : . Y
where v(t) is a noise term.
As described in the previous chapter, the least squares

¥ g .

estimate (8) of the parameter vector § can be ¢alculated recursively

~
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from the following:

Q(e=1) + L(t) [y(t) - Q?(t—f) s(t)] B (5.57a)

T(e)

, P(t=1) ¢(t) . T
Lt} = —— . (5.57b)
Ha, + ¢ (€) P(t-1) ¢(t)

!

and
o T -~ ) .
P(t-1) ¢(t) ¢ (e)p(t-1) -
P(t) = P(t-1) - T ‘ .- (5.57¢)
Va, + ¢ (t) Pet-1) o(t)
" The matrix P is often called the covariance mgtrix.and a, is
. 8 ’ . .
the 'weighting factor' because it is used to, assign weights to data.
When a = 1, all samples have the same weight. Cos
s ¢ ~ N
The complete algorithm for the self. tuning regulatoer is as
follows: , . ,
l. From the current values and few’pésg samples of u, and yi,

.2’

¢
identify the parameter, vectar §, using the RLS algoritham [Eq.

5,57]. .

Soly;‘ the Diophantine equation for th; polynomiaig R[6+nu] and
S[nyl, as described in preceed;qg sectiong. —¥hramece;s obtained
in step 1 are used inst;ad'of A and B.

Evaluate the next samplé\value of the eontrgl signal Ue

[y

Repeat steps-1, 2 and 3 for each sampling interval.

-

A



133
One of~the»prqb1ems, often e;countered in practice with such
" self tuning regulators is due to the. identification algori;hm. For
good parameter éstimation, the inpu; sfgnal to ghe identifier has’ to
be of the 'persistently exciting' type. Since the control signal is a
result of\feedbéck; there is no direcé control over it.' It is
posﬁible that this signal may nop.satngy the 'persi§tentlywexciting'
condition. " This i§ particulérly true if: the reference input (set
point) 1is held ;onstant for a long interval and the system m?del
remains unchanged. ‘

Anochér problem is that if ;he fbrgetting factor is-less than
one, under some circuﬁstances, tﬁe covariénce m;trix may become la;ge,
so that when a change occurs, the algorithm may result in undesirable
control transients. This however, has fhe forguituous consequence of
enhancing the identifiability of process paramegers [55}.

One approach towdrd 'sol.ving tﬁi‘s problem is ft'o make a, a vari-
ablé. In this casé, the weighting factor was made a éunction of the
residual error. So fhat, when the error.is large, the value of a, is

t

made small, and the value of «, is returned close to | if the error is

t

small. " In addition, when the residual error is large, the diagonal
elements of the covariance matrix P are increased. This signifies
that the confidence Iin the current estimates jis5 low, and aids

convergence.

5.5.5 Study of Adaptivity and Robustness . N

Simulation:

v ‘ t.
A computer software package has been developed in FORTRAN-77

e
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! ) ’
for the VAX-11/785 computer system. It contains different modules for
parameter escihation, controller design, print and plot routines,
1]

etc., in an interactive way: Some other facilities include, inputing
ﬁny degjired mod;L” specifying the observer, polynomial, facilities for
chaéging plaﬁc parameters and for teséing adaptivity and controlling
th§ numerical precision of controller paramétefs. :

Testing:

»

(a) Constant forgetting ‘factor

The performanceé of both schemes with full computer .precision
. . ‘ . g

B

(no rounding or prGﬂéJtion "of coeffieients), was- found to be.

y - -

identical.f‘jhefefore, only one set of planté corresponding to sdﬁeme
PRCIEN ! P oo . N -

- P .
M P

»~

I1 ire presénted. -

-~ Two cases* were considered for the evaluation of the’

-
-

performance of the self tuning regulator. . _ e

-

Case 1: The ‘motion amplitude' of the robot -arm is abruptly

doubled after 5 secs. of normal operation.

and .

A
|
|

. Case 2: The system abruptly becomes unétablg/afCer 10 secs.

et
. Lo
.

. of normal operation. )
The set point in both cases was varied -as a pseﬁgg//;andom

. 4
binary sequence [PRBS] of length 2 . Results are presented for two

"

conditions of the forgetting factor. In the first set- discussed, the
: . [N

-

value of the factor was held constant at 0.99. .

- ¢
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Case I: . . »

The input signal is shown in figure 5.16 (a), and the desired
respénse is plotted in figure 5.16 (b). The uncompensated (open loop)
response of the robot to this input Is shown in figure 5.16 (c); As
expected, the output amplitude d9ub1es at the 50th sample. The closed
loop output, control signal and residuals ar; ploéted in figure 3.17.
The'closed loop‘output seems to have recovered from the sudden chhnge,
but the deviation from the required output, even after the 500th
sample, is lérge; Also the rate of convergence is slow. Dashed line

on some plots indicate the saturation level.

Case ¥1: ) ) {}

As) in the previous case, a i'RBS was used to ch;nge the set
poinQY“/'fhe input- signal, desired: response and the uncompensated
(open-loop) output are shqu in figure 5.18. Since :;% system i;
férced ,Eo become unstable :at the 100th sample, the uncompensated -
output increases monotonically from that point onwardg until it
saturates.

The output of Eﬁe self tuning regulator, as shown in figure
5.19 (a), 1s bounded gut {s not close to-the desired value. It
appears from the plot thaé the compensated output is Eend;ng towards
the deSired vlaue, but the rate of convergence is slow. The
corresponding Vvalues of the control signal an§'residuals are plotted
in figqr; 5.19 (b) and (c), respectively.

It is evident from the above simulations that although the

controller responds favourably, its ;ésponse is very slow and

'
@
-

therefore unsatisfactory.

s
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Variable weighting factor:

The STR in the previous section was based on an identification
scheme‘&ith a constant weighting factor. In this section we discuss
the effect of making the value of the weighting factor a function of

the,fesidual error. Some strategies for varying the value of the

tfactog have- béeq. discussed in [79,80]. ‘However, for ease of

-y,
-

implementation, the complexity'of Ehe function was kept to a minimum
and'simplghbinary ;witéhing was used. L

The Qeighting factor W§S‘swifchéﬂ between two value; 0.99 and
6.90 depending on thé-absolute value of thép;esidual error, An ;
arbitrary level of 0.1 was gelécted;k In‘aédigion to the Weighéing

fartor, the diagonal elements of the P-matrix were reset to a large

value (100.0) whenever the error-exceeded this bound. Results for the

same-cases are discussed again. )

¥

N,
.Case 1: -

The compensated (closed loop) output is shown In figure 5.20

°

(a). It is evident .that the system recovers quickly from the abrupt

)

"chapge and is close to the desired output [figure 5.16 (b)]. The

control signal is shown in figure 5.20.(b) and the residuals in ‘figure |

5.20 (¢). The plot shows .that except where the system was abruptly

changed, residual errors are small.

-

"Case 2:
The compensated oufpu is shown in figure 5.21 (a). . The
control signal-and the residuals are plotﬁed in figure 5.21 (b) and

-
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.

5.21 (c), respectively. It is clear from the plot of the compensatad

output that the controller-action is fast and the output follows the

desired signal closely. As in the previous case, the residual, efror

~is’ low except when the systeﬁ changes abruptly.

. [

’

+

Effect of truncation of'régulatof'coefficienCS

This section presents results of a study conducted to verify-

the. robustness, of the self tuning regulator against numerical errors.
Case 2 discussed above was simulated for both schemes. . 4 routine was
included to truncate the value of rggulator parameters to the number

of decimal places specified by the user. Figure 5.22 (a).SﬁQWS the

- compensated output of- the plant with the regulator désigped.according

to scheme I, aqd figuie 5.22 (b) shows the output éorresﬁonding to the

design according to the second méthoq. Regulatof.parameters have been
: o C ‘ o /
truncated to an accuracy \of 3 decimal places. Very little difference

is noticable. However, as\shown in figure 5.23 (a) and figure 5.23
(E), when the accuracy was cut down .to 2 decimal places, the aif-

ference is appreciablel
The output corresponding to scheme 1 [figure 5.23(a)] is not
as close to the desirgd output as that shown-in figure 5.23 (b). 'This

may be attributed to the low'valueS'of the coefficients for the first

.ﬁethod. Therefore, one. may conclude that for the self tuning

regulator qu the industrial robot with a sadpling time of T.= 0.1

. secs., the second method is more robust. Howéver, as shown earlier,

gince the cbmputational”comple%ity of the two methods is ddentical,

~and due to thé similarity in the design Qggsedure, it is easy to

modify from one to the other. = ° : o

@



)

. ‘ 144
Compensated output (scheme 1)

O G o
WO . . ‘ .
s (1T AT ]
00 — .
[ .
sIU UL L Ul e
S | S T ] T y!
.
/ o Compensated -output (sébeme’2) ‘ ,ﬁ}
LO"‘v »
- 1 .
ol [ VO]
mﬂﬂ F ‘. o«
© ' . i
I LU UL e
. I T T T T 1
cDo 200 . 400 ’ 600
. , . N

Samples

9 - S .
'Fig. 5.22: Effect of truncating cont;olisy’;;:;meters to 3 decimal o

places.

1l



L3

3

o .Compensated output (scheme 1) 143,

o " Compensated output (scheme 2)°
w0 , - .
B I --
s (101 1
(0 00y ’ -
o
—1
o . ' . ) ’
SN VIV L e
o l T ] I 1

0. : 200 400 600

Fig. 5;23; Effect of trugcating controller parameters to 2 decimal

places.



146

“~
]

5.6 poncluding_ﬁemérks

In this chapter, after a brief review of the methods of
adapfibe control, we d{scuss t he detai}s of design, testing and
performance of the self tunipg.regulator for :he industrial robot.
Two con igurations are diszussed. Thé first is general in the sense
that f¥f;Ln be used fo; both pole and zero cancellation. The second
method, originally designed wusing state—space méthoas, is suitable
only for pole placement regulatdrs.

The modea/fgiffhe industria} ;qbot is seen to be non—minimum
pha#e. To avoid on~line factorization,’only the pg}e—placement Eype_
of a regulator, intwhiéh all system -zeros are retainea, is u;ed. In
both design procedures, controller paraﬁeters are evaluated by solving
a Diophantine equation. The two, désign p;ocedures are identical
except for a few minor variations. On=line parameter estimation is
done us;hg the recursive least squares technique because it is
combutationaliy ‘simple.

| Results from several tests are included to show thé
performance in termg‘of adaptivity and robustness of the“regﬁlatgr.
As' expected, when fqll~computer precision is used, both methods result
in identical perférmance. It is shown Lh;éugh sim;lations that the

performance of the regulator is significantly imp;ovad by using a
variable wéighting factor instead of. a constant one. A binary

+

‘gwftching .of tﬁe 'weighting factor' and the covariance matrix,

depeﬁding on the residual error, is very effective in improving the

speed and performance of the self tuning-regulator.
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CHAPTER 6

IMPLEMENTAT ION

6.1 Igntrgductio'n ‘ ‘ ' -

‘ In Chapter 3 we ggscribed details of modeling one axis of ‘the
robot. This model was of the continuous time type. A discfete—time
equiva.lent: was used fodr the design of a self tu‘ni'ng type of adap;ive
controller. Since the model of tl;;e robot varies sign;ficancly with
‘ respect td load aé@‘oriéétation: a 'weighting factor' was introduced
“in the %denclfication part of fhe STR. To eliminate problems of
matrix ill condicioqing caused by a constant ualué (<f)’of the

.~

;aeighting ’fagtor, it was made variable. 'Simulations described in
Chapter 5 show that satisfa‘::tory results are obtained, even when the
model of thé robot axis:-was cﬁanged appreciab1§.‘

In this chapter, we give guidelines for the i:mplementation of
STR devélopgd in the previous chapter. "I‘he most important part df
implementation is 't'he choice of components of the systyém.‘ This 1s
particularly true in the case of microprocessor based real time
applications, because of the great variety of proc;ssors and support
chips available. In the case of n;icroprocessors the choice is not

only governed by its technical suitability, but also from economic

considerations of the availability of development aids and software.

147
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This ¢hapter is organized as follows. In section 6.2 Wwe give

,0
a general overview of the controller and "identify the type of

components required for the implementqtioh. A, 'layered' strSgture has,
been proposed for the controller; The next section deais with the
selection of . the microprocessor for the controller. A comprehenéive

@ study of a variety of rﬁicro’pr(;cessors was made whié{\ included bot_h
technical and other considerations. From the numerical precision
point of view, it was 'decided that a l6-bit proEessor would be the
moét appropriate. A comparativé study of wvarious 16-bit processors
available is presented. -

Selection of the memory elements (RAM,ROM) and perfphéral
chips such as tri-state bufgers, latches; etc., ié less critical,
because they do not affect elither the development time or the cost of
the - system significantly. Ofpen, the selection is based‘ on
recomnendations of khe manufac}ﬁrer of the microprocessor,

An approach, similar to that for the selection of the
microproces§or, was used for choosing the Analog—to-digital (A/D)'{nd

‘dégital-to—analog (D/A) converters. As in the case of micro—

processors, D/A and A/D converters are availgbie in different bit

‘ féngths (resolution), conversion times, and are based on different

[\\;@thods of fabrication. Suggestions and guidelines for the seleétion
of A/D and D/A converters are included in section 6.4,

. ) .
Position encoders are required to measure the motion of the

actuator, This information 1is used to verify that the motor has
rotated as g¢ommanded, Shaft position encoders can be classified into

two catagories = relative and absolute. Though most . commercially

KN
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available robots use relative (often -called incremental) encoders,
y : o
absolute encoders are also used in practice. A review of. both types
of encoders is given in section 6.5.
For all programmed systems, the operation of the system is
controlled by a sequence ¢f instructions called the program. In the
past, programs for real tims,pagiftion were often written in machine

;£<;; approach has the advantage that the,

fficient, in terms of both the storage required

or assembly language code/

resulting software is

and executfon time. The major disadvantage is that developing

software in this way is d}fficult 4nd time consuming. In the last few

years, several"high level' languages have been developed for writiﬂg
. .

efficient microprocessor programs. Several 'high level' languages are

reviewed in section 6.6 and recommendation on the language to be used

for developing the self tuning regulator has been made. b
4
6.2 General Uverview

In general, a robot control system is required to perform the
. \1 N

i .

l. Accept” commatds from the éperator through video terminals

—

\ L]

or other input devices. A

¢

2. Execute the command by, transmitting appropriate stghals to

N

actuators .

2

o~
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and
‘ " .

3. Ensure that the command has been prbﬁérly executed by
measurements of data from transducers monitoring the
process. ~ - '

-~
| ' In addi'tion to the above, it usually incorp‘orates the analysis

. M e 7
of data, display of messages, outputting performance data to printers,
A . . ~

-~

‘ . . < . . .
.monitoring alarm conditioms, etc. A schematic drawing of a typical

LR

f ' computer controlled system is shown in figure 6.1.
. . f// . PRINTER | _ .
) /’.u . - . ")
: OPERATORS
CONSOLE * .
R 4
o ' S " COMPUTER SYSTEM

I

Data Analysis -
Control Algorithm : @

Command Generation

1

-,

. . Interfaces .
" TRANSDUCERS ) i, ACTUATORS

— — — G o [ —y — —— ——

- - - - - =

o .'Fig. 6.1: Block diagram &f computer controlled system. B

*

4 D -
- ¢

The system shown inifigure 6.1, {s general and represents the
_ concept of ‘fhe controller. It implicitly assumes that one computer is
used to perform all tasks iiéted. Rapid ‘developments in solid state

tethnology and more specifically, the availability of cheap, reliable

4 1
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microptocessors has changed‘thé‘cOncept of .one progcessor-per—system, to

that of distributed processing. . v ‘
) * . ' - : o .
In a distributed processing system, the . task -is shared by

several-processors, A block diagram of a system based “on distributed

* processing is shown in figure 6.2. ‘ ' . !

e

T s TERMINAL
P : . s e i )
| | PROCESSOR L D{SPLAYS OPERATOR |
LEVEL 3 : . . - © - COMMUNICATION
. A i
PROCESSOR L >~6QONTROL
: : ¢ . ) ALGORITHM
LEVEL 2 _ | e e - - .
]  PROCESSOR = PROCESSOR PROCESSOR .
R o X :
LEVEL 1 ) ' ’ :
S Jw l l l l \ [ | |'|
. . _ 4 - DATA.AGQUISITION
ACTUATORS AND  TRANSDUCERS . INTERFACE

i X

Fig. 6.2: Block diagram of distributed processing.

-
»

»

Boundaries between levels aré not rigid and depending on

~

system requirement, often_two or more levels are merged. Spme of the

advantages of‘distributed processing Qge:

.

-

l. The' system capability is greatly enhanced because the task is

shared between processors.
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2. The system is ﬁﬁch more flexible than a single processor based
éystem. It is also more modular and has'greacer'expandibility.
Additional functions can be added in terms of both the‘hardware

-

and software.  °

.

3. BecauSe of “modularity, it .is e351er to 1dent1fy a malfunctlonlng
subsystem. Also :the mean tlme to.repair (MTTR) is- sxgnlflcantly

reduced. .

"4, In ’systems such as the industrial robot, ‘'in which there are
. ° . » -

several similar actuators. to be controlled, it is possible to

standardize modules. This leads to lower production cost due to-

-advantages of volume production.

For computer based numerical control systems and industrial
robots, it is common to use a 2—IeVelahierarchj as described in

Cﬁapter 2. A block diagram'oﬁ a 2—levei control system:for an.

. industrial robot is shown in figure 6.3. -
.

- “

~As mermtioned before, thi; cpnfiéuration is typical for an-
industfial ‘robdt and hgs been used‘.fpf the constant feedback
.controllér described in Chapter 2: The maséer contrdllef (or lefer‘l)
was basggvpn the Intel'éOSé-and 8087 microbroceésors an& the slaves
(level 2) were built around the 'Ihtely‘87&81 microp?ocessor.. This
configurafion ig also frequently used  in commércially . available

systems. For example, Unlmatlon Inc., use the LSI- 11/02 mlcrocomputer

_for-"level 1 and six 6503 microprocessors for level 2 for the PUMA
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manipulétor. Cincinnéti-Milacron have based their level 2 controller
on the Intel 16-bit 8086 mlcroprocessor.

The task of robot control 1s d1v1ded between the two 1evels

(figure’ 6.3). Level 'l performs the f0110w1ng major tasks [16, 17)

1. On-line user interface.:

v

.2, Transformation' of the end point coordinates ‘from the' world

‘coordinate sfstem to the joint coordinate system [2,4-10].

3. Joint interpolated trajectory planning - this involves sending
incremental location, updates corresponding to set-point values to

Q,level 2.

4, Confirming €;om level 2 that the axis has completed the reqhired

incremental motionﬂ : ) "

v

At the lower level, main .functions of, the mig}ogrdcessor

At

include:

1. Recefveoand-ackpleédge set points from level 1.-

.

2. - Evaluate the difference between. the current joint value and the
desired joint value. The current joint value is obtained from the

register &hich stores incremental ‘values from the encoder mounted

'

on each axis of rotation.
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3. Convert the error to a voltage sxgnal us1ng a D/A converter. and

send the voltage to the analog servo which moves the 301nt.

.
’

As pointed out earlier, the main,diéadyantage of this control

>

.scheme is that feedback gains are constant and prespecified. It does

not account for theuflexibility of the arm of the robot and.error in
- hd v -

4

the coupling because the position encoder is mounted oh. the motor

Ashaft.' This error was described in detail in Chaptér 3. One solution

to the problem, suggested in Chaﬁter 3 was to-use an end pofnt

feedback in an adaptive loop. Details of the desigﬁ of the adaptive

controller are given in Chapter 5. Essentially the same set-up is

"+ required for implementing the adaptive conéroi}er. “An adstlonal A/D

s

converter 1is req01red to monitor the position of ‘the free end.
Sensors for’gnd poiptnmonitoriqg were reyiewed in section 3.3.
‘A.block_aiagram of one level 2 controller is shown in fig;rg
6.4. ‘
Compariﬁg figure 6.4 withpthaé of a level 2 cogtroller sﬁoén
in figUre é 3, it"is evident that the oonly dxfference is 1n the °
addltlon of an extra feedback signal. It may be noted that the length

of the program on the level 2 processor wfll be much largen

One advantage of this configurdtion 'is that the adapt\ve loop

~may be switched off if a sultable sensor for end point feedback, is not

aval}able or is inoperatlve. The resulting system will then bectome a

'&constaﬂt feedback controller of the type available commércially.

Slnce the contraller is no longer adaptlve, and does not have feedback

to 1nclude variatlons due to load or elasticxty of the arm, the system '

; may.have to aperateé at a lower speed.
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% ¥

Switching’ﬂetﬁeaﬂ;the adaptive and non-adaptive modes may be h

done manually by the operator or hy a 'watch &og,timer’ operatiﬁg
under a supervisory control loop.

. The algprithm-for tﬁe self -tuning regulator was "discussed -in

Chapter 5. As shown in section 6.6, implementing it on the level 2

© processor is stnaightfotward because of tite availability of efficient

high level languages.

The next three sections deal with the choice of the

- microprocessor, D/A and A/D converters and shaft position feedback

- -

encoders.

6.3 Choice of Microprocessor [88-90] ° ) -

In this section .we discuss the criteria for - selecting

3
-

processors for the controller.

Selection of level ] processor:

Popular choices for the level 1 processor or thgﬁmaéter

‘controller have been the LSI~IP mfbrocomputer from Digital Equfpment'

s

Corporatlon or a s1ngle board syscem based on the Intel 8086 and 808T

pProcessors. The choice of a system for the mastew controller is
governed by two main. factors: (1) technical feasibility, and (2)

economic eonsiderations; Technically, any system capable of high

.
N

speed- calculations with 16 or more bits of precision is adequate.

However, an important factor to be considered is the avallabillty o;TF

.softyare and hardware development aids.

.

{
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The LSI-11 series has ano extensive support ;nd'compilefs for
ali éopular computer languages are available. Also the LSI-llvsystem
is self contained in terms of storage’medié, térmihals, etc, In the
Acase“of the single board systems, this facility is not available, and
one has to invest in the puréhaselof a development system. Software

is develope& on this'syétem,“which is usually a full fledged computer

< N ?
system, and then transported to the single board computer (SBC). One

of the advantages of choosing mitroprogessors for ‘both level 1 and

level 2 from the same manufacturer, is that a common development

system can be useds ™ - o . o ’

Until recently, Intel development systems/were based on the 8-

-~

bit 8085 'microprocessor.  Although 'theya,could be used to develop
software for other microprocessors including 16-bit 8086 and the 64-
bit 8087 nﬁmeric processors, they were too éiow to be used directly as

~

the' level llsystem: Newer models -such as the Series I1! -and Series 1V

are availéble‘with 8086/8087 options f92}}' It may ‘therefore be )

éstibIe to use these .development' systems more -effectively by using
. the system Firectly as the level 1 processor, épd“hISO for developing
software for the level 2 proﬁessor, if an Intel microprocessor is

" selected.

Bench mark test runs will have to be carried out to test for

the speed of operation.of the system ‘to be used. . -

_ Selection of level 2 processor:

~ Major functions of.the level 2 épntroller when operating in

the aaaptive mode are:, .

N

~

=

O
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1. Communicating with the level 1 processor.
2. Acquiring the position of the free end from the A/D converter.

3. Maintaining a closgd inner loop using feedback from the position
encoder.

r . . « <« ' -

4, Performing ON-LINE identification of the pracess.
5. Solving the Diophantine equation for the controller parameters.

6. Evaluating the value of control signal from parameter abtained in

4
step 5 above.

7. Conversion of the above to an analog voltage for driving the

actuaator.

A

B\ genéral block diagram of the level 2 controller, at_a

conceptual level was.shown in. figure 6.4. A.vdiagram idéﬁtifyidg .

various components of the controller is shown in figure 6.5. The

serial interface is optional and wmay be used only during the
developmen? phase., '

Selection of the microprocessor and its peripheral ‘chips is

~ .

based on 3everal fattors, some of which are discussed later in this
section. %érhaps the most logical way to classify microprocessors ig
on the basis of the number of bits and speed but because. of the very

large number of wariations in pheir cagabilifies, it'iSant’possible

ta classify them in 3 simple way, . Some manufacturers classify their

products in the following four cataggries, although in_practice; they

.-
s

4

Py
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.

are all commonly referred to as 'microprocessors'. The catagories

are:
1. microprocessors
2, microcomputers
3. microcontrollers
and 4. signal prékessors. .

'Mi&roprocessors' were the first to be déveloped and basicélly
consist of only the control processing unit (CPU), capable of perform~

ing arithmetic and 16gical data manipulation. Signal processors are

special CPU's, ‘designed to pberate atCVery high speeds. Common

applications féf 'signal processors' “are speech, image, radar ana
other audio—video‘applications. (Several CPU's have been announced in
the past two' to three years. Some of them are the NEC-uPD 7720,
TI-TMS320), fijicSu—MBs764 and the AMI-528211. The TMS320 and the uPD

7720 are mdpe popular becéuse of the avallability of extensive

N
»

development support. In spite of being high ‘speed' CPU's, signal

" processors are not commonly used for motion control because their

instruction séc‘and memory 5{;e is limiFed. The.TMSBZO, for example,
can‘addfess‘a maximum:progrgw memory'of 4K, which‘may often be
inadequate for adaptive control.

The‘term"microeomhuter' is used for chips thch in¢lude some

program and data meﬁory in addition to the CPU. The ‘main advantage of

.chgse'inéegrated circuits ¢(1.C.) is that because they are self

. e .
coptained, they require few additional components.

'Microcontroller' usyally refers to c¢hips with a higher level

~

of integrabfgn.; In general, they include input, QuEput l{nes, timers,

¢

¥
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etc., in addition to the CPU, RAM and ROM. Since most of the circuits

2

required to implement (simple) controllers are included on the chip
they are more‘convenfent for several applications. ‘

The main advantage of using highly integrate& circuits 1is
§ma11 éiée, fewer desigﬁ'problems,‘and modularity. However, if these
factors é}e not impo;tant, the control}er may be designéd around a
simple microprocessor and support chips adéed externall}... 1? Ehe
sg}ection of‘nhe processor for the level 2 controller, the option was
1efc‘open and all three type§ of chips'wefé'considered. The main‘
factors influencing the choice of the processor are: |

4

1. Number of bits.. ,
‘2. Instruction set and addressing modes.

3. Speed of operation.

4. Avaiyability of suppbrt meﬁory chips.,
5, Availability-qf peripheral and interface chips.‘

6. Architecé;;;r(a adlability of general‘purpose registers).
7. Second sourcing.
8. Cost

Y. Hardware and software development support.

Factors listed are discussed below.

_
N ' L:\")
Number Qf bits e

Most of the.commonly used microprocessors have a word ledgth
. o . .
of 4, 8, .16 or 32 bits.’ Thé bit size is important because it affects

»
.
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N

“

the speed of data manipulation as well as the accuracy of arithmetic

quantization, coefficient quantization and quantization in arithmetic
‘¢

operatiops. Problems due to finite word length were a serioys problem

with some. of the early 4-bit microprocessors [§2]. An ewample ,of a

’ 13 .

successful implementation of an adaptive controller on an 8-bit

/ .
microprocessor is given in [81]. 1In this implementation’an Intel 8085

A /

microprocessor with a 12-bit A/D converter was used. 4 floating point

-~

/
software package was used to improve the accuracy of fhe calculations.
o f - N / .

1

; . .
Sixteen-bit manipulation can be carried out in S-Qit microprocessors
by .stringing two 8-bit words. However, for hfgher speed, it is
necessary to usg a l6-bit microprocessor to implement the self tuning
* /

-

regulator. \ o

Instruction set and addressing modes /

‘

Tﬁe basic instruction set and addressing modés available to

the programmer varies from one microprocessor to another. A larger

instruction set and more addressing modes result in a smaller program

length and higher execution speeds. ) A

v
'

Since all instructions  are executed by sequential data

manipulation within the microprocessor, a vlock signal is.required to

«

o

“’v

¢
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.
v

\ >

provide the timing. The period of the clock is ref?rréd to as 'basic-

- i

cycle time*, and instructions are -executed'in .'integral' mulfiples of

-~ " the cycle time. Typical clock frequencies vaty from 1 MHz to 1A MHz.
. R N

However, because the time taken to execute an instruction also depends
. h ’ “ s

on the interval.working of the microprocessor, the clock frequency

does not provide an accurate indication of the speed o6f operations.

s
.

In general, beach mark tests have to be carried out to compare the
- /‘ .

l

speed of execution of-two microprocessors.

Availablllty of memory chips

. T ) All' microprocessor applications require memories for storlng

\
_,x,

_ programs and.data. . Basically two types of memories are required.

Read only memory. (ROM) storing programs and read-write mqmories (RWM)

. - also commonly called random access memories (RAM) for storiung
variables and intermedidte data. In some cases (mlcrocomputers and

mibrocontrollers)% RAM and-ROM. are often included on the chip. The
size of memory required, varies from one application to another.
. ¢ . . « N

:

v [

0 -’

Avallablliqy of\ peripheral and anerface chips

[

ROM, several other integrated'circuits are requlred in the controller.
t N R ..
i Y '\ b .

. GeneTal purpose input output-(I/0), timers, analog 1nput—output, etc.,

e s are requ;reda Most I.C. manufacturers make a variety of interface

A O
chips some 6f. which can be ‘hooked up' -easily, while others require
A ; \ . '

. +
: : * additional cireuitry.

.

%

4 ‘“ N \{
- . ] ' L
. v ) , Microcon;io}lers have some of these features bui}t—in an ‘the
” chip along with ‘the CPU,” RAM an ROM. . . \
. 4 ‘ ' 4 N

*

. It is ev1dent from flguue 6.5 that in dddition to CPU RAM and.
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Architecture

As mentioned earlier,” the performance of the system depends on,

N

"the instructidﬁ set, clock frequency and "the number of bits In the

~

microprocessor. Performance is also affected by the architecture of

< -

the processor.- ' One of the most important factors is the numbép of

addressing modes and the availability of geﬁéral purpose registers. A
large number of registers implies that ‘léss time is required for data

maniﬁhlétion.and*fetehing. This is due to the fact that the .time-

required to fetch or store data in external memory (RAM) is much more

than that 'for the register.

Another important factor is the' interrupt structure of ‘the
microprocessor. Interrupts are required for the controller -to take

action rapidly, whenever a fault or alarm condition “occurs. Typicél

.

alarm conditioens are power blackout and brownouts, system failures,

~

-etey .
1)

Second_sourcing

It is importaht ta choose a godpqnen; which will be available

fhroughout'tﬁailife time of the controller. Due to rapid deveiépment

N

of the ficroprocessor techmology, it 1is possible =that the

PN

‘ mi;roprdéessot used in the design will be superseded by a better one,

and the manufacturer may abandon the production of the older version,

With a chip that is gecopd and third sourced, there is a better chance
Lo N . AN B

.
ty-

of a continuous supply.
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‘Development support

This factor was also considered when deciding the érocessor to

-

be used for level I. Microprocessor and associated ﬁeripheral
4 - . . . ¢ «
‘tircuits represent only the hardware of the ;conprdller.’ . The time.-

required to develop the software depends on the ayailhbility of

suitable deQelopment aids. A development system, which has assemblers

and high.level language éompiiers is extremly important for developing

o

softyaré in a reasonable time. ”AIthbugh the‘cost of the development
sygtem Ls'high ($10,000—§7S;OOO),,it may be pointed out that it is a

one time investment.
. .

‘Sixteen 16-bit microprocessors were evaluated . f@r their

suitability for the implementation of the adaptive controller., Some

» r

of fthe important features are listed in table 6.1. This compilation
does not include 16-bit bipolar microprocessors such as* the Fairchild
9445, SigneticsA8X3U§ and the AMD Am2900, because of their high price, ’

reduced instriuction set and expensive (or inadeguate) development

system. Since it is not possible to tabulate'}ll factors used to-

Rl

compare microprocessors, only some of the major factors ‘have been

. [ ' . -
listed. Further, due to space limktations, oply the_ availability ?@,
_nonﬁaiailability'of funictions is given. In some\casés,‘funéﬁiohs are
évailéblez-but not to an aéceptable;dgg;ee. Such'cése§ have been‘
marked 'not available'. | ’

~Ut s ev;dent‘féom table 6.1;théé‘1nte1 has ;he'iargest
variety in 16-bit s microprocessors, * including :gomen with‘ inéegréged

memory and I/0 elements. Mappfécturers’ offering good development

support, An terms of systems, aséémblers, math‘ packages, and high

"‘
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"level languages are 'Intél (80xx~-80xxx), Zilog (Z80600), Motorola

(68000) and the DEC (Micro T-11,J~11). DEC Micro J-11, Intel 80286 .

‘and Motorola 68000, are expensive.. The Zilog 28000, DEC Micro T-11

‘and Intel 8096, 8086. and 80186 are suitable from the cost/performance

poin% of view. ‘ :

One advantageQEhat 28000, 80é§ and 80186 theﬂo;er the 8096
and T—il is that they have a ‘larger memory addféssing\gyace. However,
for thg-applicatiqn under conéiﬁeration,'thi§ is.not important. The
8096 h;s éeveral‘additibnal fqgtufes sgch as h%gh_clock frequency{

built in RAM, ROM,'timers, digital and anaiog»I/Ob etc. Since most of

these feAtureé ate required for the adaptive controller, the Intel

8096 seems \to be the most cost effective choice, without having to

n .the performance.v .Dutline sﬁécifications, along with
. )

some henef1 s of the 8096 are glven in Table 6. 2 One important
advantage qﬁ che 8096 structure is the 232 byte RAM. ,This RAM éap b?
accessed asfbytes, words or double words. In effect,.therefbre,:all

these bytes ~can ‘be used ~as accumulators, thus enhancing the

throughput. The program length and execution time is reduced bécausg

fewer external memory 'moves' are required. In an accumulator based
. : : , :

CPU, every byté to be manipulated has to be 'moved' from/to the memory
, . t . . :
through the - acéumulator. The microprocessor is offered in several
S ) L

' ogtions as shown in Table 6 3 -

Slnce the on—chip ROM may not be sufficient to hold the

' eomplete adaptive eontrol program, it may be necessary to add external

memory. .Also, since the EPROM version has not been announced as yet,

. from a development polnt .of view it is better co choose the ROMlessl

v
L3

. *

version. L — ' oL o ‘

1 LA ’ ’ . . v R
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Table 6.2: Featyres of the Intel:8096 microprocessor

SNO Features Beﬁefifs
"1 - 16 Bit CPU _Efficient - machine., with- high
4 throughput and precision.
2°: 8K Bytes ROM Program space. ° .
3 232 Bytes RAM Large on;board registef file.’
4 Hprdwafe MUL/DIV ~ Provides good maths capability. 16
. Ao ' by 16 multiply or.32 by 16 divide in
6.5 microseconds at 12 MHz clock.
5, 6 Addressing modes Provides sgreater flexibllity ’in
. ‘ : programming. .
4o -6 Digital I/0 X 40 1/0 lines [input only, output
: -only and~bld1rectional]
7. ’Approx.QIOO instructions Provides - greater flexibility in
’ programning.
.8 64K addressing space ! Room for large programs. . :
. 9= % source priority - Capabllity for reSponding to'
interrupt system ‘ asynchronous events. .
10 - Powér down mode Provides RAM‘ backup for. rgcovefy
from blackouts. :
11 - Timers 4 - 16-bit timers for ‘time . keepina
- ' ' operations.
12 “A/D converter- 10-bit A/D converter ‘with 8 channel
‘ -mux and- conversiop raée of © 42
- mlcroseconds. .
13 D/A converter On chip pulse width . modulafed
) AU _output. , .
14 Berial I/OK - Pull duplex with 4 . modes -of
, cL - _operation. o, o
15" | Baud trate gemerator Built. in baud rate generator.  of

e . . .o ~

2

" rates apto 187.5 Kbauds,

~T ~
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Table_6.3: Options.available with the 8096

options . 6% pin 48 pin
Digital 1/0 Romiess " 8096 - 8094
only, - . S
with '‘ROM " 8396 ©. 7 8394
Digital and Romless 8097 : - 8095 °
Analog 1/0 o ' ' o
- with ROM 8397 ©T 8395 ’

- modulator type of D/A converter, and a relatively low precision (10~ -

“

bit)*A/D converter, it may be better to opt for the version without

the A/D and D/A converter. The selection. would then be the 8096

-

processor with external EPROM, A/D and D/A converter.”

6.4 Choice of D/A and A/D Converter [87 88]

From figure 6 & it is evident that a D/A convertér is reqdired

to convert . the errar between the commanded position and the current -

¥.
»

‘position of the robot, to an anang signai (voltage). This ignal’ is

then amplified and Cransmitted to the actUator., L

-

Basically, a D/A converter involves a network of mrec1sion

')resiStors,*set of switches and some - form of 1evel shifting to adapt

”ﬂthe switch drives to the specified logrc 1evelsv CIw addition, the .

- device may contain output conditioning circuitry.‘ Since most A/D

- converters contain a D/A converter as a peference element, much of the
0 I

‘cincuit.is common’to both'devices.;3

* LA L
s . <
.

v

Similarly,'due to the sldéw conversion rate of the pulse width

5

o
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. " As in the case of microprocessors, A/D  converters are -
¥ 2 . d g
available in &idelx varying capabilities ‘and price. The resolution,

for example, varies from 8-bits to 18-bits. 1In the past, 10 and 12-

v

bit D/A converters were used.for position control, in recent years,
however, due to improvement in technology, the price of units has

dropped, and-it is now common to use l4-16 bit converters.

v

~ For the selection of‘ suitable D{A contertetsy several
'specific;tions, such as” resolution, l-monotsnicity, . operating
téqperature range,. an& contefsion time, etc., have to'be considered.
ﬁbwever,{ for clased loop serve appiicattons,‘ monoténicit; pf .the
convetter, .over(rthe compiete operating tempergture rangt is very
impéttant:‘ if the conve?tettis not monoténi;,lthe servo will
hunt/qhattep around the code ttat produces. the unqesitable ‘vottage
"drop. Fdrther,‘if the converter.is not @onotonic over the entire
rénge a étable syStem will ' become unstable, when a particuiat

temperature is reached.

I

The correspond;né?épecificatiqn for A/D converters&ié that of

’

"no missing codes’. 'As befqre, 'no missing codes' ‘for the selected

r

AfD converter must be guaranteed over the eritire temperature range.

A survey of some of the available D/A converters is _given in’

table 6.4, and that of A/D conyerteré in table 6.5. Only D/A

. converters with voltage7output have been cansidered.

-

Among the mo%els listed ,in table 6.4, serial numbers 3 to-8

.

and 10 have good monotonicity over the desired temperature range. 1f.
.the specification on the settllng'time is made more strlngent,_guch as.’

£ 10 microsernds, serial numbers ¥ to 5 and 10 will qualify. Model‘

~ oyt
— . . . . .

\...“ -
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.available for less’ than $50.00. . Examplés of suitable 12~bit “&/D

. o B 2/

>

number DAC 705/707 has the advantage of built‘in buffers, which are

convenient from mlcroprocesaor interfac1ng point of view, According

‘\\,

‘s
- >

for servd‘applicatione and have specified enhanced linearity around

the zero output p01nt../ , o . . ) (?*

ngh speed, high. resolutlon A/D converters have been listed 1n

-

table 6.5. Since for this applicatlon, the conversion speed is not.

very Erjtical,’the relatively(low speed, low cost, .industrial standard

" ABC 71/72 may be used. The unit price of ADG 71/72 is approximately

[3

$150.00. If the resolution of the converter can be sacrificed, a 12- .

bit A/D converter with coaversign rates’ of < 50 microseconds are

N
[

converters are ADC,674A (Burr-Brown)'and ADC 574A (Datel).

<

6.5 gsltion Feedback Sensor [9f]

Key elements in position control syscems are the motion

N\

transducers. For angular motion, these include rotatingvcomponengs

-

to manufacturers specifications, tpe model-DAC 711 has ‘been designed o

5ueh as synchros, resolyers and rotary shaft 'encoders, which are

mounted directly on the motcr shaft. As described in Chapter 3, motor

s
\ + )

shaft feedback is not adequate for accurate posxtion cbutrol because,

it does not reflect ‘arrors due to backlash in _gears, elasticity of the.

robot arm,‘etc. A review of position sensing elements for 'end point' '

‘¢

feedback was given in section 3 3. In-this_sectiqn,*we review only

Snaft encoding.systems‘listed above.’ oo

~ For industrial applications;, resolvers and synchroe-'(botﬁ

commonly referted to as synchros) are favoured because of their

. v
. . *
N . . . . . /‘
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~ -

' accuracy, ruggedness and reliability. Synchros produce a 'Y'

connected output, while resolvers produce independent sine and cosine

-

a.c« voltages, that'unambiguonsly define shaft angles. Using this

sensor requires a corresponding synchro-to-digital (3/D) converter on
the level 2 contro}ler. S/D converters are expensive, with prices

fanéing in the $300 to $500 range.

e
\

To obtain’ higher accuracy, a two speed resolver system has to

. ~

"be used. In.such systems 'coarse' resolver shaft turns with the motor

W

in a 1:1 ratjo; while a second 'fine' resolver geared to the first in

[ ) 4 ) '

* a .32:1 ratio., This requires an even more sophisticated two-speed

2

]“tesolver—tb—digital converter. - In spite of being an expeneive

approach, it is used in some Cincinnati~Milacron robot systems.

\
- ‘

Another approach is to use optical or magnetic shaft encoders

instead of synchros.’ Optical devices- are by far the most popular, but

~

’«

magnetic units have the advantage that they do not have light sources

" to decay or fail... They also provide better resistance to vibration

lana shock. These devices are. called 'incremental"ﬁositicn encoders
because they. give only relative position informatlon. Incremental

dev1ces produce two serial  pulse train outputs in quadrature

“4

facilitating direction sensing. Decoding on the controller is simpler

than for synchro systems and usually invplve only an up/down counter.

An advantage of using absolute encoders 1is that rezeroing is

Y

: nbt‘nécessary when power 1s restored after an interruption or when

excessive noise obliterates the digital shaft output. In the absolute
1

encoder aJ ‘exact correepondence exists between the shaft position and

e

the digital word, 'whigh 1s unique- to the position. When an
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incremental encoder is used, software in the level 2 processor has to.

keeé track of the actual position after a reset.

Regardless of whether an incremental or an absolute encoder is

used, an important factor from the safety point of view is the use of

[N

limit. switches. Tﬁey should' be wired such that the robot, is not

allowed to swing beyond its operaking envelope.

6.6 Software [88]

-

All digital computers operate under the context of ‘software’

or 'programs', Thé most important factor for developing a program is

the selection of an’appropyiate language. For real time applications

such as the adaptive, control of a'robot, there are two general
objectives. Firstly,  the code generdited should be efficient and
compact so that the required set “of instructions - can be executed
within the specified time interval. Secondly, progr;mming should be
.easy, @hich.fhpliés that the language should bermit wfiting of
programs in easily understandable terms.

Programming languages are classified in terms of ‘levels'.
The towest level refers to writing programs in the ‘machine code',
{.¢. the basic code in the form of binary numbers for the processor.
ThlS results in perhaps the most efficient program, from the point of
v;ew of compactness and execution t%mes. However, programming,complex
tasks in machine code is very difficulp an& time consuming.

At thé,ﬁex£ level, the program may be written in HEX Fogg.
Rex code simpl; refers tg”representing Ehe machiné code in groups of

\

4-bits rather than in binary. It suffers from essgntially the same

+ ©

-
-
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problems as writing in machine’ code. ‘Assembly language' is
considered és the next level. In this lamnguage various instructions
foF the microprocessor are represénted in the form of mnemonics
instead of numbers. Writing 1in this language requires the
';vai}ability of an 'assembler' softwafe for the processor uged, which’
tranglates the u;erlprogram from mnemonics to the machine code.
. Alghough it is much more convenient, assembly language programming
also réquires aa intimate knowledge of the architecture of the
processor. In the past assembly langu;ge,was the m&sc popular

language for programming a microprocessor‘— particularly for real time
applications. However, in the past 10 years, several ;fficient ‘high
level' languages ‘Bgve Been devélopéé for writing programs faf ﬁhe
microproéessor. A 'compiler' or an ‘iﬁterpreter', is requireé to
‘translate the 'high level' language program ;o the machine executéﬂle
code. Using high level language has the advantage that programﬁing is
easy and the programmer does not require as much khowledge of the
architecture of,t:é microprocessor . | b
A lafge number of such languages have been developed. Popular
languages are ADA, ALGOL, APL, BASIé; C, COBOL, CORAL, FORTH, FORTRAN,

MODULA, PASCAL, PL/M and RTL/2. ' .
. \i} " Some of the languages. listed Sbove are)c;mpared and results

/isuqmarized in table 6.6. ‘ , k

1t seems tﬂat from a futuristic point of view, ADA may be an
appropriate choice. ‘HOWeQer, qggpfesgnt:‘few compilers ara available

for software development in'AQA. Further, it seems that to make full

use of special features of ADA, a 32-bit processor is required. It is

;
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significant)to note that Intel is developing a 32-bit microprocessor,

S

L)

designed specifically with ADA in mind.

At present, of all the 'hjgh level' languages available for

the development of microprocessor softwaré, the PL/M pffefs maximum

3

, , .
benefit. This is especially true if Intel microprocessors like the

8096 are selected. ¢ .

6.7 Concluding Remarks

In this chapter we discussed somé of the basic issues invol;ed
in implementing the adéptive Foﬁ;roller described in.Chapéer 5. The
first aSpeEt is to decide the structure of‘the controller. Due to
several advgntages, such as modularity and easy expandability, a two
level, hirearchial control structure is cgosen.

The second aspect discussed is the identification and

selection of various components required for both levels of-the

controller. There . are basically four critical components in the

system ~ microprocessors, A/D and D/A converters, position feedback

sensor and the programming language for.the microprocessors. .

.

Selection of the microprocessors is complicated because of the

availability of about 60 processors with widely varying specifications

and capabilities. However, because the numerical precision required

is of at least'lb—bits, the number of microprocessors to choose from

was reduced to sixteen. - From a comparative study of these (sixteen)
midroproceséors, the Intel 8096 was seen to be a suitable one. i

A similar approach was. used for the selection of the A/D and

D/A converter: Salient fegtures of 10 D/A converters are listed in

\ { .

s
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table 6.4‘and those for 11 A/D cényerters in table 6.5, A review of
four types of shaft gncoders’is élso'included. It is shown that while
absolute position encoders .such as 'the‘ 2-speed resol@er are more
accurate, incrementai position encoders are most cost efféctive.

. Until a.few years égo; programming a migroprocessor required a
through~ knowledge of its afchifeéture. Programs were usually written
in the asggmbly language which is difficult to learn and is also time
consuming. ’Recencly, several h&gh level languages‘are available which

+

offer advantiges of easy programming and also result in efficient code.

for real time applicaéions. A review of some of the popular languages

show that the PL/M is most suitable.

1 : -



CHAPTER 7

CONCLUSION AND RECOMMENDATIONS

7.1 ° Conclusion
As a result of technological advances, many iﬁﬁustrial

processes have become automated im the.past two deéades. &ore‘
reéehtly, automation has been in the form of robots. Initially, the
distingufshing features of r;botic systems, which set tﬁem apart from
existing automated machines were their‘;ersatility and.flexibilﬁty.
They were ;ieveloped more in the form of programmed adtoﬁation, and
were unable ko react to changes in edv{ronment. In the past few
yéars, emphasis has been on the debelopmeqt of 'interactive' robots,

which can apprehend and® react to changes in its environment. As 4

consequence, more  complex and sophisticatea .control systems are

required to control the robot.. 3
, In the analysis of robotic control syste there are three
main’ problems. ] -~

The first is that‘of coordinate transformation. The position

of the tool held by the robot gripper. is usually specified in'terms of
its position and orientation in the carfesian coordinate system. The

control system is required to transform this vector of coordinates to

I'e .

a vector in the jdint coordinate space. This problem is well studied |

and is solved by 'inverse'. transformation.

o~
181°
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The second problem is that of the dynamic control of the

s

robot. This involves generation o§ appropriate signals ‘to drive each

.

joint such that the. tool can be moved from the present position to the

desired one. . : - .

J

The third issue is that of process control. This involves
"controlling all process related'parameters. For example, in the’case

of arc weldfng, this would involve controlling the voltage, feed rate

: . i o . s \ S\
. of the electrodé, and control of the shielding gas, etc. o/

*

¥
A

e

The . second probiem, that of éositidn control of the robot is

addressed in this thesis. . ‘

» (4

]

It is shown in Chapter 3 that due to the influence of several

factors sgch-as the inertia of the.arm, elas;icitx‘of‘limbs,_etg., a

conventiﬁhal'positi;n control sy;tem'utifizipé feedback from the motor

shaft is ingdequate. 1t is essential tonuse feedback ffom‘the actual’
‘position‘of‘the tool. A sc&emé utilizing such a feedpgck in an

additional loop'w§s implemented on the’ arc yelding roBoEi ance the ‘
. primary inﬁenfion was to tpack a seam deliberately placed atf an angle‘
Eo‘ the programmed patﬁ;. a proximity .probe daéﬂ used to detect the
deviation. This ;ignal was transmitted to the control computer in the
outer loop which generated an error signal fér.thé actuato?o .

However, foi:a general positiqn contrpl proplem, sevg:al other -
methods were reviéwed, from which it is ‘evident that the dynamic
control of the robot .arm could be improved by usiﬂg advanced.control
‘metgods such- as adaptive ,}echnfques,' Since adaptive control,
techniques require an accurate Parametric ‘model ;f Fhe robot arm,

" .,

" various methods for modeling a robot were reviewed. It .is eviden§ .
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from the literature surveyed, that the dynamics of the robot are
AN . ) e ’

commonly modelled using laws of classical (Newtonian) mechanics.

-

An accurate model, based on this ‘Approach reqhires the

knowledge ®Hf the internal-structure of the pbbotk masses of various

°

"links, frictional: forces, characteristics of' the actuator, etc. This

results in a complex set of equatibns which are difficult‘to implement

on microprocessors  for use in real time control. It may also be

*
AN ‘.

‘obéerveq that due to §ravitational loading, the model of the robot

\ -

changes significantly- as a function of the orientation of .various

links and the load carried by the.robot. These models are often

simplified ‘by assuming linearity and - neglecting coupled terms.

However, models are still quite complex for redl time implementatioé ;

and often all actuafbr and mechanicai( characteristics have to’ be

°

exﬁerimentally meaéured_ since they are not available from the.

manufacturer of the robét. -

‘In this'thesig,‘we Hescribe‘a differe&t aﬁproach Eo modelling
. ‘ . o . ©T ) }
the robot, which does not require the knowledge of the system and its .

‘constituents. 1In this method, the robot is treated as a black box and

a -model 1is derived from experimental observatigns. This form of
modeling systemé{ié well established and is refer;ed‘ﬁo in the
iiteratufe as ' 'system identificapion" ‘

In system ideptification approache?, a ‘persistently exciting'’
signal; such és.fhe-pgeudo random binaryhéequence (PRBS) is appliéd to

the system. A model is derived from the samples of this input and the

co}responding output sigﬁal.' Since in'practiée, it méy not be.

possible to apély 'persistantly exciting' {nputs like the PRBS to the
. . ¢ :
, e .
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robot, oné has to use simple inputs like the step signal for
excigatidh. -Due to ‘this rest;ictipn;-it is not possible to use'

conve?tional_sySCem identification techniqiies to determine the model.

( . ‘..'In this ‘éhesis, we describe a rﬁethod_°for j_den‘t_i_fying‘, the robot

N . hY . ’
from sahplgs of its step response, The method is general, and has

]

been”xgested for a number o¢f glmulated systems of different

.

complexities and orders. A discrete-time model is obtained in two

Q\gﬁegf. First, a continuous=time model is'dgrived from the sampLes of

v

input-output .data. This model is then converted to a discrete~time :

‘e

-+ model, which- is used for adaptive control. Vario&s ‘aspects of

‘modeling * the robot, such as data acquisitfoag structural

. identification,. parameter e?ximation and. model verification are
. R . . ‘

described in detail in Chapter 4. Results of modeling the axis with

-

the lowest damping are given. * It 1is seen that a third order model

with a complex pair of poles represents'thé measured data quite

.

"~ agcurately. As mentioned edrlier, this scheme does. not require ‘the

knowledge of the internal subsystem .of the robot and it also accounts

* ’

for the~actd§tor and arm dynamics. L

e . [y . ..
43 An equivalenf. discrete time model 4s given in Chapter 5. A

review of various 5dépt1ve control methods show that the gain

scheduling method has the fastest response This is due to the fact

that controller parameters for a variety of situations- are
~ ' , ,

« £ Y "
pygcalculated and stored. However, the di'advantage of its being an

. ) .
open loop method makes it unsuitable for robotic applications.

Since the modél of the robot atm is non-minimal phase, the
.’ . '
pole-placement self ' tuning type ,of adaptive coatroller is most

I

€

-
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’trénsfoymation and controlling process rela

. >

-

suitaplef Cﬁapter 5 gives details pf theldesign, testing and
. . ’ ,
performance of the regulator for the robot arm. There are two
IS : .

5,
»

A . - . ’
cénfigurations’ commonly used for the regulator. It 1s shown that for

8 LY ¢ BN .
pole-placement self tuning operation; both representations are quite.

similar in perfdrmance, though due to differencest in the design

procedure, numerical values for the controller parameters are

different. Extensive simulation tests were done to'verify the,

-
Y

performance of the self. tuning regulator, for varfations due to

.
L]

sampling interval and changes in the' robot dynamics. Further tests
were done to verify the robustness and adaptivity of the regulator.
\ ’ ‘

Adaptivity was eheckedbby monitoring the regulated output while t

1

robot dynmamics were changed abruptly. It is demonstrated that the

raté of adaptation 1is  ~ significantly. improved by simple Dbinary
switching of the ' weigh;iﬂg factor' and elements of the COVaria;ce
matrrix uggd' for"og—liné identification. Ngyenical robustness 1s
ve\?fied)by studying the effect of xruncating controller parameters,
on the pgrfo'miAcg'of'ﬁhe self cuhing regulator. |

Finally, guidelines-are given for the choice of the controller

structure

he ‘selection of components for 1implementing the
a ) . v
regulator. ‘
@ -

A two [Tevel heiraréiiiig recommended for the implementation of
the .designed sgelf tuéing reguiator. It i3 suggested that the higher
level ‘contr

ler "be .used for ' operator communication, coor¥inate

Fheters. The "lower
level controller (one for each axis) may bk used for dynamic position

control, A comprebzgggve QQrvex of severgl microprocessors, analog to
S :

!

185
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. PR f‘- . ‘%{, B °.Vu .
(A/D), digital to anélog (D/A) converﬁ&rs and computer

4. f-"

w"

?rogtamming languages 1is. included, and suggestioﬁgﬁ‘regardlng their

Y)v‘«'; ; M . {“4 .A‘ .
@@Q&ne BN given. e K : . RN i

o> '-lt\. 4 * .

priorl inﬁprmﬁ%ion apout the structure and, itq conscituent subsystems

|
RN 4 - }
® v - - s < v,

LI . “ OB ‘o .3 . o &,

is requ1red and it is possible to use simple signals like the step

input for system excitation, This method was applied to model a robot

and the model was used- for the design of an explicit pole%plaéement'

) type of self tuning regula;of. -Extensive simulétiéns . show

satisfactory performancé of the regulaFBr for abruﬁt changes in the
system dynamics. ’ The ' adéptatién fatg is ,shown to improve
significantly by simple manipulation. of the forgetfing factor and
covariance matrix during 1dencification. . Sevefal implemgntgtion

K

aspects such as . the structure of the controller, selection of

~
.

A microprocessors, A/D, D/A converters and programming languages/ are
discussed. . e '
7.2 Suggestions for Further Research

l. Té;/ﬂésign of the self tuning regulator presented assumes that the
structure (order) of the model of the robot arm 1s fixed, and only

iFs parameters change due to orientation. of 1links and loading

effegcts. Further investigatioﬁ is needed to verify this. 1f

°

. investigations {ndicate different modél strictures ta be more
e appropriate, the design of 'the regulator has to be modified to

& ) . account for a varying model sqructure;

>

In summaxy,,this thesis describes a new method for modeling aﬂ

e ' oe .
f~iq§§striab rdbd&‘ The main features of this m&thoduaﬁe that no a-

%
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o

Further research is required to develop accurate models which
include the effect of coupling between joints. and yet be suitable

for real time implementation. ) .
<
?

Although accurate real data was used for modelihg the robot, the

performance of the self tuning regulator. was verified' by

.

“

simulation. Design details and recommendations on the control

structure and - component selection given in this thesis- should be
1

used for experimental verification of the performance of the

regulator.

Since it 1is ‘apparent that in future several robots will be
operating simultaneously, further- work 1is necessary for the
development of a hierarchal controller for multi-robot systems.
Suchcontrollers will be required for coordinated operation and

also for iptelligent robot-~power management, particularly in case

of failure of some rdébots. R

Investigation and ‘development of higher level control systems for

L4

intelligent robots = using artificial intelligence 193—95]

concepts.
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