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w  ABSTRACT
v’

. ' . - i LT
A Computer-aided Methodology for the Calibration of
Industrial Robots.Employing Optical Metrology

- ol

Ramesh Rajagopalan

. )
Repeatability and accuracy of robots are two important factors

when the robots are considered for a specific application. Robots can
be controlled using on-line and off-line program;ning techniques. For
off-line applications, accuracy is more. important than repeatability.
Hence, a calibration technique is essential to improve the ac;:uracy‘ of
robots. However in ﬁhe case of on-line applicationé using teach ‘mode
programming, repeatability i’sb more im'portantqthan aécuracj" gnd hence

e

‘. calibration is not mandatory.‘

»

The errors in robots are attributed to errors resulting from
manufacturing, assembling, servo-?ositioning, and designing errors. The
ef?egt of some of these errors mostly appear at the joint end instead of
at the actuator end. Hence it is necessary to measure these errors and

b

provide compensation to improve accuracy.

It has been emphasized in this thesis that the experimental
technique itself introduce additional errors.referred to as the estimation
errors in this thesis onto the computed robot errors. Error analysis is

included to evaluate these errors. This analysis indicates the confidence
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level that can bﬁﬁ@ced on the evaluated robot errdrs. The resulting
J
tool locabiof errors should be within the repeatability of the robot itself.

Hence it is imperative to minimize the estimation -errors. .

It has been observed here that by changing the geometrical
parameters of “the experi?eﬁtal setup, the estimation error can be

controlled. .A" mathematitg]. search technique is used to establish an

4appropriaté experimental setup: consisting of the robot, calibration

instruments, -and a reference tool that will result in minimum estimation

errors. Experiments are performed using the Puma 560 robot .to test-

the suitability of the methodology for industrial robots.’
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The performance specifications ' of roﬁots, particularly repeatability
and accﬁracy are important factors while considering robots for .a specific
application. An example for the effect of -errors on accuracy for the
Puma 600 robot presented by Mooring [13] shows that a joint
misalignment of 1 deg in the XY plane of joint 2 produces a maximun.
tool position error of 1.28 inches.  For apphcatlons usmg off-line
programming, this amount of error in the tool position is unacceptable
and therefore; accuracy is important in these cases in addi.tion‘ to
repeatability. On ‘the otherhand, if the roBots are programmed op-line
using the teach mode, repeatability may be more important th,an

accuracy. This is because, the ability of the robot to reach the

i destination is jndependent of the errors in the robot._

y  J r‘
1.2 Problem Definition

@

Since the joint encoders are normally mounted at the actuatgrs

‘end instead of at the joint end, the effect of transmlsswn errorg (gear

transmxsslon errors and cross coupling effects) w1ll not be sensed by the

controller. Hence any error in the transmissidh ‘will show up as a

location" error at -the tool tip. The mathematical models used Gby some

[4

*Position and Orientat.ioﬁ



controllers assumes that there are no errors in the robot elements.

Moreover, the ‘mechanical elements of all robots undergo wear and tear

as time goes on, and thus leading to” changes in accuracy and
repeatability. Manufacture of robots with meghanical elemegls that ar¢
wear resistant and pret;ision machined to achieve higher accuracy in to
location increases the cest of robots and hence limits their wuse -in

industrial applications. . —

Con;sidering all these factors, it is imperative to design a
cali\bratjon technique that can measure the magnitude of all the errors
arfd‘ provide a comp;nsation strategy to precisely position and orient the

i tool at the desired location at all times. Such techniques should be
‘ easy to use and tWﬁng cost should be lower than the cost of
high precision robots. In addition to these factors, it has been observed

that * important consideration has to' be placed on the experimental

technique itself. It has been observed that the geometrical factqrs of

“the experim;.ntal technique plays ilixpoftant role while consider& a

technique for implemengation.‘ "These factors iptroduce additional erro¥

. onto the measured robot .errors. A calibration technique, should
therefore include an analysis to estimate this error. A strategy should

be included to ﬁinimize this error. This is the main contribution made

by this th;esis. The author has stropg belief that most of the research

+ work proposed by others have sgnored this fact.

1.3 . Classification of Robot Configurations

Some of the factors used to classify the robots are :(t.he number

of degrees of freedom, the type of joint configuration i.e., épherical,




_J.,_. 1 ‘ ﬁ + N
revolute, prismatic, and the type of function it performs. For
calib}ation, the first two factors are of utmost: importance as “the
experimental setup needs modification depending upon the join_t
configuration and the number of link parameters to be estimated varies’
with the degrees of freedom the robot has.' Robots' in general have two
major /components namely.,ﬂ the arm and the wrist. The arm is nqrmgl/ly
provided with three degrees of freedom and the. wrist is pravided with
anywhere -from 1 to 3 degrees of freedom. * The degrees of freedom of
; 'the arm is used to position the tool and that of the wrist is to 'orient
the tool at the desired locatjon. In the followiag discussions the various

arm and ‘wrist structures in use are presented.: %,

Arm Structures

~

As mentioned above the joint configuration of the arm may be
revolute, or prismatic, and or combinations of these. Spherical, joints
are’ not commonly used, exception being the Unimate 2000 robot. Since
there are three joints, and two typg? of commonly used joint
éonﬁgdrations, there can be 23 i.e.,, 8 combinations are possible with
revolute or prismatic jointsb. Here the notation R refers to the Revolute
joint whereas P refc;rs to ‘the Prismatic joint~ The 8 possible arm
structures are RRR or Rs, PRR or PR2, RRP; or R2P,_ PRP, RPP or
RP2, PPP or Ps, RPR, PPR or P’R.™ The various arm structureé are
“shown in fig.1.1. |
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> Wrist Structures

Mostly the wrist joints. are fotary in natite. There are three
-possible rotations of the wrist about the three mutually perpenduular
. Hixxes. In the case of Spherical Wrist, the three axes intersect at one
pomt referred. as the Wrist poxnt This wrist structure is preferable for
the followmg reasons: > | '

R \ . ﬂ _ .

{o . it allows the tool to be oriented without any need for furt“.buz}

g

° qﬁ'anslation

—

. the robot becomes easily resolvabie compared to other wrist

. structures. A ,

J 4

s 0

In some designs of the wrist, the three axes of rotations are normal and
. intersect two by two and the three axes of rotations ‘are normal and do
no} intersect at all as in fig.l.2.“ .

/

Sources of Errors . .

L3

The errors- in tool position apd orientation are due to
manufacturing errors’, assembling errors, - servo positioning errors, and
design errors. The overall taol position and orientation error is the
machine error. Some of the gources of manufacturing and asz;embling'

errors are : @

1. Deviations in the Denawit-Hartenberg parameters of the links
. from their design values.

- 2. «~Type of transmission system ' used.

3. Backlash due to gears.



4. * Bearing Wobble.

the sources of design errors are : —

v 1. Joint Compliance.

Link Compliance.

Thermal effects.
Codltroller designf*

8. Resolution of the joint encoders.

<
-

2
3. Cross coupling effects. -
4
5

the following discussions presents 3 brief description of these errors.

f)enawlt-Hartenberg Parameters _ .

The, Denawit-Hartenberg parameters of the robots_-are, joint j
orientalion with respect to joint (j-1) and link lengtg
distances, where j =1,...N, and N be the number of degrees of freedom

associéted with the robot under conside;ation:

-

Joint Orlentatl'on and Misalignments

L}

»

. 1~ a . .
Joint orientation is defined as the orientation of the joint axis
with respect to a ‘reference coordinate frame. The reference coordinate

frame may be the world coordinate frame of the robot, "or the

gmrdinate‘ frame of the previous link or an external coordinate frame '

" defined by the user. In: this thesis, it refers to an external reference
. frame R.. Joint misalignment is defined as the deviation of the actual
joint orient.at‘.‘i\?n from the designed value. The conventional kinematic

analysis of robots assumes that the axis of rotation of the joints or

links to be either parallel or perpendicular to ~each other. The

$ o

‘and offset

j\ D -
o s

¢
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kinematic analysis based on such assumptions will give erroneous results
if there are misalignments in the joints.

~

Link Lengths and offset distanceﬁ ,' g

th : .
The length 3; for the j joint'is defined as the common normal

! (3 ! th ' ‘b !
distance between the axes of rotation of the j andethe (j+1) joints.
th . . y .
The distance d.i for the j joint is defined as the distance between tLhe

!

common normals of the (j-l)‘h and the jth joints. .Th‘ese relationships
can_be seen in fig.3.3. These lengths and the distanébs form a basis o
establish a relationship between the location of an object in the world
coordinate frame of the robot with respect to the tool coordinate frame.
Due to manufacturing and assembling dlfﬁcultles the actual magnitudes

of 3, and d may deviate slightly from the. desngn values

Transmission Errors -

~

Transmission error (TE) is an extension of position error in gears
which ‘is defined as the deviation of an} portion of the gear’s tooth
profile from the true position it should have. The TE js the total error

of meshed gears and the error resulti/ng from the installations. The

transmission error may be due to some or .all of the following

-

manufacturing and assembling difficulties: eccentricit'} (pitcl; line runout),
side wobble (lateral runout), profile error, profile-spacing error, tooth
thickness error, of some or all of the gears involved in the\a?iye unit,
installation errors attributed to compliance of the drive Qﬁ%ff coupling

and so on. -, 3



Joint Compliance

24
~

‘Joint compliunce is' associated with the stiffness of the joint.
The joint stiffness in turn is dictated by the stiffness of the components

of the joint. A joint may consists of some or all of the following

L4

components :' actuators, -gears, transmission shafts, and couplings. Due °

to the self weight of the links themselves and external loads, the joint

may rotate from its curfent position. This is due to a number of
' )

causes, some of which are listed below :

.

e Due to clearance between gear tooth in mesh.
¢ Play in the couplings. - .

- o Holding torque of -the actuator is less than the twisting

|

"moment due to gravity loading.

Q

' Link Compllancé ’ A

o

Link cognbliance ‘is attributed to stiffness of links. A link under

an external load behaves like a cantilever beam. Hence the.

mathematical models to evalu}ate the hnk stiffness can be derived

T &

directly usnng the moment equatlon)E I.i -—-—: ’Mj, where E.i < modulus
/ dX
i

of elasticity of the link matenal Ij - the link inertia, MJ is the twisting

4
[

moment due to a load of F applied at a distance L from the joint

dY

center and —/— is a measure of the curvature of the beam. ,4%

2
-4
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- Cross Coupling Effects _ o

4

The wrist joints of some of the maynipulators with no direct drive
systems are mechanically coupled and l;ex}ce "_cross coupling effects are
" present in them. Due to this, when one of them moves, either the
follov?ing joints or the actuators of those joints‘a]so moves. If the
- torque requiréd to rotate the joint is greater than ‘that for the actuator,

the actuator moves; otherwise the joint moves. At higher joint speeds

"+ it is difficult to predict whether the joint or the actuator or both

rotates. The joint actuators of these joints are not ‘f;rovided with loc)(‘s._
to hold the joint in position. 'Irhis is to ;avoidf the coupling effect
getting transferred t‘ﬂ the joint ixoxstead of to the actuator. In the case
of robots where the joint encoders are mounted at the actuator end,
since the encodprs rotates with tnhe agtuator the correction can be
implemented in the software for the control loop of that joint directly.

‘ . th
Hence it is necessary to determine the correction factor N for the k -

- h i .
joint due to j joint and the correction to be added to the joint

encoder reading of that joint is given by 0j T

1

Backlash o

‘Backlash can be observed in robots using geared .drives.’
Backlash is the total lost motion for a geared pair or train caused by
all.contributions,‘ such as thinned teeth; enlarged center distance, runouts
of .ro;.ating parts, etc. Hence backlash can be defined as the amount by
which tooth space exceeds the thickness of the ‘engaging tooth, or for a
gear train, the amount of motion a meshed gear has when its mate is

held fixed. Lost motion includes deflection, bearing looseness, etc.
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~

Manufacturing tolerances on gear dimensions, shaft center location,
bearing dimensions etc., results in unavoidable backlash. The sources of
backlash can be grouped under two main classes namely, the constant

backlash sources and the variable backlash sources.

1.6 Layout of the Thesis

The method described in this thesis was developed at the Center
for Industrial Control (CIC) of the Concordia University. This method
can be used to calibrate robots of any type of joint configuration. The -
author has limited ‘ to identifying the Denavit-Hartenberg kineniatic\
parameters and some of the five major sources of errors: transmission

errors, . joint compliance, link compliance, and cross coupling effects.

The method described here is similar to those described in
references 11, 17, 18, and 19. In brief, the setup is as shown in-fig.1.5.
Figure 1.4 .presents an outline' of the methodologjﬂr. Two theodolites are

positioned at dppropriate distance from the robot and between

.themselves. The robot carries a tool with target points for the optical

measurements. Depending on the type' of error that 1is being

investigated, one need to use one or more targets poinis. Having

realised the need to develop a calibration method that includes the

above mentioned analysis, the author has proposed a calibration

‘technique that adds new dimension to industrial robot calibration

9
problem. This technique is at variance from the others in two aspects:
there are two analysis called error analysis, and the computer rums for

design of experiments are included here. The former estimates the

confidence level whereas the latter is to identify the geometrical factors

*
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that results in minimum error on the measured robot errors.

"The matﬁématical models of the exp/erimental se.tup required to
favalua.te the above mentioned errors and parameters are presented here.
This calibration methodology measures the errors associated with the tool
orienting axes in addition to those from the tool positioning axes. Two
theodolites are used as the measuring instruments. Figure 1.5 shows the
experimental setup consisting of the theodolites, the reference tool and

. the Puma 560 robot. The research presented here consists of the

following 27nalysis:

/
“ e  The various possible sources of errors are identified.

e  Mathematical model of the experimental setups_ required to
evdh.late some of these errors are developea.

o  Error .analysis is perfoFmed tg the mathematical models to
estimate " the effect of additional errors introduced by - the

v geometrical factors of\\the experimental setup on the measured
v;alu: of the errors of the robot itself.

e By appropriately selecting the geometrical factors, it is possible
to reduce the estimation errors introduced by them. Computer
simulationsl are performed using the mathematical models and
the error analysis to identify those factors.

«o - Experiments are conducted using the Puma 560 robot to test

the suitability of this techmique for industrial' robots.

0



1.6 Summary

Itawcan be realised from the discugsions, that repeatability and
accuracy are importa;lt factors, when the robots are considered for a
specific  application. For off-line programming applications, the
caiibration of robots ‘is \essential to improve accuracy of robots in
positioning and orienting' the tool at the désired location. On the;\other
hand, for on-line progra&nming applications, since repeatability is more
impgstant than accuracy, calibration plays little or no role at all. A
calibration procedure is essential not only to improve the accuracy of |
les; accurate robot but also to estimate and compensate for the loss of

accuracy due to wear and tear of the mechanical components of the
robot with tipe.

The errors in positioning the tool at the desired location are
'attriblllted to errors resulting from manufacturing, assembling, servo
- positioning, and designing errors. Some of the error sources common to
most of the robots are; deviations in tﬁe link parameters from their
design v-alul*,s, transmission errors, Joint compliance, link compliance, gear
backlash, -and cross coupling effect;s. In the case of robots with
non-direct drive systems, since the joint encoders are normally mounted
at the actuator end rather than at the joint end, the joint errors will
nogmensed by the robot controller. Due to this effect, there will be

difference” Between the actual and the desired tool location.

<

A calibration technique should be reliable, easy to wuse” and
cheaper to operate. Hence, the selection of appropriate instruments and

the procedure is very important. Also, the calibration experiments are

—
r
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.subjected to expérimental errors. This is contributed by repeatability

and the resolution of the instrument used, and human errors. Hence,
an error analysisl is necessary to evaluate these errors. This aqalysis
gives us the confidence level that can be placed on the estimated robot
errors. This experimental error results in another error referred to as
estimation error in this -thesis. It should be noted here that the
restﬂting tool location error due to this error should be less than the
repeatability of the robot itself. This error can be reduced in two
ways. One is .to select instruments with better resolution and/or
repeatability, this leads to expensive experimental setup. ’ Alternatively
one can mathematically search for an appropriate set of experimental
parameters that will result in minimum estimation error. This process is’
referred to as the design' of experiments in this thesis. Some of the
experimental paraﬁeters are ; the coordinates of the reference point on
the. tool with respect to a reference frame, the distance between the
instruments which is used as the reference distance, and the location of
the world coordinate frame of the robot. The author has strong belief
that it is possible to reduce the estimation error by the appropriate

choice of the ekperimental parameters. This is demonstrated in the

following chapters.



;
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CHAPTER 2

SURVEY AND SCOPE-OF THE THESIS

2.1 Introduction

On-line and off-line calibration techniques can be used to

calibrate robots. In an on-line technique, the tool location is measured

in- real time and the deviations in tool location from the desjred value is .

calculated. Some of . the equipment used in the off-line calibration

techniques are: surveying ihstruments[8,19,20,23], laser equipment and

camera vision equipment. Using laser equipment, very high measurement

.accuracy of the order of few fractions of a .um can be achieved.

Automated calibration can be effected using laser and camera equipment.

Surveying instrument theodolites are easy to use, can give measurement

accuracy of 0.lmm over a distance of «3m depending upon the

- micrometer resolution, uses man power for focussing and reading the

micrometer vernier and are relatively inexpensive too. In the case of

on-line calibration systems, the real time computation of errors increases
v )

the controller computation time and the instrument themselves need

frequent calibration to maintain accuracy, and are expensive too.

- 2.2 Present State of the Art

Anderson(7] presents on-line calibration technique which employs
laser interferometry ackieving a measurement accuracy of 0.03um (RMS)
over a distance of 10m. Scheffer8] discusses the -calibration problem

from a. philosophical point of view and does not provide a mathematical

s
Y
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model of the experimental' technique for . calibration. ’Fc;hanno[IO]
describes an experiment#l &hnique to assess the 'perfo'rmance of
industrial robots. A reference cube and six sensors are used %o
determine the position and orientation of the tool. “Accuracy of this
method largely relies on ‘the sensor sensitivity. The geometi'icél factors
of the experimental ‘setup; size of the reference cube, and the robot arm

configurations aff?x{% the validity of the results obtained by this métilod.

~ The author did not include an ‘analysis to estimate the error. introduced

. by these factors on the measured tool location.

» a .
The parameter estimation algorithm -presented by Mooring[13,21],

LT ¢
_ evaluates the relative position and orientation of the axis of rotation of

each joint witﬁll respeét' to a reference surface m:}chined on the robot
base. The measured positions of three non-collinear points marked on
the tool are used for this purpose. This algorithm assumes the
availability of an instrumented work space that ¢3n measure accurat_ely
the position of the points on t}]e tool. The géometrical factors of the
experimentwup: the relative location of the three points chosen on
the tool, instrument accuracy and the -choice of robot tool location with
respect to the refere‘nceisurfa'ce and the measuring instrument  have an
effect on the mgasured quantities. Mooring in-cluded neither a discussion®

nor analysis for the same.

—

Furuya and Makino[16] developed twa techniques (three and four
point) to determine the dimensions of two linked Scara type robots.
Accuracy of the est;imated“ﬁink lengths depends on the resolution of the
digitizer used and is within +0.1 mm. This is close to the repeatability
of some of the robots available " today. The above aut:hors ,have‘

R

§

-y -
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determined. the effect of geometrical‘factors of the éxperimental Qetuﬁ on
the measured link lengths from their experimental results. This could
have been estimated off-line, using the mathematical model of the
experimental setup, “error analysis and computer simulations, without

performing the experiments. ~

4

Lozinski[19) - and Whitney et al.[20], described an optical

calibration technique to estimate the link lengths, offset distances and to
‘devel?p 'the error model for the tool positioning axes. The’y identified
the various possible errors and proposed a methodology to measureq some
of them. Since this method uses a ’point tool, it can not be used to
calibrate the tool orientation. Tool orientation is important for
applica';.ions employing extended tools. As mentioned before, in this case
also the geométrical factors of the experimental setl’i;'ﬁ influences the
validity of the results obtained from experiment’;,./ The eril;or aﬁz;lysis
provided by the authors is valid ohl}" - for simple xtr‘igonometric
relationship between the position of a poiht’in space and tgg theodolite
angles and does not take into account the contributions made by other

geometrical factors.

[N

Langmoen et al.[22] groﬁosed a statistical method to determine

tool position errors and repeatability of manipulators; The anal}gis are

" useful to design precise robots as it relates the joint error with the tool

location cerror. . The method described by the authon;_ to estimate the

tool orientation is exattly similar to the one described by Fohanno|10]

and hence has the same limitations. Lau and Hocken|23] provided

categorized information concerning the type of errors in robots and the

various techniques used to measure them. ~This is basically a literature

“ ~
v

2]

3
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survey to establish standa;ds for robot metrology;ﬁ Wu and Lee[28] °
. described a modified kinematic model that accounts for errors in the
| kinematic pérame.t.em of robots, errors in the actual link lengths and
offset distagges and joint misalignments. A statistical approach is used
to estimate the robot accuracy. A newly marketed robol check system . .
consistingms, two TV camera;s, a central ﬁrocessin.g unit and
advanced. software has been reported by Stauffer[27]. According to this
report, this system can be used to Ineasure repeatability, accuracy and

trajec_torys”under/&namic conditions. "

Kirchner et al.[28] uses a perturbation approach. The position of
a point on the.tool at four different locations in space is used to
estimate the\ link lengths, offset distances and t'.he joint misalignm;nts.
The four locations of the calibration point will have an effect on the
measured quantities. Although the authors were aware “of it, they did
not include an an";lysis to evaluate them. Benhabib et al.[30] proposes
3 petilodplogy to relaté the allowable joint errors to the given amount
<_>f errors in the tool location. This, method will be wuseful to
manufacture accurate robots. Dagalakis and Myers{31] describes a
technique for gear adjustment using the joint velocity and position
in;'ormat.ion to reduce transmission errors; gear bagklash, binding in gears
vetc.” This technique is simple to use and yields better results compared
to conventional msnual gear adjustment prdcedures, but does not provide
any informati.on on the -aennitivit.-y'.of backlash present -with loose gear

3
adjustment. L
-~

It can be realised frc;m the literature survey that the various

»

approaches for calibrition recommended by the researchers can be
. . P
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under 3 major grouf); :

Use of an instrumented- work space comsisting of high precision
machined fixtures, tools, etc.t This approach is recommended J
by Mooring(13,21), Lau. and Hocken[23], Warnecke and
Schraft[11], and Grossman ;‘and Taylor[l:i]. These regearchers
discussed only tﬁe possibility of using‘ this ‘approaéh but did
not include ény experimental‘results. This method requi_rcs'
expensive high precision fixtures. This approach is slow, and

expensive.

Use of a simple work space comsisting of optical instruments

such as the theodolites and target points. In this approach,

. the joints are<calibrated individually and the joint errors such

—

as the transmission errors, joint compliance, link compliance,
‘backlash, and the cross coupling effec] “are evaluated. ‘This
approach is recommended by Lozinski[19] and Whitncy,\ct
al.[20], Furuya and Makino[IB], and Stauffer[27]. Using thi\s\‘
approach, L;zinski[igl and Whitney et al.[20] evaluated some-of
the errors associated with the Puma 560 robot and Furuya and
Makino[lé] estimated link lengths c;f the two linked Scara
robot. Stauffer[27] has reported the use of theodolites as the
instrument for calibration at the National Bureat; of Standards,
U.S.A. Though this method is laborious and requires extensive

man power, it is easy to operate, and less expensive.
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3. The third approach aisd uses optical instruments. However
instea& of calibrating the joints individually‘ it uses a
mathematical search technique to evaluate the joint error;, and
’, the link parameters from the measured, tool positions. & This
approach is recommended by Wu and ‘Lee[26], Kirchner et
al.[28], Hsu and Everett[29], Chao and Yang[32]. This method
involves a 'procéés of evaluating as many as 45 parameters
. _using iterative techniques.  The system of equation is
| pon-linear and more than omne solution s ssible.  This
approach seems to be the simplest of all th 'approaches

discussed above.

{

2.3 Scope of the Thesis

From the literature survey, it is clear that most of the

ey NI @ researchers have neither discussed nor analysed the, effect of geométricél
factors of thé experi’mentgl setup on the measured errors and parameters.

They did not co_nsideredkthe importance of designing the experiments to

justify the selection of various geometrical:- factors of the experimental .

setups. Since calibration experimc;ntg. are subjected to instrumentation

errors, it is imperative to include an analysis to estimate the confidence

level that can . be placgd on the. measured errors and parameters. This

is the main objective of this thesis. -

It should be noted that the following geometric dimensions.
contribute more or less to estimation errors ; namely, the distances L,
X, Y, and Z and the offset angles /) and Ty Hence the importance of .«

determining the optimal set of values for these parameters before

& ‘
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proceding with experimentation. Furthurmore, it is proposed in this
method to analytically evaluate the dimensions X, Y and Z frém a
predetermined values of L, ;71 and Ty Consequently, it is necessary io
-have a pre-calibration setup (fig.4.1.a.) to accurately evaluate L, e and
Ty by means pf reference lengths R and T which alone need to be

accurately measured.

-

2.4 Summary

Robots can be calibrated using onvline 'and off-line calibration
techniques. An on-line calibration technique normally uses laser
eguipment, and computer vision equipment as the instruments for
calibration. An on-line technique is mostly automated and requires less
manpower. The equipment used for calibration needs Jfreque'nt
calibration to maintain the level of accurgéy that can be achieved. The
calibration process is expensive and the time taken by the robot
controller for on-line comput'ations is increased due to on-line calculation
of errors. On the other hand, thé off-line technique is less expensive
since the errors are computed off-line using a calibration station at the

sight of robot manufacturing. It also does not affect the time taken by

the controller for real time computations.

In this thesis, two major sectior;s are included, namely: the error
analysis, and the design, of experiments to minimize the estimation
errors. This thesis recommends that it is necessary to perform the error
analysis and the design of experiments beforeq the experiments are’
conducted. The search technique to evaluate the' link parameters uses

the joint errors evaluated individually. This removes non-linearity and

@
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presence of singular solutions . associated with the third approach, and

.

L . the laborious nature of the second approach. ﬂ
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& CHAPTER 3

KINEMATIC ANALYSIS FOR A ROBOT WITH

REVOLUTE JOINT CONFIGURATION

3.1 Introduction

Kinematic analysis is a tool to study the spatial configurations of
robots as a functlon of joint angles. 'i‘his gives the relationship between
the joint vanable space and the cartesian space. The transformation
that relates these two spaces are very .important- as the robot links are
actuated at the joint space and the tasks are defined in the cartesian
space. There are two phases in the kinematic problems : the first is
the forward kinematic brob]em where the joint ‘space information is used

to find the cartesian location, the second problem is the inverse of it,

where the cartesian space information is processed to yieldh the joint

information.

The manipulators generally have features common to all of them.
Mostly, the adjacent Jomt axes of the robots are either pargl‘lel or
perpendicular. The other design feature is concerned with the wrist_
The three joints nearest to the end effector have their axes intersecting
at a point, known as Spherical wrist, which isl kinematically equivalent
to a spherical joint. The first three joints are noﬁ&lly dedicated for
positional control of manipulators if the length of the link forming the
- last. three joints is smaller than the first three links and the orientation

point exists. The other three degrees of freedom associated with the

o
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wrist are to orient the tool at the desired location. The approach
described here for the forward kinematic solution of the Puma 560 robot

is similar to the mefhoc&described by Paul for the Stanford arm[6].
. iy ~ )

3.2 Description of the Puma 560 Robot Geometry

b'ﬁ‘le Puma 560 robot shown in fig.3.1 has six degrees of freedom
and has revolute joint configurations. The basic components of ‘this
robot are : ’I“runk, waist, shoulder (upper arm), elbow (forearm), wrist
elements and a flange for the end effe/c or. The joint 1 axis of rotation
coincides with the center line of the truhk which is link 0. This axis
also coincides with the world axis(Z_). When the robot i‘s in its

upright READY position (fig.3.2), the ZW points upwards, world X

axis(X_) along the right side and the world Y axis(Y_) passes through
, )
the shoulder axis. The joint angle 01 of the joint 1 is measured

counter clockwise direction“l‘rom the positive Y axis.

The joint 2 coordinate frame is perpendicular to and iptersects
the jointf"l coordinate frame. This coincides with the center line of the
sﬁoulder. The center of the coordinate fr.ame of joint 1 and of joint 2
are at “the same Z level ¢With, respect to the world frame. The joint

. ‘ ’
angle 02 of the up@rm‘ is measured counter clockwise with  respect to

-

the world Zw axis. / r‘j"-v-!l-—--"

£

The joint 3, the elbow has its coordinate, frame barallel to joint
" 2. The axis jof rotation of joint 3 is parallel to the axis of rotation of
jbint 2. The length of the link 3°is the center distance between this

joint and the wrist twist joint. The joints 4, 5, and 6 has their axes
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of rqtation displaced by 8, along the X, axis with res}:éct to the axis

of rotatien of joints 2 and 3. Also they are displaced by dl along the

Yw axis with respect to the joint 1 center.

-

" Joint 4 is perpendicular to and ‘intersects joint 2. Joint 5 h;zs
its axis of rotation parahElxto joints 2 and 3. " The a;gle g, is the
angle between the axis of rotation of the flange with respect to the Z
axis of the link 4 (i.e., rotating the base coordinates through 9.k, then
through -(6,+4,)i and finally through @,k). The joint 6 axis is

. perpendicular to and intersects the joint 5 axis. It coincides with the

\—-/

center line of the gripper mounting flange.
. .
i :

The position of thq‘ flange expressed in jointu coordinates is given

by,

and in cartesian coordinates,

'R=[RRR R¢,R R¢]

where Rx,Ry,R2 is the position vector and R R R, are the rotations

¢’ ¥
about the new Z axis that aligns the base coordmates with the tool tip

coordinates. N

Arm Configurations . ~ _ : dn,

e

L4

The Puma 560 robot can’ have right or left hand(K)

configuration, i.e., the first three joints of the robot arm resemble a
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~ human’s right or left arm, réspectively. The elbow can have two
configurations: shoulder up and shoulder down(Kz). The wrist can zlso
have_ two solutions; the flip wrist for which the joint 5 angle is positive
and the flip wrist where the joint 5 angle is negative(Ks). From these,
it is possible to have 8 sets of joint angles for each attainalzl(':" position
and orientation. Hence, parameters Kl, K2, Ks which will defihe the
arm configurations can be used to select a pé;ticular solution out of the

possible 8 solutions. This is to. avoid singularity and degeneracy.
&

Singular Points

Singular points(3,8,12] are the dead zones or the degenerate points
where the determinant value of the Jacobian matrix[B] is . Zer9 and as a
result more than one solution exists. At these points, theresis loss of
accuracy and number of degrees of freedom of :the robot decreases.

This is due to the fact that the rank of t.he) Jacobian matrix is less

than the total number of degrees of freedom of the manipulator. Small 7

displacements of the robot near the singular points in a certain direction

can result in larger change in the joint angles.

The common practice to compute - the joint informations at the

singular points is to interpolate from the calculated values in the

neighbourhood of the singular points. Uéhiyamma[3] proposed a different

approach to circumvent singularities. - In this approach, the working

envelop of the robot is kept at a distance from the singular points if

the working areas are local. The trajectory generation algorithm should .

include adTiitfmnal constriants due to this approach.

\;Q.
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3.3 Coordinate Frame Assignment

A manipulator consists (;f lix;ks “connected sequentially by actual

joints. For a manipulator with N degree of freedom, theré:will be N
\t\links and N joints. The base of the manipulator is the Link 0 and is
not considered as one of the N links. Link 1 is connected to the base .
link by the joint 1. There is no joint at the end of 4ihe final link.
The only sigﬁiﬁc’ance of linkg is that they ‘maintain a fixed relationship
between ;,he manipulator joints at each end of the link. A link can bé
characterised by two dimensions:~the common normal 'djstance a and

" the angl® a;, between the axes in a plane perpendicular to 3, They

° are termg.d as ‘ the length > and a; ‘ the twnst * of the Jth link
(fing) Generally, two. links are connected at each Jomt axis (fig.3.3).
The axis willg have two normals connected to it, one for each link. The
relative position of two such connected links is given by d., the distance
beiween the normals along the joiﬁt J axis, and 0 the angle between
the normals measured \,jh a2 plane normal to the axis. d and 0 are

called * the distance ’ and .* theﬂ angle ' between the hnks respectlvely.

-
t

In order to ds;cnbe the relatlonshxp between the links, a

K . coordmate frame is assigned to each link. Let Oj be the joint variable.
The origin of the coordinate frame of llnk j is set to be at the

intersection of the common normal between the joints j and j+1 and

tﬁe ‘axis of bh; joint j+1. In the case of intersecting axes, the origin is

- ’ at' “the point of mtersectlon of the joint axes. If the axes are parallel

the origin is chosen to make the joint distance zero for the next link

where the coordinate origin is defined. The Z axis for link j shall’ be
. -

<
l=
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"

aligned with the axis of joint j+1. The X axis will be aligned with any-

common normal which .exists and is directed along the normal from joint

. j to joint=j+1. In the case of intersecting axes, the direction of the X

axis is. parallel or antiparallel to the wector cross product Zj_l‘Zj. This

condition is also satisfied for *‘the X axis directed ”along the .normal
. - .th .

between joints j and j+1. For the j - revolute joint when Xj-l and Xj

~

are parallel, and have the direction, l?j is at its zero position. ¢

Q

The origin of the base link coincides with the origin of link 1.
If it is desired to define a different reference coordinatt; system, 1:hen
the ;elationship between the refere;lcé and the base coordinate systems
can be described by a fixed homogeneous transformation. If a tool or
epd effector is used, whose 6rigin and axes. does not coincide with the
coordinate syst‘em' of link 8: the tool can 'be related ‘by a fixed

homogeneous transformation to link 8.

Having assigned the coordinate frames to all the links in this
fashion, the r(;lationshjp between the successive frames j-1_and j can be

given by,

, Rotate- about Zj-l axis through Oj
Translate along the Z}-f axis a distance dj
_Translate along the 3(’ axis a- distance a,

Rotate about the Xj axis through a; e
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" 8.4 Kinematic Equations'
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ie, A, = Rot(Z

J j) Trans(Z

o d)

1? Trans(Xj, aj)Rot(Xn, aj)

Co SaCa Sefai 2C

S Colu . CoSa %

1o s. f ¢ .. d

(=]
o
[y

-

0

whgpe S and C refers to ‘the .sine and the cosine of the angles
respectivel}. Onee the link coordinate frames have heen assigned to the.
manipulator, the various link ;;arameters d, 8 and a for the links can
be tabulated. Based on this, the six A matricés for a six degree c;f
freedom robot can be derived. -

Having asslgned the coordmate frames to the mampulat.or, the
tool lo¢ation is gnven by, @ _ ' N
w ’ ' 6
Tg= A Ay Ay AL A A, E

«’

. v

] . 4 '
/ where E is the ﬁxed“/transfqrmation between the link 6 and the end
,effector. The link coordinate frames assigned and the link parameter

table for the Puma 560 robot are given in “fig.3.4 and fig.3.5

respectively.  These are arrivg& "at, using the scheme outlined .above.

The A-matrices for the Puma 560 robot are given below :
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Fig.3.4. Joint coordinate frames assignment’ -
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. A ) 1
C, 0 -5 0 ] c, §, 0 3102
s, 0 C, 0 s, -C, 0 as,
A = 01 00 [, A= 0 0-1 d
0 0. 1 0 0-0 1
- \
[ ¢ o 83‘8203] c, 0 -8, 0
. 8 0 -C, azs‘3 s, 0 C, 0
Ay = 0 1 o 0 \Az = 0 -1 0 d2’
0 0o o %[ - | 0 0 01
+* o 1 - _
( Q5 0 85 0 CO S° 0 0
85 0 —05 0 S& C'i 0 0
A5 = 0 1 0 0 Aﬂ = 0 0 1 d3
0.0 o0 1 | | 0 00 1 |
§
Kd )
-~ 0 0 =X
h L2100 -Y| -
e ¢
e
1 0 0 -1 —Zt
0 0 o0 1 \
vzher/e“ Sl, Sz, vy .and Cl” Cz"" corresponds t,o‘SinO‘, Sin02, .. and

-~

Qosﬂl,J 0030'2, ... respectively. .

3.5 Summary
IK‘i’n'ematic -analysis i8 an efficient tool to study the spatial .

configurations of the robot as a function of joint angle. The
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relationship between the joint space and cartesian work space of the -
robots can be derived easily with the help of kinematic analysis.
F'q'rw;ard and inverse kinematic analysis of robots can be used to unravel

the l"elationship between them if one of them is known.

A robot can reach a desired location in many different ways with
the arm, shoulder, elbow and the wrist having different configurations.
Some of them are ; arm left and arm right, éhoulder up and shoulder
down, elbow up and elbow down, wrist flip positive and flip negative.

__ This condition is referred to as the singularity or degeneracy. During

this condition, there is loss of degrees of freedom and accuracy.

Normally, the adjacent joint axes of the robots are either
perpendi.cular or parallel to each other. In case of ropots with short
link length for the Ilast three joints, the first three joints (waist,
shoulder, elbow) are to position and the remaining_joints (wrist) are to
orient the tool at the desired location. A link can be characterized by
two dimensions namely, the normal distance 3 and the :ngle o; between
the axes in a plane perpendicular to 3, There are two dimensions
asgsociated with a jgint namely, the distance d.i between the common
normal slong the joint j axis, and 0j, the angle between the common
normal measured in plane perpendicular to the axis. Using these
characterisiics of a joint,” the coordinate frames of the joints are
assigned.’ The relationship between successive frames is given by the A.i

matrix which is given by,

'Aj - Rot(ZH, 05) Trans(Zj_l, dj) Trans(Xj, aj) Rot(xj, aj)
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]

the tool location with respect to the world coordinate frame of the

robot is given by,

where j is the number of degrees of freedom and jE is the fixed

th
transformation between the tool and the j joint.

This thesis uses the kinematic parameters of the Puma 560 robot
as the numerical 'example. _ This robot has 6 degrees of freedom and the
Jjoint configurations are of revolute in nature. The algorithm to analyse

the kinematics ;>f robots lfy Paul{8] is being applied here for the Puma
560 robot. ' ' 4 z |



. Tl CHAPTER 4
DEVELOPMENT OF CALIBRATION MODEL .
1 . '
4,1 Introduction y -

The experimental setup and the mathematical models necessary to

evaluate various errors associated with robots are explained in this .

chaptgr.; The experimental setup uses optical instruments as the
equipment for callibration. This thesis reco;nmends the use of theodolites
due to ‘their relative ease of operation and reduced cosi of operation.
This eqmpment ¢an glve the position of a point chosen ‘in space in

terms of arimuth and elevatlon a,ngles i

E

JUse of two theodolites obviates the necessity for other optical

accessories. The center -distance between the theodolites A and B is

. used to as the reference distance to confert azimuth and elevation

angles of the theodolites into coordinates of a point in space. In this

thesis the coordinates of a point in space is expressea with respect to a

reference coordinate frame Rf. The coordinate frame is chosen _ such

‘that it is centered at the origin of the ‘theodolite A, the X-axis djrected

along the line joining the centers of the theodolites A and B, and the
Z-axis along the’ vertlcal axis of the t.heodohte A. The X-axes of the

theodolites may be, oriented at 7, .and '72 thh respe ct o the X-axis of -

Rf. Since the distance L and the angles 22 and 72 cannot be' measured
directly, it is necessary to have a pre-calibr
quantities. Thls is described in § 4.2.

[

to estimate these
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Using these i)arz;meters and the computed coordinates of a
reference point chosen on ’thep tool at . various locations,. the
Denawit-Hartexiberg parameters can be evaluated. Section 4.3° explains
the experimental setups and the mathematical analysis to evaluate the
Denawit-Hartenberg parameters. /\Vith the help an extended tool with
two reference points Al and A2 marked on it and the distance L and
the angles e ?nd Vo1 the transmission errors can be evaluated. This is
described in §4.4.- A similar methodology can be usea to analyse the
" joint and link compliances of a joint. These are discussed in §4.5 and
§4.6 By tapping the joint encoders or resolvers the joint angles can be
estimated to evaluate the cross coupling effects. Section 4.7 explains

this process.

) .

4.2 Calibration of Theodolite Parameters Qe ~.

The distance between the centers” of the two theodolites and the
offset angle between the axis of viewing and the line joining _the two
centers are the theodolite paraniet.ers estimated. The experimental ﬁetup
consisting of the two theodolites and the reference unit is shown in
fig.4.1.a. . This setup can be-used to accurately evaluate L, 7, and 7,.
‘The angles 1 and 7, are the arimuth offset angles of the theodolites.
The mathematical model is derived based on a good knowledge of the
distances R and r- The distances R and r depicts aqtlually the
distance of three points C, D and E precisely marked on a reference
ruler made of a durable material.

2',n as' and ﬂl', ﬂz', ﬂs' are the azimuth reac_iing;,'of

Let a, ‘a
the theodolites A and B for points C, D, and E respectively. Let r

l,

L
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) Fig.4.1.b. Geownetrical layout of the pre-calibration setup
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.
ry, abd R are the distances CD, DE, and CE respectively. The |
mathematlcal analysis , to estimate the dlstance between the theodolites
(L) a.nd “their offset gles (7, .and '12) is8 derived under the following
assumptions : .
1. The theodolites are lev;lled to the same degree of accuracy

such that their vertical axes will be parallel to each othe;.

']

2. 'The\\ reference ruler is levelled such that, the points C, D, and
E liewi”n the plane of the optical centers of the theodolites.

The mathematical analysis to estimate the distance between the
theodolites (L), and their offset angles 7, and 7, is presented below. A

complete derivation of the expressions can be found in the Appendix A.

Referring to fig.4.1.b, from AABC,

" BC Cosf,i + :Bc Sind,j + Vy, - AC Cosf,i - AC Sinf,j = 0

[

. 2 ) 2
L = j(AC Cosf, ~BC Cosd, ) + (AC Sind, - BC 8ind)) .

(4.2.1)
where )
Sin (a,+a,) °
-1
§, = tan
r, Sina
L1 Cosfa,+e,)
1'2Sino:2 osey T
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-
Sin(B,+8,).
0, = tan” : — (4.2.2)
rlSinﬂl -
- -C
Ty S;gﬂz os(f l+ﬂ 2) ]
Q
R Sing, R Sing, ]
AC = 5 ; BC = g5 4.2.3
_ Sin (al+a2) Sin (ﬂl+ﬂ2) ( . )
Co Oy - al’ - az' ; a2 - 02' - a"s'
ﬂl — ﬂl' - ﬁ2' y - ﬁz - ﬁzl - ﬂs' : . (4'2'4)
- and offset angles 7, and 4, are given by, - ;. \
- ,|R Sing, Sin (6,-0,) o
Mm% R TS, +A,)
N s
r (4.2.5)

L |R Sinf, Sin (¢2 - )
- L Sin(e,+a,)

Ty =~ -ﬂl + Sin”

)

Here the offset angles 71 and 7, are expressed in termk of» L for

simplicity only. L can be replaced by the equation 4.2.1 if necessary
! Thus, the distaxice L ‘and the angles o2 and 7, are accurately determined

based on ‘8 azimuth readings plus two reference distances R and r.
) .
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4.3 Denawit-Hartenberg Parameters Estimation

4.3.1 Joint Orientations and Misalignments

Figures\\g.&a and 4.2.b show the schematic layout of the
experimental setup and the geometrical model of the analysis designed
for robots with rgvolute type joint configuration. A reference point P.i
is chosen on ile link j of the joint j under consideration. When the
link is rotated about its axis of rotation, the path traced by the
reference point with ‘respect to Rr depends on the orientation of the

(link) joint coordinate frame j with respect to R, Let ¢ Oyj and 0,"i

y’
are the orientations: of the XY, XZ and YZ planes, of the joint (link)
coordinate frame er with respect to the corresponding planes of Rf
respectively. The orientations are evaluated using the method described

below : A

) To evaluate 0:1" we require the positions of the reference point at
- the extremities P, and P,. The projections of the coo“djnates of P,
and P3 on the reference frame are represented ss (sz, Y
(xpsﬁ Ypsl

these positions are derived from the expressions given below :

p2’ sz)‘“ and

Zp3) respectively. The coordinates of the reference point at

L

X = L tanf / ( tana+:tanﬂ)

L L4
1

Y = L'tar;a tang / (tana-fjt ) - - ¢ (4.31)

Z =1 tz;nﬂ tang / {(tana+tanf) Cos(a)}

-

e ae g ! . .
the inclination 0”, 0”, ij are given by, o )
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. * ) t‘an.l YP2 Yp3 i 'c y Si'n.l Y”-Ypl 1\
3j sz—xp3 ! xj sz'i-Xpa . -
, , b (4.3.2)
[z -7 . '
-1 "p2 "p3 - v
., = tan |o——— “- .
4| )(pz-xp3 . . /.

tﬁi; procedure is repeated- for ;;ll joints and their relative orientations
with. re;pect to the reference frame Rfr are estimated. Using the results
of this estimation the orientation of one joint withurespect_ to the other
(A6 - 'Aﬂyj, Ae’j) can be derived directly by taking the difference
between ij and axj-l ) oyj and 0yj_1, and 0". and 8’}1. . The joint
misalignments (Ad_, Aoy, Aﬂij) are derived by taking: the difference
betwecen the values of the desigqﬂ,"and the megsured ‘orientations of the

joint under consideration.

Procedure to Corﬁpute the Differential Quantities

. th ' : (
From Chapter 3, the Aj matrix for the j joint is given by,

. : [ Cosd, ‘—Sin().Cosa. SinfSine.  a.Cosf. ]
A i J A i
’ Sind, Cosf.Cosa. -CosfSina: ° aSind.

] o i i i

. » A - . ° (4.3.3)
& “} 0 , Slna:j ‘ i?sqj : d.i .
\ | 0 0 0 1
T i.e., the A.i .matrix is a function of the Denawit-Hartenberg parameters
6, a and dj. The ‘differential transformation dAJ is given by,

y %y By

.
" b
. . , i
¢
) . . ~
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. BA; ' BA, 0A,
’.dA-~——Aa+-—-'A0+——Aa+ Ad
7 Bay TR T 00, 8a; '?{;

partially differentiating t(4.3.3) with respect to a;, the term ——

¥
by,
0 K ,-erm9j.Smo:j
P Aj-"‘ 0 —CdstSmaj &
. Baj 0 ' Cosaj
0 0
= AJQa
. Where ‘Qa is given By,
0 - 0 0
0° 0 -1
% *= |0 1 0
0 -0 0

differ;antiatir;g (4.3.3) partial'l')" with respect to 0

-

as, -

0A,
da,
i

>

SinD{CoSaj‘ 0
|
~Cos88.Cosa, 0 |
| J i
« ¥
Sumj, 0. |
0 0.
0 h

A

J .
f the term 80

'(4.3.4)

i8 given

(4.35) °

u gnven
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[ -%ind, -CoséCose;  CosdSina, -aSind) ]
oA Cosf,” -SindCosa,  -SindSine, ‘maj(l}'osﬂlj .
} .55;._ 0 - 0 o "o (4.3.8)
0 0 e 0
= AQ o >
wl‘lere Qo is given by, ’ |
[0 —(3oaa‘i ‘Sinaj 0]
Cosaj | 0 . a’Coidj
QT Sina, o / 0 -3 Sina,
0 0. 0 0
! J

" -since we are interested in the deviations in the joint orientations only,

)

: y \
the other error terms can be ignored. ~ The net differential ~.

transformation dA.i is given by, - .

LA = A [ Qb+ QY ]

- A A : ,

. 5 OA; \ (4.3.7)
‘ ¢

where the differential transformz;tion térm GAJ is given by,

x 1 }
' 4
¢

D
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-
' 0
Cosa, .
6A.i = .Si{lgmj
0

The-differential transformation A; for differential rotstions A8, A8

<
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| - . . w
o Aojcoatfj AﬂjSma} o 0
0 --Aazj ) 'AO.‘ajCosczj » >
0 4 Q | —ajsyma‘i
0 0 0 ',

j,

AO’j about the three principle axes can be written ss,

0

matrices can be compared to compute the errors Ae&j and Al

A . 0]
1) J
0 ~A8. 0

n -
Ad 0 0 (4.3.9)
XJ
>
0 0 0
]

. Since A, and SA; sre ome and "the same, the elements of the two

f The

errors Aa:j and Af, can be expressed in terms of Af_, Aﬂn, and ‘Ao;).

as below :
A(Ij - ij ‘ ' | ' (4310)
Y \\l
2 : N ". ’
ASy = 2 / 2 (4.3.11)

Aayj' %\
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;4.3.2 Link Lengths and Offset Distances )

“*

~ The link lengths and the offset distances can be evaluated from
the joint coordinates of . the links. The latter( can be estimated as
follows : A point P is chosen on tile link associated with the joint

r. .
under consideration. This point is moved to three different locations in

sp;ce by rotating the joint. The coordinaf’,es of P at those locations are
used to establish the joint coc\)rdinates. The coordinates of this point P
can be computed from the measured theodolite angles, using equation
4.3.1. Let the orientations of the coordinate frame of the joint j with
respect to Rr be @_., 0yj, and Ou.. These angles can be evaluated using
the method described in §4.3.1. and can be computed using equation

4.3.2.

Let the coordinates of the point P.i at one of those locations P,
R

. f -
with respect to R, be ( Xpl, Ypl,, Zpl). Let er be the joint

' th
coordinate frame of the j joint. A third coordinate frame S‘.j i8
chosen such that its origin is located at A and the coordinate axes
parallel to those of the joint frame Cr. S

6
rotating Rr about its coordinate axes .through small angles -46 X -60yj,

can be derived from Rf by

-Jﬂ'j respectively. The principle of differential rotations can be applied

to compute the coordinates of P, with respect .to srj' The process of

t.ramiforming the- known coordinates of a point with respect to Rf to-

another coordinate frame Sl.j is referred to as the compensation scheme

" in this thesis. This scheme-is necéssary for the following reasons :

th ! .
. The length 8, for the j joint is defined as the common normal
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v

.distance between the axis of rotat.lon of % and (J+1) joints. The

distance dj for the joint j, is defined as \the distance- between the

' - th th
common normals of the (j-l) and the j joints. This is shown in
fig.3.3. To apply the principles mentioned above, the coordinate frames

of the joints (j-1) and (j+1) should be realigned such that, the joints

. th
‘(1) and (j+1):are either parallel or perpendicular to the j joint.

Also, the coordinates of the joints (j-1), j,’ (j+1) should be expressed
with respect to the coordinate frame Sfj. These coordinates can be

computed from the coordinates of the point P. for those joints at the

J
three locations with respect to Sﬁ. _Hence the need to apply the
cémpe,nsation scheme. From the coordinates of the joints j-1, j, j+1 the

distances d.i and the lengths a; are estimated. .

The. differential rotations and the net transformation are given

below / ’ - : .

A = Rot(X, -60 ) Rot(Y —60 ) Rot(Z, -6, )

[0 60, 60 0 ]
U yi
| .60, | 0 86, 0
A= 5. . o o | - (4312)
yi xj ,
0 0 0 0
dh \\

&

' Y
where Rot(X -0 xj) refers to rotation.about the X-axis of the Jt joint
through an angle -0 Let the coordinates of P1 wnth respect to R‘. be



56

R )
f N - '
(Xpl, Ypl, Zpl). The coordinates of this point with respect to Sl‘j is
given by,
St ' ‘ Ry ‘
. ——i >
X,y Ypp mejd Xy Yo Zop 1) | (4.3.13)

where the supérscfipt 't refers to the transﬁose of the row vector.
These relati?)nshjps are valid, as long as 0&5, ﬂyj -and 0”. are sufficiently
small such: that: Sinox‘i ~ 0x,1 and CosH’;j ~ 1

This method assumes that the robot is in it’s initial (READY)
p(;sition during which the joint axes will be approxinigtely parallel or
perpendicu!ar to thge XY plane of Rr. Each joint is rotated with the
_other joints locked at their initial position. The joint coordinates can

be estimated using one of the following equations :

S, S . S
fj 2 fj . 2 - fj 2 ’
J(X ~X ) + J(Y ~Y.) = ‘R 5. for axis of rotation
cj 'px ¢} o . PJ
perpendicular to the XY
- plane. .
S ‘ S S
fj 2 fj 2 fi. 2 ) ]
(ch-xpi) + (ch—Z o) Rp.i for axis of rotation

parallel to the XY plane.
(4.3.14)

H
[

‘where j refers to 'the_ joint and i ==12,3 refers to the location of the ’
point Pj, and Rp.i is the distance between the joint center and tth\ point
Pj. This process is repeated for all joigts and the'u.' joint center .
coordinates are established. Using the joint coordinates of each joint,

the link lengths and the offset distances can be computed. For
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illustration, the parameters a,, a,, d;, d,, d, of ‘the Pumla 560 robot are

derived as below :

dl - YeG-Ycl i 8y = x Xcl

d, = / (Xs cs) + (ch ch) 8 = ~/ (Xcz"xczs)2 + (Zcz'zcs.)z

\

o ) 2
dy = ﬂzp-z B+ (xp-x o - L, .

here X o Y f and . Z ‘are the Joxnt coordinates for the 1 joint, and
jm=1,...8. Hence, the three link lengths (a,, d,) and .two offset
distances (az, 1) are accurately computed from the estlmated center

distances of the five joints.

“

4.4 Trantgnission Errors

The experimental sétup shown in fig.4.4.a can be uﬁeci’ to measure -
the joint anglés in the joint & of the Puma 560, robot. The
experimental 'sletup may need to be modified depending upon the, joint
configuration of the robot. An extended tool with two reference points

‘A, andyA, is used to measure the joint angle. The angle between the

axis of rotation. of the joint, ‘and the line joining A; ahd A, is the
angle through which the joint j got-rotated from the inmitial position.
The axis of rotation may be oriented at’ 70 - and G’j' with respect to

- These are computed using the method described in §4.4.1. and the

_ compensation scheme can be performed using equations 4.4.1. and 4.4.2.
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Fig.4.4.b. Geometrical model of the experimental setup to

measure the joint angles
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: . ‘ R R

. . f t
Let the coordinates of A, and A, being (Xal,‘ Y,y Z,,) and (X,
t ' t,.
‘ f] fj
Ya2’ (Xal’ Yal’ Zal) and (xa2’ Ya2’ Za2)
with respect to tf.i respectively. The joint angle can be computed as

Z,) with respect to R, and

follows :

-
-

Let A A, be the projection of AiA2 on the XY plane of R. From

AAA d in fig.4.4.b,

A‘le == .(.Yal—Y a2) ; ando A2e == (Xu—X 1‘2)'

e, AA = j (X -X,) + (Y,-Y,)

AAy = (2,-Z,5) : -
t

’ f
From AA_A A_, the joint angle j0 is given by,

271y mj

t

. fj
(2,,2,5)
tfj , al a2

0 . = tan
mi t

t
fj 2 fj ) 2
(xll-xd) + (Y;I-Yd)

‘},“3‘,\’

. .
. f th
Let ’49ij be the initial angle between the points A, and A, for the j
Yy | 'y

joint. Let 70 mj be the measured angle after rotation, 6 4] is the

desired angle, ﬂcj

desired and the actual joint angle E aj and the error “between the

is the controller reading. The error between the’
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controller reading and the actual value E¢j can be evaluated directly.

¢ s,

t

r . # -’
Hence, the joint angle -jﬂrj is accurately derived from the computed X,
Y and Z distances of the two reference points Al'and A, chOsené: the

tool.

4.6 'Jolnt Compliance

&

The experimental setup shown in fig.4.5 can be used to evaluate

" the " joint stiffness for the Puma 560 type robots The joint under

consideration may be oriented at ] "t Oyj, and '0”. with respect to the
reference frame Rf. . The procedure to ‘evaluate the drieptation angles ‘
and the compensation scheme to be used are described in §.4.3.1. Two
reference points A and A are chosen on the reference tool attached to
the end effector. Using equatlon 441, the angle between A, and A,
can be computed from the theodolite readings.

The Joint is loaded gradually from 0 to N’j units at a dnstance of
Lj from the joint center. The angle between Al and A2 is computed
for increasing and decreasing loads. This is to identify the presence of -
dead zones whxch in turn leads to backlash. The magnitudes of N and
L.I are selected’ based on the maximum static torque that the Joxnt can
take. Basically, the proceas of estimating the angle between A1 and A2
is the same as that described for the tramsmission errors but for one
difl'eren‘ce‘/. In the former, the joint wa:g commanded to rotate under no
loads whereas here the joint..rotates under gravity loading with no
external command. The link can be considered as a cantilever beam

with one end simply supported. Let aij be the initial joint angle

L ]
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. As menhoned in SH the link’ comphance is assocxated with the

stiffness of links. The setup shown in fig4.6, with a number of

- :efeupce points muk;c{ along the link can be used to evaluate the link

stiffness. Dial gauges are pooitioned below or above the link at those
" locations to directly {measure the lmeu; deflection. If link bendmg exlsts
the chamtemucs exlnhzted by the’ dgﬂecuon curve resu]t?g from - tlus

63 \\\
- \\
, 5 - ¢ \
" between A and A -with noload, Oj be the angle between A and A2
-under -3 load" of NJ umts aad hence the net change in the angie
between A and A m glven by,~ .. -~ \<;_..
O om0 8 o ;
\ n ams \u - jo . /1
, f . o ) Y '
. and the twisting moment is given by, : < o
. | . /
T, = K 6, !Nj L, Cosf, {
- and hence the joint ;tiffnes% is given by, e (
- o ‘ > co A\ .
K; =N, L, Cosé, Kef m/Deg (Ib ft/Rad)  ~  (45f)%
' ’ N o © ) ) . Iy \‘ °; ‘.;s
. yand K is the angular deflection per unit torque ( Deg/Kgf m). = kf g
) SR \ . < \
4.6 Link Compiiance . ,ﬂ

mcuunmenu mﬂ not Be.hneu and will resemble that of s cantilever |

beam. Tbe deﬂecuon Y at any §'XX’ for t.he j link 'and it's
% ‘ il

4 4

slmnm !'} can be demed as below:

" The bend{q; moment /t any iOOC' is ;iv’en by, ~— B

. e i e —_
, - ' 4
. J

- .
* ¥

L “f. L /

-~
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integrating this twice and applying the initial conditions, the deflection’

Y, at XX’ is given by, & , | ’
j IR S
: 2 s
y -1 P +_P1Lj' B

- and hence the-link stiffness is given by,

y 2
1| kX PL PL |
E, = 5t g~ T3 J c (4.6.1)

[4

/ th
where Ij is the moment of inertia of the j link and the vslues of Y’t
" ' ' i

obtained from the dial gauge measurements are used to  evaluate the

~average value of ,Ejz

4.7__Cross Coupling Effects

‘ ‘The magnitude of cross coupling in joint k can be. computed by

. tapping the respective joint encoders while j and k rotates.. From the’

jomt encoder counts and the resolution of the encoder, the angle
hrough which the joint actuator of the k joint has been rotated can
be calculated. Let §, and 8, are the-encoder counts and the resolution

of the. encoser (deg/epcodq} count) of the k"l joint respectively. The

FS



@

C o | :

Aonnt actuator of the k joint rotates through an angle Ok.x,gnven by,
6, = Sk €,

and the correction factor O is therefore given by,

Loy =360 S, & /9, (4.7.1)

whete 0j is the angle through which the joint j was rotated. To verify
the compensation provided for this effect by the manufacturer the
following procedure can be adopted. The joints j and k are rotated at

the same time through 0). and 0k respectively. Due to a cross coupling

- : . 0 S : T
effect, the joint encoder reading for. the k  joint will be 8

o and is

v

N

represented as, ‘ '

’

8 =0+ o0, b, ' L _ (412)

1

“ ‘ th ‘
the joint angle calculated by tapping the k  joint encoder is compared-

with that calculated using equation (4.7.2). The differ\encc “between the
two xgives the furthur correction to be provided by the calibration
model. ’

4.8 Summary

In the Calibration .t.ec;hhique discussed ﬁere, two theodoli':és are
used ag the instrumenu; for calibration. The distance between the
centers of the theodolites L is used as the reference. distance for
calibrgﬁon. A reference coordinate: frame R, centered at the origin of

the thepdolite A is chosgn. The axis of viewing of the theodolites

)
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makes 1 and 312' with respect }/ the Y axis of the reference frame.
Since the dist ﬁnce L and the angles % and g can not be measured

“directly, a calibration procedure is mandatory to estimate them. Section

4.2 described the experimental setup and the mathematical analysis to

-

The Denawit-Hartenberg parameters of the robot namely, the
angles aj, and Oj, the link lengths and  the offset distances can be
evaluated using the method described in §4.3. The joint orientations
0,0, 0’3, and H'j \
joints through 360 degrees and then evalyating the positions of a point

with res\pect. to Flf can be evaluated by rotating the-

P dj at the extremities. The ofientation ,of the joint j with respect to
(3-1) can be obt.axned by finding the difference between their orientations
with respect to R The error terms Aaj, and *}Avj can be evaluated
using the principle of differential rotations.  The Aj matrix . is
differentiated partially with respect to @, and 0j. Equating the

coefficients of the net clAj matrix with that of the differential rotations

matrix Aj, the error terms Aaj, and AOJ can be estimated.

The\“k@;\e\twé ‘methods presented in this thesis to evaluate the
link lengths and the offset distances. The first . method ;ietermines the
coordinates of the center of rotation from the measured coordinates of a
point at three different locations. This scheme ‘uses the method of

solving a sys&%n of simultaneous equations to determine the center and
radius of a circle. The second method that uses the A matrices and T

[ 4 ,

The transmission en{r; are evaluated using an extended tool and

- transformations is described in Chapter 6.
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rotating the joints incrementally one by one. The measured joint angle
is compared with that of the controller reading and the error is
‘estimat.ed. The joint compliantge is estimated using a similar method as
the tllansmission errors, but with externalj loading axlld no joint rotations.
The link stiffness is estimated from the measured positioxis of a number
of reference poinfﬁ chosen along the link for different loads. The joint
cross'coupling effects are computed by tapping'the joint encoders of the
joints j and k while the joint j is otated. A systern consisting of

hardware and software is' used for this purpose.

e RS SRS mciesswon
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CHAPTER b

DESIGN FOR OPTIMUM CONFIGURATIONS OF THE

'~ EXPERIMENTAL SETUP AND RESULTS

5.1. Introduction

The accuracy of the estlmated t.heodohte parameters (L, T '72)
using the pre-calibration setup are functions of the measurmg accuracies

associated with the distances R, Fys and r, marked on the reference

ruler, and in the readability of the theodolitezs. The latter refers to t,he
azimuth and elevation angle resolutions of the theodolites (Aa’ Aﬁi ,
A¢i)' The accuracy associated with the process of estimating the
Denaﬁlf,-Hartenberg parameters, the transmlsslon errors, joint and link
compliancés‘ of the robc;t in turn are lil'nited by the accuracy of
estimating the theodolite parameters and as well as the readability of
th,: theodolltes Hence an esror analysis is required to evaluate these
errors known as estimation error}x this thesis. This analysis*provides
the confidence level that can be placed on the estimated parameters.
Thls " also - provides - informations concerning the readability of the
theqdohtes, ‘and the measurement accuracy needed to achieve the desired °
calibration acguracy. The \expreésions for the estimation errors are
derived by partially differentiating the mathematical expressiomz of ’these

7 -
parametérs with respect to the variables R, Py T Ly 1y Mg @ By 4

. It can be seen from the mathematical expressions that the

theodolité and the robot parameters' are . functions of distances X, Y, Z,
o Y% - - .
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Rdj’ R, L, Rpj etc., These distances in turn can be expressed in terms -

.of theodolite angles. Herce for a given set of Aai’, Aﬂi’, A¢i’ AR,
Arl, Arz,' the estimation errors can be altered by varying these
distances. The estimation errors can be minimized in two ways. One
is to select instruments with better resolution and/or repeatability. The
alternative is to wuse 3 computerized .search technique to identify an
optimum set for the parameters of the experimental setup that will
result in minimum estimation errors. This search technfque is referred
to as Design of Experiments in this thesis. This scheme determines the
magnitudes for the parameters of the experimental setup that' results in
minimum estimation errors. This scheme uses the mathematical models
of the experimental setup, the e;rror analysis, and an inverse
trigonometric analysis to compute the theodolite angles for the assumed

values of L, R, Fy To X, Y, and Z.

This chapter also presents discussions on the results of these
computerized estimation error minimization. Experimental results are
included f;or the Puma 560 robot employing the teshnique described in
this thesis.

5.2 Calibration of Theodolite Parameters

This section provides th® expressions to compute the estimation
errors associated with the process of evaluating the theodolite parameters
L, Ty and Yo Discussions on the effect of varying X'l, Y, L, and R on
the estimation errors AL, A'yl, and qu’and, experiménts results are

also included.
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5.2.1 Error Analysis, Desi‘gnAOT Experiments and Discussions

Referring to equation 4.2.1, L can be expressed as a function of °

independent variables represented as,

L = Fl ( 0\1; 02 ¢l’ ¢21 a;; 6!2, ﬂl’ ﬂ2, Ri rl’, rz) (5'2;1)

by differentiating L with respect to these variables, the effect of small

variations in those variables on L can be obtained. This is given by,

}

aL- 3L 3L AL ) dL

AL WM 9, Al + 9, =LA, 8¢2A¢ + E——IAa + 5—;Aa
oL : 8L oL aL
8ﬂ1Aﬂ1 3 ﬂzAﬂ BRAR + arlA’l = 2Ar (5.2.2)

refeiring to equation 4.2.2, 01 . ¢1’ ¢2 are functions of @, a, ﬂl,

and ﬂ2 are written as,

' ?1 - F2 (al’“az'}l’ rg) ) 92 - F3 (ﬂll ﬂzy 'y °}2)‘

\ ' D (5.2.3)
¢l == F; (al’ 02, 01) ) ¢2 = F5 (ﬂl’ ‘ﬁzy 02)

AY

anfl from equation 4.2.4, a ay, '31’ ﬂ2 are functions of theodolite

1 )
angles g_i,ven by, ‘ ' .

@, = Fo (al" (12') ) 02 — F (02 ’ 3') : ,
e (5.2.4)

8, -“F, B, B,7) i B, = Fy (B, By)

1

and hence the differential quantities of A¢,, A¢,, A0 Ao Aa, Aa,,
)
Aﬁl, and A,B2 are obtained by differentiating 5.2.3, and 5.2.4,

a

¥ »
, N
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il a6 - 08, 36 3

: 1 1 1
Al = +— Aa, + — Aa, + — Ar +--Ar
1 1 2 .1
Oy da, ar, ar,
802 802 80 80
A92==5;-Aal+—Aa2+—Ar +—--Ar2
T Oa, or, oo | (5 2.5)
8¢, 84, 8¢, . o
A¢l u-a-o-;A01+;-—Aal +;—Aa2
! xy
: 8¢2 8¢2 ' 8¢2
A¢2—%~A01+—Aﬂl+—Aﬂ
1 Bﬂl : B, ) /

The partial derivati;ves and the final expression for L can be
found in the Appendix B. From these analysis, it can be inferred thai.
the estimation error L can be controlled by sélectir;glsuitable values for
t{le resolutions _pf the theodolites and fhe Ieasuring accuracy of the
reference ruler. l.,Referring to, equation 4.2.5, 7, and 7, can be expressed

in terms of variables 01, 02, ¢l, ¢2, @, a, ﬂl, and ﬁ2 given by,

~
1]

7, = G, (B By 6, 0,y ¢, R, L, ;) - :
| (5.2.6)
'72 = G2 (all azt ¢13 ¢2n 01; R) L: ﬁ3‘) |

differentiating 1 and '12‘ -with respect to lt.hesé variables, the* deviations
in 74, and 7, from their actual value due to a variation in those

variables is given by,

8'11 8'1i 8'11 8'71

-2 BﬂIAﬂl 8,8 Aﬂ2+'bro-A0 +5-0-A0 +
9, o, oy, , 9
8¢2A¢ +3¢R-AR+'31-‘-AL+5;-:Aa

- .
v

é"%j&% '
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81, 8v, - o7, o,
qu--a—a-;Aal-f-'é;Ad2+iil'A€l;-‘§;:A¢l+ ‘
- 17
: B 8v, - O v, . i -
. -8_;; Ad, + IR AR + oL AL + EE' Af, ; ) (5.2.7)

. , o
the final expressions for Aql and A'72 are given in Appendix B.

In the computerized search technique uged here, the inverse
trigonometric analysis is used to evaluate the theodolite angles from the
assigned values for the disf,ances Py Fo R, L, Xl, Ylt and Y2. Using
ﬁg.4.lsp, the theodolite angles a, ﬂi can be derived as below :

a®

) -1 Yl N Co Yl |
a, = 180.0 - tan — -~ tan e
1 J Xl r, - X
1 1
) 1 Y, iag] Y, »
a2 == 18N rl _ xl an R _ xl

similarly ﬂl, and ﬂz can also be obtained. This part of the ana}ysié

provides the itheodolite angles which is used to evaluate the estimation

errors for a particular set of distances selected. In these experiments,

" the quantities AR and Ar, are interpreted as the measurement errors

) associated ‘with the variables R and r.. Analytically, the exercise

1
involved here may be summarized as follows :

Minimise F(AL,A7,,A7,)

(L.R.rl.rz,xl,Yl,Yz)

subject to the physical constrtiints\ such as, the accuracy that c'g‘n be

achieved for R, r,, and r,, loss of reading accuracy with #distance,

2
¢

L

1
-

coL .

: >

g, \ .
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resolution of the theodolite available, the size of the room, etc. It is to

be noted here that besides R, r, and L, it is necessary to matipulate

the dimensions Xl’ Y1 and Y2 also to achieve this objective. A
4

different objective func}ion has been used by the author. The author

-adopted the root square sum error as the total error and found it quite

_adequate. The minimization function can be defined as,

?
\

Minimize fb AL + B Aql + CA"y2 ) (5.2.9)

(LR,r v X, Y Y)
/

12711 °2

Subject to : Physical constraints given by,
500 mm < R, L < 3000 mm

4000 mm < Yl, Y2 < Ynpt mm

where Yopt is the minimum optical focal distance for the theodolites.
The values of the constants are -appropriately chosen to achieve
minimum_error in all three parameters. The results of the computerifjed
search technique that uses the above described analysis are_discussed

below -

Computer runs have been conducted in order to demonstrate the
importance of the exercise in selécting (deciding) the appropriate values

of R, r and L before proceeding‘to the calibration of the robot itself.

L
e

a. Effect of R and L‘ : ‘ -

]

Figures: 5.1.a to 5.l.c summarizes the Tesults of the computer
runs for the effect of R and L on L, 7,, and 17, When 'the magnitude

[

LS
-
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e

of L is approximately 800 mm, as the value of R is increased from 500
mm tg 1800 mm, the estimation errors Aq,, and A'y2 both decrease
approximately by 85% and 89%, respectively, with. no change in the
value of AL. The absolute values of the errors AL, A'yl, -md A'72 are

0.1 mm, 005 deg, and 0.04 deg respect.wely When L is arourid 1600

-mm, for a similar change in R, the errors A'71 and A72 decrcase by

97%, and 96% respectively and again no effect on AL.: The absolute

values of the errors AL, A'f'l, and A'72 are 0.1 mm, 0.02 dcg,‘ and 0.02
4 R

deg respectively. When the L chosen is within the vicinity of 4800 mm,

for a similar change in R the estimation errors decreases rapidly. The

absolute values of the errors AL, Aryl, and A'72 are 10.0 mm, 0.04 dcg,'
and 0.06 _d\eg respectively. In all these cases, for all values of R the.

errors Afyl and A'72 decreases as L is increased l;i)t.o a cerlain vidlue
and thereafter the errors increases again. For large valucs of R, as l,’is
increased . the response is monotomcally decreasing function. It can be
seen that there is a dlstmct qnmxstakable minimal characteristics for
A71 and A'72.  The only exception seems to be 5.1.a. In this case, the

function increases monotonically.

b. Effect of R and Y

g ¢ \
The effects of varying Y dlstance and R on AL, A"l' A72 are

shown in fig.5.2.a to 5.2.c. ‘When the value of R chosen is around'BbO

mm, a reduction in the Y distance from 4000 mm"té" 1400 mm the

estimation errors AL, A7,, and A')v2 decreases by 70%, 60% and 40%
reapectlvely The absoulte value of the errors at Y equal to 1400 mm
are 0.0 mm, 004 deg and .0.05 deg respectively. At R equnl 15~ NOO

mm,- a simnlar vammon in Y\produces absolute errors 04 mm, 0.02 dcq

! —
| ’ >
~
’ . >

/\
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. and 0.01 deg respectively.- The estimatio;i error AL is observed 'to -be
approximately constant for R from 1600 to 1800 mm and is equal to
0.4 mm and for R equal to 700 to 1400 mm, the estimation errors Aql,
vand A'72 are nearly constant and equal to 0.03 deg. At higher values
of R, the estimation error AL is observed to be approximately constant
aﬁd the . magnitude is very high, whereas the errors A'yl, and An~,

exhibits monotonic decrease.

" ¢. Effect of R and X,

AFigures 5.3.a to 5.3.c shows the effect of Xl and R on AL, Aql
and A'72 respe%ively./ When the R chosen is arognd 800 mm, for a
change in the Xl distance from -1800 mm to +1800 mm, .initially the
error AL decreases and thereafter ’the“ effect: is less significant. On the-
otherhand, the errors Afyl and A'72 exhibits monotonically decl,'easing) and
then increasing function. The error is minimum when ’t\h?e&valrxe of Xf'\y
is around ‘100 mm. The absw.e value of the'erfi;rs at X, 100 mm are
0.6 mm, 0.04 deg, and 0.06 deg Tespectively. When R is around 1600
mm, the characteristics remains the same and t;he‘ absolute errors are 0.2
mm, 0.01 deg and 0.01 deg respectlvely When R is around 2500 mm,
the effects on Aql and A'72 are the same as before but the error AL
shows mopotonlc increase as X, is increased beyond 6007 mm.
Consequently, based on these coniputer ruﬁs one gets a clear indication

a8 to the choice of an appropriate set of experlmental parameters( R, Fy

LX Y, and Y,).
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Fig.5.3.b. Effect of R and )(l on 7,
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5.2.2 .Experimental Regults - . v

Two TM-20C theodolites made by the Sokkisha, Instruments are
selected as the optical instr{lments‘ for measurements. These instruments
have 30X magnificétion resolving down to 3 seconds of an arc. The

sum of the circle reading aﬁd the micrometer reading is displayed to 20

‘ \?econds and by estimation to 3 seconds. The experimental setup uses a

rule;*of two meters loné as the reference length. Three points C, D,

P and Ty

corresponds ‘to that recommended by the design of experiments analysis.

L}

The distances Xl, Yl,. Y2, and L are also approximately set to be equal -

and E are marked on it such .that the distances R, r

to the optimum distance values evaluated in the §5.2.1. The distances

T R, and r, are slightly varied from this value an.d the theodolite

2
parameters evaluated. @ The results are presented in fig.5.4. The

estimated mean square values of L, Ty and ", are 1609.9 mm, -1.489

-\

5.3 Det;awlt-Hartenberg Par;:meters Estimation

and 1.356 degrees respectively.

5.3.1 Joint Orientations and Misalignments

5.3.1.1 Error Analysis, Design of Experiments and Discussions

Tk accuracy of the derived misalignments relies on the accuracy
oi‘ estimating the dis\tances X, Y and Z'._of the point P‘i at the four.
locations. This in turn depends on the accuracy " associated with the
estimated values of L, Ty and 7, in the pre-calibration setup and also
on the azimuth and elevation angle resolutions of the theodolites. Hence

as before an error analysis can be designed to calculate the deviations in -
‘ J
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03
03
0.3
0.3
0.3
6.3
0.3

" 0.3

0.4
0.4
0.4
0.4
0.4
04
0.4
04
0.4
0.4

0.013
0.013
0.013
0.013
0.013
0.013
0.014
0.014
0.014
0.014

0.014 .

0:014
0.014
0.014
0.014
0.014
0.014
0.015

0.010
0.010
0.010
0.010
0.011
0.011

0.011 .

0.011
0.011,
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011

"Experimental results - The'odolite parameters estimation .

.\'m ./

R(mm)
1860.0 16099 -1.489 1.358
1856.0 16099 -1.487  1.353
18520 16098 -1.489 1357
1848.0 1600.8 -1.487  1.359
18440 1610.1 -1.499 -1.357
1840.0 16099 -1.492°' 1.358
1836.0 16099 -1.483 , 1.360
1832.0 16100 -1.497  1.361-.
1828.0 16099 -1.494  1.362
1824.0 16100 -1.494, 1.3568
18200 1810.0 -1.49( 1.360
1816.0  1809.7 -1.49 1.362
1812.0 16100 -1.503 1.362
1808.0 16098 -1.494 1.385
1804.0. 1809.7 -1.489  1.362
1800.0 1609.7 -1.490 1.362
1796.0  1809.7 -1.497 1.367
1792.0  1800.9.. -1.498  1.364

* Fig.b.4
TN\ )
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#
the estimated joint orientations from their actual value for the given
L] I)
values of AL, Afyl,’ A'72, @, ﬁi’ and ¢i‘ Referring to equation 4.3.2, the
inclinations 0’6, 8&'1" and Oﬁ can be expressed as a function of distances
given by,
’ ‘ . '(0x.i’ on’ 3j
&\ -
where i=1,2,3,4 are the number of locations used to estimate the

0 = (X, Y, 2) (5.3.1)

[

orientatiops. But from equation 4.3.1, the distances Xp-i, Ypi’ and Zpi

are function of theodolité angles and the distance L given by,

< X, Y,z

pi’ pi) = fl (L’ ai! ﬂir ¢l) R | (532)

by partially differentiating ¢ xj’ i and 0 with respect to X , Y i’ and

Zpi’ the éstimation errors can be evaluated as,

80 80 80 ) 80

Ay = 5v ;A + 5T X + gy AV + 5y - MK,
g ' ao a?\ 8, 8.
. vi
A B =5z, A% + X, e A}ps . A%
~ ao‘ . ao ao ; ao
AO’j=5-X——AX B—Y-—AY +'5(‘—AX BTAY

to evaluate the errors AX AY‘. AZ. the expressions for X. Y.
and Z are partxally dlfferent.lated w1th respect to a, ﬂ ¢, and L and

is glven by, ‘ - - 4
" . 60X,  8X. . 6X X
AX = —= AL + —=Aa; + — AB + —= A¢
pi oL /] ) i Bﬂi i d¢ ‘g



» . ) .
\ ' /} -
v I/ t

& . &8 ]

Y, = oY oY /aYpi
AYRiB E-AL-f- -‘T“:Aa +—5'§-Aﬁ ——¢-i-A¢i
©oeL oL, 02, dz
AZ --—-AL+-—-—-Aa +—Al+—-—A¢

pi oL Oa. 98,

. , d¢,
oX . X . //
pi pi .

the expressions for 3L’ Do 20d so on are provided in the

NI

Appendix-B. ’ ,

As mentioned in §5.2, a cdomputerized s;heme to “minimize the

estimation errors has - to be ées’igned before proceeding with the

-

experiments. Referring to fig.l?.b, the theodolite angles are given by,

Y .. / Y. ﬂ
tan )l [P | 8 tan! piJ
@y = B oax | TH e O
| pij Pij . v

/

[ pij
-1

¢ij = tan 7

. L)
;3
- e
‘ Xpij + Pij

using thé math/e4natlcal model the error analysis, and the inverse

trigonometric alysis, the estimation errors dA0 dA - dAG'L are

computed for/ various values of the distances ch, ch, and ch of the
joint j, and’ the radius of rotation Rpj.‘ The objective function may be
defined ‘

.




value chosen for analysis.

84 -

Minimize f(dAe_ ., dAG_., dAS )
(R X Y Z ) X v #
pi cj cf CJ

subject ‘to the physical constraints namely,’ the maximuom radius of
rotation Rpj is restricted by the working envelope of the robots, the

maximum ,ch distance is limited by- the experimental room size, the

‘minimum ch distance is constrained by the minimum optical djstance of

the theodolites and so on. -

a. Effect of X  and R .
. cl - P)

[}
-

Figures 55.a and 5.5.b presénts’ the effect. of X5 and R . on

e o

Ad - and A0 for one set of Y and ch. The orientations. 0yj and

. are assumed to be each ome degree For o”., as Rps“is increased,
4 -

initially the estimation error decreasgs rapidly and thereafter exhibits less

' effect. As X inc}reases the estimation error decreases monoton{cally.

cl
For @ - when Xcl is negative, the effect of Rpj°i$ observed to resemble
that for O.j but of smaller magnitude. On the other hand, when Xcl is

.positive, there is' a zone where the error is minimum. The error

increases monotonically as we move away from this zone. This indicates
that the presence of optimum value for Rpj and Xé'l where the error is
in the vicinity of its minimum value. The minimum value of the errors

: W
attainable with this arrangement for Aon., and AB'} are 0.05 deg and

1 0.10 deg respectively at R and X, 700 mm. and -500 mm

(approximatély) respectively. The maximum  error observed for the

testing environment considered is nearly equal to the joint orientation

t
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, 3
b. Effect of Y and R, - . !
‘ cl p R

The effect of Y , and R, on Ad., and Af . for one set of 0 .
) | cl Pj vi 1) )
and 0:1 is shown in fig.5.6.a and 5.8.b. As before, the orientations 0yj,

and 0’ i

the estimation error decreases rapidly and thereafter shows less influence.

both are assumed' to e 1 degrees. For 0”., as Rpj is increased

At higher values of Ycl, the effect i8 observed to be the same as before
but the estimation error increases again ay the value of Rp.i is increased
beyond 700 mm. It can be seen from plots that the estimation error
remains the/ same for all Y _ values when the Rpj lies between 300 and
700 mm. In the case of 0’j, initially the error decreases rapidly and‘ﬁ
thgreafter exhibits less influence for all Y‘:l values. The estimation
errors Aoyj and A()zj both increases monotoni'cally as Ycl is increased.
The minimum error value that can be achieved for A()yj and, Aogj is 0.1
deg. The maximum error for the testing area considered here is same

as that of the previous section.

'c. Effect 'of ch and Rp.i

Figures 5.7.a and 5.7.c shows the effect of ch and -Rp.i on A()yj,

W and o'j.f

assumed to be one degree each. For 01‘1, the estimation error initially

and Ae’j for one set of ¢ Here also ‘the orientations are
decreases rapidly as Rpj is increased and thereafter the effect is less
significant for all values of ch distances. For oyj, the estimation error
initially drops faster and thereafter remains constant upto Rpj equal to
8§00 mm. After this value of Rpj the error increases again. As ch is
varied - from -1000 mm to 1000 mm, the e&®or decreases and then

increases again. This shows that there is an operating zone where the .

A
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7 " 3
error is minimum. In this case the- error value at thes operating zone of ™
Rp.i and ch be 700 mm, and -200 mm is 0.08 deg each. The

maximum error value attained f;)r the experimental zone considered here
is’ approximately 509 and 75% of the actual value for AOZj and Aﬂyj .

respectively.

-

5.3.2. Link Lengths and Offset Distances

B~

5.3.2.1 Error Analysis, Design of Experiments, and Discussions®

r

The accuracy of the computations are dictated by the accuracy
with which the the center distances ‘are estimated. This in wﬁturn,
depenfié on a number of factors namely, accuracy of the evaluated L,
oY and Ty and the azimuth and the elevation ahngle resolutions (Aa.,

< Aﬁi, Agti) of the theodoht.es By partially dlfferentlatmg the expressions
for the link lenghts and the offset dxstances with respect to the Jomt'
center distances ch, ch, and ch, the effect of small variations in the
latter bn “the former can be evaluated. By partially differentiating the
engression& of the latter with respect to the parameters L, T Ty X ﬁ.,
and ¢i the effect of these parameters on the computed center distances

can be obtained. The estimation errorsg\ A&, Ad. can be evaluated

from,
) da, Ba, Oa, '
a.i—“—AX.+5TAY+:9-Z-lAZ+ \
aai aai 8ai , \ .
Ei_ AXiy ¥ oY, "l Y oaz A, - - (63.7)

, for Adi, replace a by d. in the expreéibn given above, and the

¢
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- expressions for X,,- Y, and Z, are given by the equations 4.3.1, in §5.3.1.

As mentioned in §5.3.1.2, here also a cpmputerized'gc/h;t_x_le\ fo’

" minimize the g&timation error has to be used before proceeding with the

L%}

i B
experiments. The inverse kinematic model to evaluate the theodolite .

éngles described in the " §5.3.1 is used here. In this particular section,
the .objective is to search -for the, magnitudes of the parameters Xq., ch,

¢ '

, th ‘
ch and Rp.i for the j  joimt, such that the eﬁmati{: error will be

close to the minimum value attainable. The objective function of this

Al

scheme can be"defined as,

Minimize : f.(Aa)
(X .Y 52 ,R L) B L R T
cj ¢cj ¢j pj 4“ : .
Minimize (Ad). .. (5:38)

x .IY .|z~ IR
;( cj cj cj pj

‘ where jl= 12,3 and sﬁbiect to the following con;traiﬁts :

- — -

4000 mm > Y., >Y . - -
ij opt -

100 mm < R.i < 1200 mm | J‘,

i

" where Yopt is the minimum optical distance for the theodolites specified

'by the manufacturer.
/’ " N ’ . R - r: ’ |

.'a. Effect of R1 to ,Ro

~

The effect of radii of rotations of the ‘joints on the estimated

 values of dj and 3, is, presented in fig.5.8, for one set of Xct, Ycl, and

ch -distances. The estimation. er_rof is very high for low values of the
radii of rotations and it decreases rapidly as the radii of rotation is

increased. As the radii of rotation- increases beyond 500 mm, the-érror

B

¢
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is obsegved to be constant and the effect becomes less significant. The

Ly
sgggestgd value for the radius rotation is around 600 mm.

Ty ,
b. Effect of X  and R. E
cl 3

! v

The effect of ‘ R and X of the world col)rdxnate frame wnth

respect to R, and R, is shown in f1g59 for one set of Y ~and ch

For the parameters (l and d the' estimation error is minimum when
the X \/alue is in the vicinity l’af tzero On either side of this value,
the error increases monolonically. FQ{ positive * values of X the
increase in the error is less stepper than that for the negative values of
X"cl." IFor Y also there is a minima. The estimation error is minimum
when Xc1 is close to -100° mm, and on either side of this value, ,the
error exhibits monotonics’increase. - The °elffect of Xcl on 8, is different

.

from those discussed above. The error ‘is minimum -when )(cl is more

negative, and it increases as the vq_life. becomes more positiﬂvé.
5.3.2.2 Expeﬂmental Results : . o B .

“.

The Puma 560 robot has 8ix degrees of freeﬁ'o‘m When the
robot is in |t s"‘ﬁeady posmon, the axes of rotatlon of the Jomts 1, 4,
and 6 are perpendlcular to and that of. l.he Jomty2 3, and 5 are
parallel to the world XY plane of the robot. Hence, there should be

two sets of experimental setups required to analyse these joints: The

robot itself is positioned with ‘respect to the reference frame R, such

o

that the axis of rotation of the joint 2 in the READY position will

R
. f
make a small angle 60‘ with respect to Rr The distances X, and Z.,

of the joint 1 and the Y g Of the joint 2 “are set to be the values

;-

-

/

»
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L

3

Computed - Center distances (mm) of the Puma 560 robot joints with

respect to Rf
o

P

Joint 1 : xci - 474.9 mm;‘Ycl‘- '

Joint 2 © X , = 474.7.mm; Y_c2 —eseeee Zg - 1849 mim; R, = 7333 mm
v Joint 8 : xc3 - 474.0‘ mm,; ch - ahtkbs ;*zc3 - -247.1 ‘mll?l; R3 - 301.8 mm'.-ﬂ"
Joint § : Xc5 - 4449 mm; ch - essses  } ch = -079.4 mm; R5 - 152.4 mm
Jc;i_nt 0. : Xcﬁ - 444.4 mm; ch ?- 300"5.4.mm; Zco IR LT T T PR Rﬁ - 300.5 mm
" Where}ssesss - Undefined ‘ .

Link 'Puameter .‘ L © Specified(deg/inm) Estimated (deg/mm)
9 xzé 0.0 0.143
0)!23 0.0 -0.107 .
0,2'3 0.0 -0.152 ‘
[ 325 0.0 0.166 .
0y25 ' 0.0 -10.010
0’25 0.0 -0.322
s o 0.0 /L,gnz
oy 0 : 0.0 -0.738
8.4 0.0 -0.032
N 4320 . 4819 h
3, - 20.3 - 20.7
d,- " 140.1 . 1545
d2 432.0 - 432.2
ds - 6T:1 564
3

\
&,

2863.0 mm; Z.y = teas +ei R = 1124 mm

. Fig.5.10 Experimental results for the Denawit-Hartenberg parameters E

A
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recommended by the design of experiments.

14

e

Figure 5.10 present the results from the experiments to estimate
the joint coordinates with respect to the reference frame Rr, the joint

orientations, the link lengths, and the offset distances.

5.‘_1 Transmission Errors

5.4.1 Error Analysis, Desigfn of Experiments, and Discussions

-

o

!
i
!
|
I

The accuracy of the estimated joint angle depends on the
accut]'acy of computing the 6 distances from the theodolite angles. As

explained in §5.3, this accuracy is controlled by AL, Aql, A'12, Aai,

Aﬁi, and A¢i. From equation 4.4.1, it can be ‘inferred that the joint

t
i
angle Jﬂmj can be expressed "as,

tfj

by = F Xyp Yop Zyp Xpp Yoo Z,9) (5"%'1)
¢, ’
. . . fj . .
by partially differentiating ij with respect to these variables, the

St
fj .
effect of small variations in those on ’omj can be evaluated. The

relations for the distances X, Y, Z are given by the equations 4.3.1, in
t,. '

f
§4.3.1, can be wused here also. Partially d_ifferentfating Jﬂmj with
7y
respect to those variables, the estimation error 0mj is given by,

\
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by oF OF | OF °
-Aomj=;’r)-(—AX +K-AX +:97_AY }
8F aF oF
-ﬁ— AY + B—Z—' AZ_, 8282 AZ, . (5.4.2)
the error quantities AX , AX&2, Y, and AY ., and the complete

L
tﬁ c -
expression for 0mj are given in the Appendix-B.-

As in the other sections, i]ere also a computerized estimation
error minimization scheme is designed to search for the best con.lbinat.ion‘
“'of the distances X X&2, Yal’ Yaz, Zal, and Za2 of the reference points
Al and A2 respectlvely that results in minirpum estimgtion error. The
inverse trigonometric analysis describec.i1 in §5.3.1 is used to evaluate the
theodolite angles for the distances chosen for analysis. The objective of

this scheme can be defined as,

¢ t
Mini'mize F(A fjg )
(X .Y .2 LR ) mj

cj' c,| cj dj

(5.4.3)

subject to the physical constraints of the experimental setup.

Y

The importance of the minimization scheme dlscussed above is
supported by the results obtained from the computer runs performed.
Figure 5.11 shows thg effect “of varying R dj aild Y on the estimated
joint angle for one set of X and Z distances. It can be seen from the
pléts, initially an increase in'-.the distance R 4j decreases the estimation
error rapidly and thereafter the effect is less significant. Whereas an
increase in the Y distance L-incrgases the error monotonically. The

minimum error attainable for the given set of AL, qul, A'yz, A‘a', Aﬁi,
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and A¢i is 0.015 deg and is within the joint encoder resolution of the
Puma 560 robot. ' |

5.4.2 Experimental Reéults

The experimental setups shown in [fig.5.12 can be used to
estimate the transmission e;rors in the joints 2\ 3, 4, and 6 of the
Puma 560 robot. The results for the joints 4 ;/nd B8 are presented in
fig.5.13 and fig.5.14 shows the joint resolutlgxfs for those joints. To
avoid the effect of backlash, the joints are rotated at slow speeds in
one direction only. The estimategi) joint anéle errors has an upper and

a” lower limit. This is the estimation error. The actual joint angle

may lie any where in between the two limits. Hence, curve fittimg

technique is used to 'apprdximate the relationship between the joint
angle "and the error. Omne such fitting performed for the joint 4 and 6
have the following relatiogq : ‘

3

- 9
K04 0050 Sin 10 04

: .9
- . Kgo = 0.047 Sm 5 .00

5.6 Joint Compliance

z

5.5.1 Error Analysis and. Design of Experiments

|

)

- From equation 4.5.1 it can be seen that the joint stiffness KJ. is
&

a function of joint angle oij, the external:load applied Nj, and the

distance between thé joint center and the point of application of the

load Lj. This is given by, 5

5
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3

Fiz.s.u. Expérimonm setup for the transmission errors

N in Joints 2,3, 4 & 0 of the Puma 580 robot
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K =t (8, N, L y .\ (5.5.1)
by partially differentiating Kj with respect to its independent parameters,
the estimation error AKj can be computed. This is given by,

d oK, 0K, = K, ' -
AK -ﬁ;Aﬂ +_N_AN +5f;AL o (5.5.2)

* the expression to compute the %@rror Aﬂﬁ is provided in the previous
section. The error AL can be c¢alculated from the estimation error for
the joint center calculatxons. The error AN ‘is assdciated with the
aecuracy with which the weights were cahbrated by the manufacturer.

The objective . here is to minimize the estimation errors by
minimizing the error terms’ Aoij’ 'th. It bhas been shown in the
previous sections that these errors in turn( can be reduced by the
appropriate choice of the joint center location and the radius of
~rotation. The objective function is given by, v

| " Minimize h f(AKj)
(Lx .Y jz j'RpJ)
It can be inferred. from the discussions presented above that the
. ) estlmatlon error AKj can be mlmmlzed by reducing the errors A#.. 7 and
'S C AL.. Sections 5.3.2.1 and ° 5.4.1 present the discussions for the

]
. computerized .minimization schemes. Hence it is not necessary here to

include a ‘separate analysis on minimizations.
[ N ) y

(L4
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5.5'.2 Experimental Results

The experimentalisetup shown in fig.4.5 is uséd to compute the
\}

Joint stiffness of the joints 3 and 4 of the Puma 560 robot. Figures
5.15 and 5.16 present.; the results for the same joints. The loads were
applied at a distance approximately 500 mm from the joint centers. It

can be seen that there is a monotonic increase in the joint angle as.the

‘twisting torque is increased. The slope of ___t;he joint deflection versus

torque remains the same upto a certain value of the twisting torque.

After this value, there is a change in the slope with a definite offset.

The joint angles Were'calculated for the décreasing loads also. In this

case also .after the same joint torque, a change in the torqﬁe—deflection
curve was ‘observed. This slope is the same as that .for the increasing

load but with an offset. The stiffness’of the joints 3 and 4 computed

1

exterimentally are given below !

) .
K3 = 1.166 X 10 -1b in/rad. for forque less than 100 lbin..

. 5 ' .
ch3 = 1223 X 10 Ib in/rad. for torque greater than 100 \Ilbin.

[}

For Joint 4 : - ‘ SN
5
K., = 2.275 X 10 1b in/rad.” for- torque less than 45 Ibin.

Jc

o

; .
ch4 = 1.698 X 10 Ib infrad. for torque greater than 45 lbin.

-
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8.6 Cross Coupling Effects

5.6.1 Error Analysis and Design of Experiments

The method proposed .in this thesis to cvaluate the Cross
Qoupling effects doesn’t involve a'ny mathematical expressions in terms of
distances and theodolite anglés. Tixe. accuracy of the complutcd joint
encoder readings depends on the resolution of the Analog to Digital
converter used. 'Hence an error analysis, de_sign' of experiments :;nd
discussions on computerized ‘minimization '_are “not neceesary for this

particular section.

5.8.2 Discussions on Cross Coupling Effects between

the Wrist joints of the Puma 580 robot

AN

The Puma 560 robot uses D.C. servo motors as the actuators.
The joint encoders are mounted at the ‘motor’ end. The wrist joints 4,

5, and 6 of the Pumsa 560 robot are mech;nically coupled and hence

_exhibits cross céupling "effects. Due to this, when the: joint 5§ motor

rotates the joint 6 and/or the motor of the joint 6 also rotates.
Similarly when the joint 4 rotates, the joints 5 and 8 and/or the
motors of those joints also rotates. Figure 5.17 shows the mechanical

arrangement of the wrist joints.
Q .
The following discussions explains how cross coupling takes place

.between the joints 5 and 8. The jpint\{"ﬁ motor and the joint (link) are -

connected through a drive shaft S6, a bevel gear drive arrangement
consisting of the gears Gy, and Gy, and the pinions P, snd P,

where P and G referg"t.o the pinions and the mating gears respectively.
; ,‘{K‘“ .

'
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JT 6 MOTOR -

OUTER LINK *

.
’
=
.

JT 5 SPUR JT 6 BEVEL
REDUCTION REDUCTIONS

© D

JT'5 BEVEL

REDUCTION “WRIST

JOINT § (560).

' @? JOINT 4 (560) -

JOINT 6 (560)

Fig.5.17. Mechanical arrangement of the Pnn}s 560. robot wrist joints
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The link 8 is connecM to the gear Gcz‘ A split section on the wrist
is the joint 5 (link 5) of the robot. This houses the gear G,,. Hence,
when the joint 5 rotates, the split section rotates and therefore the geaT”J ‘
Goz also moves with it. During this process two things can happen;
one is the gear G62 may rotate about its axis inside the split section
and hence the joint 6 rotates; the other .is, it can drive the mating
pinion P”, and hence the joint 6 encoder rotates. It is also possible*
for both actions to take place simultaneously. This arrangement is

analogous to the sun-planet arrangement used in differential drive

systems and is shown in fig.5.18.

-

§.6.3 Experimental Results : . ¢

‘From these discussions it can l;e inferred that the magnitude of
cross coupling can be estimated by tapping the joint encoders of the
joinis 5 and 6 while 4 is rotated, and .t:;ppingd 6 when 5 is ‘rotated. To
achieve this, an interface consisting of hardware and software was
designed to tap the joint encode'rs and convert the nuiiber éf pulses
received into joint angles. To evaluate the correction factor Ogqr first
joint 8 is rotated alone through an angle # and then joints 5 and 6 are
rotated through the same angle together. In both cases the joint
encoder of joint 6 is tapped and the joint angles were plotted aginst
time.'l Figure 5.19, shows such plots for # equal to 10 degrees. Opq 15
comptwlted ags follows K

['4
The j(;:int 8 encoder reading with joint 5 rotation 0y = 11711 deg
The joint 8 encoder reading without joint § rotation 6, = 8.908 deg |

The error A = 1.802 deg for 10 degrees -of joint 5§ rotation.




N
o]

Joint 6 encoder reading - 00 (Deg) -

0-02

109 '

wrd’ e

Tt g when 05 alsovotaded

r

JIt6 alone
r

Aea

l I ] ] i | ] i |

A Time (milli seconds) —»

Fig.5.19. Experimental results for the cross coupling

between joints 6 & 0

=
) 1

o0



110

« 40 ! I

Joint 6 encoder reading - 0, (Deg) —
Ll

N J
=9 \\\\\\‘/l/ -
e \ - . -
, -
0-02 l i | i | 1 L ] ]
0 3500

Fig.5.10.

Time (milli seconds) —

Experimental results for the cross coupling

between 3ointl"5 &6 \ )

~



111

Joint 5 enmcoder reading 05 (Deg) —

t Te5 o
B > J 10 07 30
[ 9923
TS aloma
>orafed “

1
1 "
002 i 1 | B | 1 I .
® . sy ' u
» Time (milli seconds):— oo -
N @ N o -

. . Fig.5.20. Experimental; results for the cross coupling
CAEE »
between \join‘&4 and 6 £ 6

e



112

N
Q

Joint 6 encoder reading - -0, '(Deg) -

° Time (milli seconds) — - ‘ooo
. F‘!g.SE.BO Experimbe.nhl results for the cross coupling
between joints 4 and 5 & 6 | |
b s ?4:‘ .
o |
- gtag— + ol



113

hence the correction factor Oq is given by,

Opani™ 3; = %\1 0.1802 deg/unit rotation of joint 5.

This indicates the joint 6 encoder may rotate through appt:oximately 85

degrees when joint 5  makes 360 degrees. The *magnitude of o, .o

56
specified in [33,34] for this robot is 0.1806 deg and hence there’is little
error between the estimated value and the value prescribed by the robot

Mmggufa.cturer. Figure ?.20 shows the results from cross coupling effects

are evaluated below :

in 5 and 6 due to joint 4. The O 45 and 04

The joint 6 encoder reading with joint 4 rotation 0, = 10.040 deg

The joint B8 encoder reading without joint 4 rotation Bg.= 9.909 deg
The error A = 0.131 deg for 10 degrees of joint 4 rotation.

hence the correction factor T4 is given by,

A 0131 : : o
Oy = g, =0 . = 0.0131 deg/unit rotation of JOfnt'4.

The joint 5 encoder reading with joint 4 rotation 045 = 10.073 deg
~ The ‘joint 5 encoder reading without joint 4 rotationfy = 9.934 deg F
The error A = 0.141 Deg for 10 degrees of joint 4 rotation. ‘

hence the correction factor .5 is given by,

\.“m . ' ~
A 0.141 . . . '
Oy = g, = g = 00141 deg/unit rotation of joint 4.’
the error between the magnitudes of these correction factors specified by
i [33] and those computed above are very small. The sign . for the
"correction factor o,. should be positive instead of being negative as

40
indicated in [33]. g
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5.7 Summarf

It can be concluded from this Chapter that the process of
evaluating the robot errors and the Denawit-Hartenberg parameters of .
the .robc‘)t, involves an error referred to as the estimation error in this
thesis. This error "is due to the readability of the instruments use'd‘for
cal_ibratiox; and the accuracy asso::iated with the process of measuring
the reference distances and lengtlis. This estimation error can be’
computed by differentiating partially the mathematical expressions
governing the experimental setup to evaluate the robot errors, joint
angles, and the Denawit—Harteﬁberg parameters. This detJermines the

4

‘confidence level that can be placed on the measured parameters. It i;;

" mandatory that these errors should be less than the repeatability of the

robot -and the joint encoder resolutions. Hence, it is necessary to

minimize the estimation error.

(-4

4

From the results of the estiniation error minimization presented
here, it can be inferred that the parameters of the experimental setup
greatly influences the magnitude of the estimation error for the same
rgsolutions of the instruments and the measuring accuracies of the |
reference distances. By varying the magnitude of _t'lie parameters of the
experimental setup, the estimation error can be reduced. The optimufn
set of. experimental pﬁraméters 0!:., the experimental setup searched using ’)
the computerized' minimization sclieme are ‘used to setup the

experimental setups.

This section also presents results from the Pums 560 robot using

the technique discussed in this thesis, The link parameters 8y, d2, and
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[}

. N~ — g T,
- d3 of the Puma 560 robot shows little deviation from the wvalues

specified by the manufacturer whereas the parameters dl, and a,
exhibits considerable deviations. The joint misalignmenf analysis shows
that there is very little joint misalignment between adjacent joints. .
Sample results are "presented for the transmission errores and joint
compliance analyses. Effect of link coinpliance ﬁas found to' be
negligible compared to the joint compliance. Cross co'upling effects were
observed between the joints 4, 5, and 6. The correction factor
evaluated for this effect were found to be the same.as that specified in

the literature.
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CHAPTER 8

Y

ANOTHER ﬁPROACH TO EVALUATE >

LINK LENGTHS AND OFFSET DISTANCES:

6.1 Introduct\qg

This chapte; presents another 'approach to the process of

evaluating the Jink lengths and the offset distances of robots. To

'estxmate the link lengths .and offset dnstances, the scheme outlined in

'.Ch‘apter 4 relies on ad¢mathematical model which requires manipulation

of ‘5 variables per link. On the other hand to achieve the same goal,

-the method to be discussed here relies on a mathematical model which

manipulates a total of 6 variables for the entire rob'ot(independeni of
number of links). However it requires the knowledge of the joint errors.

It is also necessary to be able to tap the jc;int an'gl’eé from the shaft

.encoders ysolvem. Alternatively, one could depend on the robot

controllers to provide a readout of these angular positions.

‘-

‘ To aclueve better results in both methods, it is advisable to
include the devxatlons from the deslgn joint orlentatlons Present models
of 1ndustnal robots usually have 0 ° or 90 ° for the joint orientations.
Recognizing that the methdgd déscribed here requires joint errors and
joint angles as the additional informations, nontheless is simpler
mathematical appro:;;:h jcompares favourably with the technique in
method' -1 m terms of computing time and accumulation of estimation

errors. ' - . °
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6.2 Kinematic Equations

b

~
.

Je
o

This section provides’ the expressions- to \evaluate vhe link lehgths

"and offset distances (a;, dj)‘ from the measured tool positions, and

tapped joint angles.

Let

R

T, .be the transformation relating * the -

reference frame R‘.Qand the 'wor_ldl frame of the robot given by,

T

- . R

where X Y

%

"3

1‘1‘,

60
3

-60
y

0.

el

o

—60_ - -

66
y

1 _se
, X

68 1
)N
O/ft) -0:

)

&

r - Ny . , . ) ‘ .
T~ Trans(X,,Y,, Z,) Rot(X,80,) Rot(Y,59;) Rot(Z,56,)

h—

-

é

Z.,) sad (80, 60, 69) aré the" position and orientation
- of the world frame of the robot with respect to R, Let (X, Y,, Z/) is
v . .

' ’ th
“the location of the tool with respect to the last (j ) link.

ot

It is .shown latter, in this section that the relations for the tool

coordinates with .respect -to Rf, are linear functions of -the link |

parameters to be estimated.

By moving the robot énd;effector' to

different locations in the ‘workspace, one can generate sufficient pumber

e

of e(;uatibns to solve for the parametera applying linear regréuion)

techniques. This method uses the joint angle readings, the. deviations in

~

‘o

L

v
123

the DenawitpHa}t:enberg p'aramgt,erp a, and ¥, ie, Aa;, and A#. The
joint— angle réadings pf the' robot controller are corrected -for ghe

X
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following joint ‘errors: transmission _errors, joint compliahce, link

com})liance, cross coupling effects, and the backlash effects. The actual

' th ¢ ' th
- coupling between the j and the k joints.

joint angle 0}.. is given by, . - | ‘ \
0.’-0‘[1+K + K +K_ +K ]+-0."K 6.1)
oLy ey ey Ty | ey A

‘th
where K‘, 'ch, K Kb' are the correction factors for the j joint

- )

j NI ~

angle for transmission errors, joint compliance, link compliance, and

backlash respectively. The factor Ka is attributed to the cross
_ ‘ k.

The tool Io;:at.ion is given by,"

w i k §
Tg = A, Az Ay oo o Aj‘ E
‘whe;e Aj represents the A-matrices which describes the relationship

between joint§ j and- j-1 and jE is -the fixed transformation between the

/lihk j and the end-effector. The link ‘coordinate frames assigned, the

o ' link paraméter table, and the A-matrices for the Puma 580 robot are

>

v

'

U y
given in.Chapter 3. The process of computing the effect of deviations

K)

in the joint orientations on the A _-matrices is given in §4.3.1.

| P
The A.i matrices are replaced by the actual matrices A; given as,
I
’ X - “ .
Aj - Aj + dAj - A.i I+ 6Aj) (6.2)

.The net transformation from joint 1 to j with respect to the world
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frame is given by,

’

‘ " ’ ’ [ 4 )
Tj ] Ai*A2 AS Aj

and that of the tool with respect to the world frame can be written as;
~ w e ’ ’ . . j " ‘ ) .
TE - AL A, Ay . = A.i E " (6.3)

. and finally the tool coordinates expressed with, re;;pect;‘tgo ‘the reference

frame Rr," ' ‘
R, R . . . . . | o '
Tg = T,Ap Ay Ay o o A B L (64)
I N o, A X
N. . O A Y
. y y y e .

TN To, Az (6.5)

0 0 0 1

Y the matrices are multiplied and the goefficie'nts of the parameters a, ;.ij,
X, Yt' Zt' etc., are collected. The tool lodation (Xe,Ye,Ze) with respect
to the reference frame Rr for any given location for the Puma 560

robot is written as, I

X = Aldl + Azd2 + Asds + A4al + A532 + AOX-‘ + A.,Y‘ + Aéz,g
+ AX, + ApY 'Allzcl

Y = Bldl + Bzd2 4+ Bad3 + B4al,+ Bsaé + BGX‘ + B.’Y‘ + Bsz‘
+ BgX,, + BygY + B2

[xd
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Ze - Cld1 + 02d2 + Cad3 + C4al + 0532 + Cu)(t + C.ch + cszt

+ COXcl-+ CwYcl + Cch1 ‘ ~(6.6)

’ - Whe/re Ak’ Bk’ Ck’ ke12,..11 are the 'coefﬁcients computed for .

the location under consideration.

° Pl

The tool coordinates '(XO,YQ,Z;) for the Puma 560 robot are given

asl
Let,
{
nx Oy ax px
R, - "y % % Py
T =
nl O’ a! pl
0 0 0 1

X, = P - 60P + 8P '+ X
Y, =P - 8P, + 6P +Y,
Z, = P, - 6P + 0P +12,

.

* Where P, P’, P_ are written as, o . L

Px — X‘nx + Ytox + Z‘ax + P,
Py - thy + Yto’ + Zta’ + P,

P, - th. + Yto’ + Zta’ + P,
'Pheﬁxpreésiqns for p x Py and p" are given below :

p, =d,{C,C,C

1C,Cycos(6,~6,) + C,CSin(0,~0,)  + SIS?Ss} +

I3 . \
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d,C,Sin(6,-,) + 8,C,Cos(9;-8,) + aCC, - dS -

X,{C,Cos(6,-0,){C,C,C, -5} ~ C,5,C.Sin(6,-6,) +

5,5,65C4 + 5,C;8, } - Y {-C,Cos(d,-8,){C,C,S,+5,C,} +

C,8;8Sin(0y~0;) - 5,8,0;8y + 8,0,Cp} + Z,{C,C,8,Cos(6,~6,)
+ C,C,8,Sin(6,-6,) + S.8,5.} {\
: KD
P, = d3{~SlC4858in(02—03) +  8,C,Cos(6,-9,) - - 018485} +
([_\ T

d,S ,Cos(d,-6,) + - 8,8,Cos(6,-0,) + a8C, - dG, -

Xt{SlSinfﬂz—ﬂs){C‘!Cch —5436} - 815506003(03— 2) -

Ci0,0Cy = C,08s} - Y,{-5,5in(f,-0){C,C;S4+C,Cy} +

~8,8.8,Co8(0,~0,) -+ C,5,C,S, - ClC4C°} +

2,{~8,C,C,Sin(9,-4,) + 8,C,C;Cos(0y~0;) - C,8,8;}

*

P, = dg{-C,S,Sin(0,~0,) + C;Cos(d,~8,) } + d,Cos(d,~6,) +

. 8,Sin(6,~6) + aS Y\/‘{sm(oz-as){c C;S4+5,Co} -

172 4"50
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S;CqCos(d

5—05) - Y,{Sin(0,~0,){C,C;S,+5,C,} +

S;S4Cos(6,~0,)} + Z,{~C,S;Sin(0,~0;) + C,Cos(6,-4,)}  (8.7)

| v

~ Where the notations S, S,, C,, C,, etc., represents Sind,, Sind,, Cosd,,

Cosd,, etc. : .

6.3 Error Analysis, Design of Experlmenfs and Diacusah%

From equation 6.8, i%s can be inferred that the accuracy of

evaluating the link lengths and the offset distances. 8, and dj are

functions of the accuracy associated with the process of estimating the \
the tool positions Xe,"’Yc, Z,. The relationship between ap d.i and the

tool positions is giiren by,

-

(aj) dj) - Gg(x;n Ye' Ze) | (6°8)

differentiating the expressions for the tool positions with respect to. 35

d, X.., Y
J

cl? cl’

quantities can bexarrived as,

ch, Xt, Y‘, Zt, the expression containing the differential

N

AXe = All Aai+ AI_LAa2 + A13 Adl + A14 Ad2 + Als Ad3

+ A AX  + AL AX + A LAY,

AY = B, Aa, + B, Aa, + B, Ad, + B,, Ad, + B, Ad,

+ Blo A)(cl + Bl., AXt + BlsAYt
AZO - Cll A.al + C12 Aa2 + Cla Adl + C“ Ad2 + 915 Ad3
B + Cl‘o AXcl + 017 pxt + ClsAYt (6.9)
# ) ‘

4
i
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t&se simultaneous equations can be solved using linedr regression

_techniques and the error quantities can be evaluated.

It can be seen that the tool position can be’ changed by varying
the joint angles (()1 to 00), the location of the world coordinate frame
with respect to R, (Xcl, Y. ch) and the tool dimensions (X,, Y. % ).
As mentioned in the previous section, the estimation error can be

minimized by changing the distances. The objective function can be

~ defined as, \
X.. Y 2o XY Z,) 1V _
cjcj | \
' Mlmmlze . .
(X oY o2 XY 2 ) fZ(Adj) v , (6.10)

cj ¢j cj t ¢

a. Effect of Xcl and Xt

The effect of ch and Xt on the estimated® values of the.link

lengths and the offset distances (9.2, a, d:;, d2, dl) and the world frame

location (X Ycl, c;) and the tool dimensions (X, Y,) is shown in

cl’
fig.5.10. At low va!ues of Xcl distance, for d2, Xcl" increase in the
X-tool djst.aﬁce increases the estimation errors initially and thereafter
exhibits less influence. For d3, dl, Xt, and Yt, a similar change
increases the errors monotonically. For a similar ‘variation the

estimation error decreases for a,, and 'dl. For all parameters, increase

2’
in the Xcl distance shows monotonic decrease in thg ITors.
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" b. Effect of X, and Y,

Figure‘ 5.11 presents the influence of Xcl and Yt on the.
estimated values of the link lengths,. offset distance, the location of the
world frame, and the tool dimensions. For all parameters initially
increase in the X distance decreases the errors drastically and
thereafter increases .and decreases agaih and ;gain Hence the minima
tare only local in nature For all parameters except al, an increase in
the Y, distance increases the estimation error monotomcally The error

, -plot for 8; exhibits monotonic decrease as Y is increased.

e. Effect of Xcl, a;ld Z‘

' The influence of X , and Z, on-the estimated p:ﬁneters is
presented in fig.5.12. For variations in1 the Xcl distance, the error
" characteristics exhibited for all parameters is similar to that explained
-above for X !’ and Y For) all parameters except a 20 By and d,2 the
estimation- errors decreases when Zt is increased. A similar change
" produces increase in the estimation errors for 3,, and 8. For dl’ the

estimation error initially decreases and increases monotonically thereafter.

8.4 Experimental Results

’

This chapter pfesent.s only the methodology of the approach to
evaluate link lengths and offset distances. The experimental results are
nct. included as they are beyond the scope of this thesis. However, to
illustrate the correctness of the mathematical model, the manufacture’s
specificaticins_‘i? for the link parametel;s, the joint angle informations
provided by the robot cor‘xt.roller,~ and the assumed tool location values
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a
Q

Using X-tool positions (Xt) :

a

0.27d, + 0.17d, - 0.04a, + 0.09d, + 0.17a, + 1.00X _ - 0.16Y, + 0.95X « 106595
3 2 2 1 1 cl t t

- 0.04a, + 0.98dl + 0.10a

2 2

+ 1.00X _ - 0.05Y + 0.89X = 10560.01
1 , cl t t

0.46d3 + 0.20d

0.62d3 + O.It!d2 + ().Ola.2 -+ 0.99dl + 0.1111l + 1.00)(‘_'l + 0'3th + 0.00_X‘ - 895.99

-0.18d3 + 0.08d2 + 0.121&2 + 0.99d1 + 0.’13&1 + 1.02)0)(cl + 0.88Y‘ + 0.44)(t - 0681.02

-0.05d3 + 0.04d2 - 0.11152 -+ 0.99dl +' o.llll + 1.00)(cl + 0.00Y‘ + 0.75)(t - 807.31

+ 0.08d, + 0.18al + I.OOXcl + O.25Y‘ + 0.40)(‘ = 041.34

0.88d3 - 0‘.O4d2 - 0.221!2 8d,

. 0.67d, + 0.18(’12 - 0.03a, + 0.98d, + 0.183  + l.OOXcl . 0.30Y‘ + 0.67)(‘ = 80721

3 2 1 1

0.63d, + 0.01d_ - 0.13a, + 0.99d, + 0.07a  + l.OOXé

3 9 9 1 1 + 0'52Yt + (.).OOX‘ - ?00.34

1

—

d3 = 57.13 mm ; d2 - 43199 mm ; 3, = 20.32 xﬁm ;
d, = 14931 mm ; s - 432.04 mm ; X = 99.78 mm ;
Yt = 50.00 mm ; Xt - 700.00 mm ;
u‘ [+3 . ' ) : . o
Joint Angle readings from the Robot Controller : : .

fy(deg)  fy(deg)  f.(deg)  §,(deg) G (deg)  g,(deg)

-80.056 14.00 64.00 .10.00 55.00 100.10

-78.05 23.00 56.00 2500  45.00 82.00
-81.05 -46.00 140.00 160.00 35.00 10.00
-82.05 -14.00 160.00  =30.00 26.00 62.00
-83.05 -25.00 4400  -10.00 75.00 52.00
-77.06 -38.00 27.00 50.%0 85.00 43.00
-79.51 6.00 76.00 40.00 ©  70.00 110.00
-82.51 +67.00 62.00 30.00 80.00 ' 31.00
LY

Fig6:4  Sample results for the Denawit-Hartenberg parsmeters

-
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" are given as the inputs to the mathematical model to recompute the

link lengths, ahd the .offset -distances. The 'joint angles are - selected
carefully to siﬁmlate the experimental conditions.. This provides the
: informations on feasibility of the 'methodolog “ for experimentation.
Figure 6.4 presents the results of this exercise and is observed to be

satisfactory..

6.5 Summary

This chapter .describes a modified approach to evaluate link

lengths and offset distances of robots using the kinematic mo“déf of the

robots. This model relates the coorciingtes of the tool with respect to a
reference coordinate frame R and the link parameters. - It has been
shown in this chapter that the relatlonsh.lp is linear and hence linear
regression techmque can be applied to solv; for the unLnown parameters
from the measured tool coordinates. For illustration, ‘the ‘klnematlcs of
the Puma 560 robot are used here. Thjs method requires the knowledge
of the joint errors and angles as the additional informations compared to
the xhethodology discussed in chapteli 4. The joint angles can be
obtained either by tapping the joint éncoders/resolvers or one could use
the joint angle informations provided by the robot controller.- Though
this method requjl:es additional informatic;ns compared to method
discussed, in chapter 4, nontheless is simpler mathematical. approach
compares ‘fm’r‘ourably in: terms of computing time, and accumulation

errors. It can be inferred from the kinematic relationships for the tool

coordinates, that the estimation errors can be changed by varying the

distances X cl’ cl,X‘,Y , and Zt. Variations in the distance )(cl
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v

resu'ii‘ts in large number of local minima. An increase in tile X, distance
decreases the ‘errors for most of the parameters initially ‘and thereaﬂ.er.
remains the same. Increase in th; Y,, Z, distances, increases the ’erroi-s
monotonically. Since in this_chapter; experiments are not performed, the
joint angles for the sample 7 results are carefully chosen such that, the
testing includes the feasibility of the methodology for acfual experiments

as one of the constraints.

A

1

et




- CHAPTER 7

. CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE WORK

7.1 Conélﬁsions

It can be concluded from this thesis that a p'rocedﬁre to calibrate
robots is essential to measure the errors in xgbot.s and hence to. improve
the accuracy with which the tool is posmoned and oriented at the
desired locatlop. It has been demonstrated here the presence of
estimation errors due. to instrument resolution and/or repeatability and
human errors and the usefulness of the error analysis to evaluate these
errors. It has been shown that the estimation errors can be ‘controlled
by the appropriate choice of the geometrical parameters of the
experimental setup for a given values of the instrument resolution.
Hence the importance of designing the eicﬁeriements to search for the
opt;imum set of geometrical parameters of the experimental setup that

results minimum estimation errors.

The procedure outlined in tlzy thesis has been applied to the

Puma 560 robot and the (::ontributio of some of the error sources are

'measurgd. It bhas been found that‘ the estimatéd values of all link

and d1 were very close to\the manufacturer’s

-and d1 may be/attributed to the

parameters except a,

specification. The deviations in 3

. . ¥
- presence of a 1 degree misalignment in the XZ - plane between

coordinate frames of the joints 2 and 5. The amplitude of the
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transmission errors in the joints 4\g£d 6 are of the order of 0.08 and
0.06 degrees rez;pgctively. The experiments fo; phe joint stiffnesf;
indicates that the joints 2 and 3 are nearly 10 times stiffer than the
wrist joints. The -wrist joint 4 ~aI.1d the joint 3 .exhibits a deflection of
0.004 al\ld 0.0005 deg/unit torque. Experiments on the cross coupling
effects indicates the p;'es'ence of cross coupling between the wrist joints.
The magnitude. of theo correction factors are found to be the same as
that specified by Vistnes[35]. The sign for the -correction fact,m: o

56
given by Vistnes[35] should be positive instead of being negative.

4
-

7.2 Suggestions for Future Work

The robot errors can b;e grouped under two classes namely, fixed
errors and running errors. The fixed errors are the deviations in the
Denayvit-Hartenberg parameters of the robot from' the nominal values,
and the ruhning etrors are the errors due to the transmission errors,
joint compliance, link compliance, cross coupling eff;:cts, and backlash
effects. ~The magnitude of these errors changes with the joint angles
and hence’ !cnown as the running errors. It has been ,mentioned in
section 1.2, since the joint encoders are normally mouxjted a't the -
actuator end rather than at- the joint end, the effect of running errors
canmnot. be sensed by the robot controller. These running errors can be
eliminated completely if the joint encoders can be mounted at the joint
end. Also, use of direct drive systems in robots eliminates some of the
running errors. Hence the author recommends thé use of direct drive
systems and/or mounting the joint encoders/resolvers at the joint end as

the changes for future robot designs.
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The search technique described in the Chapter 8 to evaluate t.heb
link lengths and the offset distances uses the joint  orientation
informations andi the joint errors computed using separate experiments.
It can be modified to search for the joint orientations as well. This
reduces the amou‘pt‘ of experimentation involved but increases the .
number of unknown quantities to be searched .mathematically to 23. If
the joint encoders can not be mounted ai the joint end, then this
search technique can be made to include' the running errors as well
Tl;is means the number 6f unknown parameters to be cdx_nputed becomes
59. This method should be designed to protect 'agaim;t such problems -

as the presence of degenerate solutions; ‘singtilarity, and non-linearity.

-
/

It is preferable to use optical instrument with digital readout to
reduce reading errors and also to hasten the calibration process. The
methodology discussed in this thesis can be applied to calibrate robots
m static. There are number of industrial applications requmng accuracy
in the tool trajectory of the robot under various load conditions. This
calls for another area of research leading to the design of a’ techm'qt_;e'
for dymamic calibration of robots. This requires a completely ailtqinated
calibration setup using laser/camera tracking sy.st.ems. This also involves
real time computation of robot errérs and correct.ionsQfor the same.
Since this process will affect tile robot controller computation time, it is

- preferable to use parallel processing to compute the tool trajectory and

the errors concurrently <
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APPENDIX A

¢ v

MATHEMATICAL MODEL DERIVATIONS

A.l Theodolfte Parameters !

«, . As mentioned in §4.2, points A and B are thé centers of the two
~¥

theodolites. Points C, D, .and E are marked on the reference ruler. "L

being the distance between A and B, Py T and R -are the ndiétances

2,
CD, DE, and CE respectively. % and v, - are the- offset angles.

Referring to fig.4.1.b,

from AAED and AAEC, N
o " !
sﬁl = Sinlai = K, (say) ,
ie, AE = i(i Sing, : (A-.i.u
| \
AE. 2k (eag)
SmBl ana2 2/ ,
e, AE =K Sme o T a1y
but ¢, '+ bx + e+ oa, - 180 ) o ‘ ,
and hence ¢, + 4, = 180 - a; - a; = K, i(sa}") S

from A.l:l and A.i.2,



- given as,

»
o
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K, Sing, = K, Sind, o J‘L -
replacing ¢, by K, - 4, we get, .-
K, Sin(K,4,)’= K, Sing, “ .

after expanding ‘and rearranging the quantities the expressibn/ for g, is

‘ N \‘
Sink,
R—; + CosKs ]

""substituting Kl’ Kz,' and K, and using the following identities,

XSinks -‘Sin(al+a2) ; CosKy = - Cos(a,+a,)

the final expressions for 6, and 0, are given below :

Sin(al+a2) \
‘?gnﬂl - r,Sina,
- Cos(a,+a,)
r,Sina, 1772 ) :
' > (A.1.3)
Sin(8,+6,)
| tand, = rSf, |
rSind, -fCoa(ﬂ1+ﬁ2). . B
from AADC, - -
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- ACL R ,o_ RS :
' Sing . Sin(a,+a,) T Sin(a,+a,) "
> (A.1.4)
BC R . oo R Sney
' Sing, Sin(8,+8,) Sin(B,+8,) )
from AABC, ' ‘
TV, +V,+V = 0‘
substituting the values of the "c’omponents Vcb' Vb‘,’vu, S
CB Cosd,i + CB Sjn02i + Vb‘ - AC Cosf,i - AC Sind j = 0
hi.e.',
(A.1.5)

- ‘ R 2 , 2
Vi, = j (AC Cosd, - BC Cosf,) + (AC Siné, - BC Sind,)

To compute ¢ and Yy

1 3

To compute Ty the trfangle ABC is used. This is because since
the angle CAB is small, the estimation error will be minimum. From

s AABC, . .
" BC - AB o BC - AB
SinCAB  Sin/ACB " Sin/CAB Sin(02-0l)

!

i, SinZCAB = 23 Sin(0,-0,)
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g [W Sing, sm@l) ]
o n

hence a

3c L Sin(8,+8,)

Let ‘aa’ be the azimuth reading for the ‘point C. The offset angle e/ is
. given by,

Ty =0y t Qg

, 1| R Sing, Sin(0,-0))
T O 7L Sin (B,+6,)

14

. "(A.1.8) -

= =0

To uconipute Vo the ABDA is used. From this triangle,’

AD _ _ " AB
SinZABD ~ Sin (¢,-6,)

ie, SinZABD = 5 Sin(¢,-¢,)

)

R Sind, Sin(,-$,)
L Sin(a,+a,)

’ . -1
hence ﬂlc = Sin

Let ‘ﬁl ‘ be the theodolite reading for the point D. The offset gngle Ty

can be computed from the following expression :
72 - -f 1 + ﬁ lc

R Sind, Sin(¢,-¢,)
L Sin(ai+a2)

. -1
- -ﬂl' + Sin
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A.2 Coordinates of a point\ PX, Y, 2)

Let a and B, be the azimuth readings of the th;aodolites 1 and

2 and ¢ be the elevation angle of the theodolite 1 for any pomt‘

ch6Me workmg envelope of the theodolites. As before, L is the

centgl_' dlstanqe between the theodolites. Let R, be the reference

coordinate frame chosen with its origin at A. The X axis of this frame o

"is directed along the distance L, the Y axis beiﬂg perpendicular to it
and’ the Z axis is parallel to the vertical axes of the theodolites. The

X axis of the theodolites makes e and T, with respect to the XR axis
' f

‘ respectively. Referring to fig.4.1.b, the coordinates of the point in space
can be computed using the dlstance L and the theodolite angles @, ,61,

and ¢, as follows :

Let AD =X, CD = Y, and EC = Z,. ‘From AADC, and
ABDC, | " o
. &
CD = Xl tan (al‘-'yl) - (L—Xl) t.an(ﬂl '-'72)

i.g., Xl t.zm(al '-'71) = (L—Xl) tan(ﬂl "'12)

X tan(a, ")) + tan(B, "-7,) } = L tan(p, 7))
. ‘ \\\.’
Let a, = a,’-7, and f, = B, ", we get

1 ;f
L t.an'ﬂ1

X, - - , .- (A20) -

tana l-i-t,im/?l
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, L tanaltanﬂi g
and OD = ¥ = X, tana, = tana +tanf, (A-2-2)
from AAEC,
| ;
9 .
Zl = CE = AC tamﬁl - j(xl + Yf) tan¢l (A-23)

¢

A3 Joint Center Coordinatés‘ .

The equation for the circular path traced by a point Pj in the
. XY plane giveh by the equation 4.3.1.4 'and is given as,

T2 2 2
X, X)' + (YY) =R,

substituting i = 1, 2, and 3, and then solving the three simultaneous
equations, ‘tkhe expressions for the center of tlie circular path (ch, ch)
are giveridy, -

(XN} (YY) - (XYY} (Y,Y,)
X, = - _ ‘ (AB.1)
2 {(xz'xl)(styz) - 37X2)(Y 2'Y1)}

- NrI/(2 Drl) , ud

. 2
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| 2_2 2.2

(X X+Y, Y} - {XX,) | .

Yy = ‘ = " 1 (A32)
2 (Yz-Y;) s .

- Nr2/ (2 Dr2) . . a ' *t

“ for ‘phe circular path traced by the point Pj\ in the XZ plane, replace

Y, ‘and Y, by Z, and Z

o ~respectively.






APPENDIX B

- ERROR ANALYSIS
B.1l. Distance between the theodplites L v \

‘From equation 4.2.1, L can’ be written as,

, \ 2 . 2
L =R / (AC (}'0301 - BC 00802) + (AC Sinl9l - BC Si'n02)
‘ (B.1.1)
substituting AC and BC from equation 4.2.3, L can be rewritten as,

L =
R j Sing, Cosé, Sing, Cosd, | _| Sing, Siné, Sing, Sind
Sin (e +a,) " Sin (B,+5,) * | Sin (a,+a,) ~ Sin (B,+5,)
L, | , , (B’.l:2)
. | :
e e

—_ o (B.1.3)
Lar K+ K & ,

from equation 5.2.2, AL is given by, .

3L 8L 3L 8L L .,
AL = oo AR + 3-5-1' Ab, + o, A6, + 26, Ad, + 56, Agy +

tqd‘
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8L oL . oL 8L
. 3a, éal + 8a, Ac::l2 + 28, aAB, + 26, eﬂz R (B.1.3)
i€, € = € + €+ € € + €+ €+ 6 + €+ € (B.1.4)

To find € : Differentiating’ equation B.1.3 with respect to R, ‘

2 2
_el—/(,Kl+K2)AR\,
Q " 19
L
- g AR

To find € Different‘iating.equation B.1.3 with res})ect to 01,

P

— —

2[ 8K 0K
R 1 2 |
91| Ko * Kaga | 2%
where :
?_l.(l Sing, Siné, : :9-152 Sing, Cosf,
86, = Sin(a +ay) ’ 8, ~ Sin(a +a,) -

1

Sind:lCowl Sin¢200302

K, = Sin(a,+a,) ~ Sin(8,+8,)

Sing,Sinf,  Sing,Sind,
qKa = Sin(a,+a,) ~ Sin(8,+8,)

-

To find ¢, : Differentiating equation B.1.3 with respect to B,y

: ' R2 \ oK, “"’8K2

; 't - K — — ,
E =L K5, + Kagg, | A%
}é

:
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o * N
) where = . ’ |
OK,. Sing,Sind,  OK,. SingCost, .
38, = Sin( 3B, ™ T, = Su(, s,

To find ¢, : Differentiating equation B.1.3 with respect t,o.‘¢l’,

I -
- K 7/ + Ko 1| A
“4=L| T1ag, T Taag, 4
J
where .
0K, . Cos¢ Cosb K, Cosé, Sind,
0¢, = -Sin(al+a2) and .5;1- - Sin(a,+a,)

1

To find € Differentiating equation B.1.3 withgrespect to-¢2,

@

-

2 8K - 8K : :
- R 1 2 : o
€ = T 'KIS;— + K2T9-;_ é¢2 . R
‘ 2 2
N -~
where
OKI Coa¢200802 _8K2 Cos¢28in02\
- eT G d Lo AP
8¢, " "Sin(B,+8,) " Be, ~ Sin(B+B,)
To find e; " Differentiating equation B.1.3 with respect to a,
, , 5
af oK oK —
- ‘R 1 2 .
€ ™ T Kl v8a1 + sz‘l Aal ,



—
|
>
)
[ I'
FI
X
'
%
i
»
% aael
s B
‘e

- ‘ » ...
-To find ¢g - DifTerentiating equation B.1.3 with respect to B,

’ 160 N
iﬂh(;re
- »
0K, Snn¢10080 Coa(a ) oK, Sing, Sind, Cos(a, +a,)
8, =—.and 8:1 - 2
& 1 Sin (al*a2) o 1 Sin (& +a,) .

i

- To ﬁndhe,’ : Differentiating Qq;lat/ion B.1.3 with respect to a,,

v

R
€, = —| K —™ + K.—/— 4 A
T L 1 8 ? 2a, Q *
where . \ga' y
\ i -‘,‘1* ;}
5 ct?Kl 8K1 v 8K 8!?21 ’ . . - 7; ,‘&

da. — Ba ‘“‘d Ba, ~ Ba

0 N .
» .2 1 1 ~ LI ' .
- " s
- . . 4 * ~ f - / ’ <,
. 7 ¢ ‘ s ,
. . . 4 . .

8 L] h . » v , -
‘ A

>
-
.
»
P

2 e N '
o R 8Kl . 8]?2
g = T K, ’55:?“'(20/31 Aﬂl‘

where / . S \ :

’ - . ", )
9K,.  Sing,Cosd, Cos(8,+8,) K sm,s.na co.(pla,pz)

3
- - ‘ aiid
9B, ' ' Sin ‘ﬂ +ﬂ2)

2
Sin (@, +a,) %6,

PR . ‘I
oK, K, S

R
‘9 ,- ‘l:" K, aﬂ + K’ Oﬂ’ Aﬁ?



- where' -

‘ A0 can be evaluated by partmlly

161

To find Af, and A, -

respect to al, a,, rl, and r2 successjvely. This can be represented as,
» | .. . .
., 0 80, — 801 88,
Aﬂl - 5—; Aal + 5—; Aaz‘ +. E_-l' Arl + 5—; Ar2
§
.ot ' 2
86, " Cosé,
\\! ol .
. -
éi -
89, Cos ¥ Sina s
o ™ o |l +g Sin(a,+a,)
2 o V8. 2
l - L
N 0 ] . 2
88, | Sin(a,+a,)Sina, Cos 91
&, = 2. '
1 . r,‘,sngxmz2 y
o, -0 - r,Sin{a, +a2)SuialCos‘ A - ;
' o . - . ; 2 . L 4
\arn I8 Smcx2 S

—

l’ équatlon 4 2.2 is partlally dnﬂ'erentxat.ed vnth respect. to B, ﬂz'

and r the ec!.lmatlon error A0 can be computed as,
\ - ,

. <



5 .
gy

2 -
Ab, = — AB, + 55 AB, + 57— Ar, +
2 86, . 17 9, 7727 8, T
1
. .2
303 . Cos 02
8, = 2
! 8y ,
£
: .2
802 Cos 02 ' Sinﬂl
8?; - T -1 +Sinﬂ2 Sin(8,+8,)
2 p)
)
ﬁ% Sm(ﬁl-f-ﬂl) Sinf Cod 0, ‘
o, . . 2. -
1 fo 8 Smﬂ2
i . ) 2
f_ﬂz rlSm(ﬁl-i-ﬁ?) SmﬁlCos 0,
o, "~ ‘ 2.2 ° °
. 2. r, 8, anﬂz
where,
N rISina‘l
B, = r Sina, - C?s(al+a2)
rlSinﬂl

32 - rQSinﬂz - Cm(ﬂi+ﬂ2)

B.2. \The offset angles 7, and 7,

From equation 4.2.5, 4, is given. by,

7

-



- ”

~ N R Sing, Sin(0,-0,)" ’ ,

S R 2 1% 5 ‘
.»11 - -a,’ + Sin L Sin(8,+7,) .(B.2.1)

where °~‘3' is the theodolite 1 azimuth reading for the referénce point C.

Equation B.2.1 can be rewritten as,

&

| R Sing, Sin(0,-6,) | |
Sin(,+a,’) = . B.2.2
M | 1 L Sin(8,+8,) ( )

thxs lndlcates that o) ‘is a function of R, L, ﬂl, B., 01, 02, ¢ , and a,

The estimation.error Aql is given by, L
‘ .07, ‘ 871 v 87, 5'71
Aql--b-EAR+aLAL+-8-ﬂ—1Aﬂl+aﬂ Aﬂ +'53-A0 '
O, ' ’ 8, ‘ 8'11 '
+ 59— ‘Ab, + -8_;5; Ag, + 8a;‘ Aa,’ (B.2.3)
To find ¢, : Differentiating equation B.2.2 with respect to R;
| _ )
Sing, Sin(01-02) .
Cos(y,+a,’) 89, = AR -
1'7s l L Sin (8,+8,) A
AR : S
ie., €= R tan(y,+a,’) . .

To find ¢, : Differentiating equation B.2.2 with reapeef; to L,

AL Sing,Sin(6,-0,)

Colryray) o1 = - L’ Sin(s +8,)
i 1’72
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; | AL /
ie., € = 1~ tan(y, +a3”)

To find ¢, : D‘fﬁerentiating equation B.2.2 with respect to ﬁl,

R Sin¢?Sin(01-02)Cos(ﬂl+ﬂ2)

L Sin’(8,+4,)

Aﬁ’

-

Cos(y,+ay’) 87, = -

( _ tan (y,+a,’)
Pt 3T Ttan (8,+8,) a8,

"To find ¢, : Differentiating equation B.2.2 with respect to f,,

-

!

tan (v,+a,’)
; 3') Ap,

€ -

4~ Ttan (ﬂ1+ﬂ2
To find € : Differentiating equation B.2.2 with respect to 01,

R Sing,Cos(f,+8,)
Costmras’) I = T T S(gemy) A%

: tan (':{l+as') '
ie., %, _ Ad .
. 5 tan (8,+6,) !

To find ‘eo : Differentiating equation B.2.2 owith respect to 02,
I . .
», , ‘

tan ('11-;-a3‘)
o™ “tan (B 4B,

To find 57' :‘Different(iating/}qnation B.2.2 with r*ect to ¢,

~
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7

1685

] R Cosg,Sin(6,-6,)
Cos(7,+ag’) 97, = L Sin(8,+8,)

Ad,

tan ,(71+a3 )

i.e. €,
" T tang,

Ag,

To find €g Differentiating equation B.2.2 with respect to a,’,

€g = -Aas

L

From equation 4.2.5, 71,18 given by,

]

.1 | R Sind, Sin(¢,-¢,)

T, = -’ + Sin T Siala,ta,) (B.2.1) '
‘ w
where B," is the theodolite 1 azimuth reading'f,or the reference 'point. C.
Equation B.2.1 can be rewritten as, ‘ ’
. o R Sind, Sin(¢2-¢l) - 2o
0+8y") = T Sinfava) - 822
this indicat;flat 72 is a function of R L, al, a,, ¢l, ¢y 0, and B,°.
The estimagion error. A'yz is given by, ‘
* 8'72 8'72 8.'12 7 fo?
- —— - — —_— ~—
Af’” 2R OR + oL AL + Ba, éa + 8, Aa, = .
e B, b, 8, &y, . -
A¢ 37 A0, + 22— AB (B.2.3)

* 39, A% Bs, A% B, 38"
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To find ¢, : Differentiating equation B.2.2 with, respect to R,

Sind, Sin(¢,-¢,)
L Sin (a,ta,)

Cos(7,+6,°) 87, = AR

’ AR

ie., 6 = [ tgn(qz-i-ﬁs')

To find € ! Differentiating eqyfation B.2.2.witl'1 respect to L, b

-

AL Slnd Sin($,¢,)

Conlrgthy’) 0 = - L Sin(a,+a,)
1772

AL By
.i.e., 62 - .—L—- Tan(,72+ﬁ34) .

To find €y Differentiatiixg equation B.2.2 wi'f.h,respect to a,,

R SindSin(¢,-¢,)Cos(a,+a,)
008(72+ﬂ3') 8'12 - - : 2 Aal
. L Sin (a,+a,)
. 1 72

——

. tan (7,+5,°)
18- . % ™ "Yan (01+02) al.

To ﬁnﬁ €, ! Differentiating ‘{aquatihon B.2.2 with respect to @, |

? ' .
' tan (7,+6,")

‘4 = “tan (@, +a,)

Aa2

A .
To find ¢; : Differentiating equation B.2.2 with respect to (61!
. .

¢ &

-

3



v

R 167

R Sind Cos(a, +a,)

Coslgthy’) 0% = - T Sinfaeay 2%
. tan (7,+6,") ,
1€ ‘6 ™ tan (a,+a,) o

.. To find ¢, : Differentiating equation B.2.2 with respect to by

tan (7,+6,°)
“ = “tan (a,+a,)

A¢,

T

To find e,,‘: Differentiating equation B.2.2 with respect to 6,

R CosﬂlSin(¢2-¢l) s
L Sin(a,+a,) 1

Coz;q('yz-i-}?3 ) O, =

oy

. tan (7,+6,’)
ie, . €, = tand, Ad, : | ;

"To find € Differentiating equation B.2.2 with .respect to 'ﬂs',

»

€ .~

g = ~AB

N\ . . ) o .
'B.3. _Error_Analysis for the Coordinates of a point P (X,Y,7)

From equation 4.3.1, the coordinates of a point P &(X,Y,Z)‘, is
given by, B “ |
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X = L tanf / (tana + tanp) ‘ | | ]
Y = X tana “ " » (B.3.1)
; ;
Z - j (X2 + Y2) tang . ' X )
this can be rewritten as, | |

X =g (L a f) : ]

1 ) ‘ | :
Y = g, (Xa) . ‘ . > (B.3.2)
Z =g (XY, 9 - )

differentiating B.3.2, with respect to L, a, 8, X, Y, and ¢, the
estimation ‘errors AX, AY, AZ. can be computed as follows : -

\ O, %, Og, .
AX—EAL-f-TAa-l--ﬂ-ﬁ
. 889 9, | ‘
| AY -a—x— AX + e Aa ' > (3.3.3) 4
. . , ) y y |
- P 98, 98, 98, 1 . |
- AZ-KAX+YAY+W.A¢ i »

: the errors _831,' aga, and s0 on can be computed l!;y partially
- differentiating B.3.1 with respect to L, a, 8, X, Y, and ¢. This is
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given by; )
g, tanf '
8L ~ tana+tang X/L
' 2 2
og, L tanf Sec a X Sec a
da — (tana+tanﬂ)2 = " tana+tanf
2
og, L tana Sec §
8.ﬂ tana+tanf
55 - ‘ Vij |
2 2 8 L
Ba T Xseeos gxoT teme =YX o
. ' “)‘ ﬁ,
8¢ / - L
3 2 2 2 .7 _ -
' 9 = (X +Y ) Sec ¢ P
88‘2 X tang 883 Y ta:ngb -

K- 2 2and b--\Y—'- 2 2 |
. J X+Y) J X +Y)

°

hence’ the expressions for the estimation errors can be obtained by,
substituting these expressions in B.3.2 and is given as,
kY

X ° XSecw Aa L tana sec B AB

AX = -l:AL i tana+tanf

Y

AY = -)-(-AX + X secza Aa
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Q

X tang AX Y tang AY . _ ,
AL - ——— + JKYD) SecTs Ag 0

; ‘ 2 .2 2 .2 : ’ -

, JX+Y) ; X +Y) ] g

B.4 Jolnt Orientations )

From equation 4.3.2, the joint orientations 4 ., 6 _., 4 ., are given

' Mt § J’ ’j, 'jl
by, '

. . ; ‘
P b PO o Rl
X Xpg - Xpy | - W Xpy - Xpy
& Z
- Yo, - Y '
-1 P2 pP3
. 6. = tan |o——— (B.4.1)
g " Xpz - Xpy '
and the estimation errors A0 Ab,, A6 are given as, -
a6 86 a6 . 80
xj xj xJ X}
Ay = 3Y,,, AYp, + Y., .AYp, 8)(” AXp, + 3%, AXo,
%, 0, 80, 50,
Af . = oo ALy, +——-AZ + A
Y v 8Ty, Bl axP2 AXpy axPs Xps
o8, a8 8y 08, 86,
A, = — AY_  + T +
3] 8YP3 P3 8Y 8xP2, AXP‘Z XP Ax'P8
a6 1 :
x5 %) . - C,
the terms ) and s0 on can be evaluasted by partially
0Yp,' OYp, | | p:
o | | . +
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differentiating equation B.4.1 with respect to Y

P YPl and so on.. The

final expressions are given below : oy

) 1 80 1

1) 4

Ypy (sz‘xps)Sec20 , oYp -3/ (xm'xPs)Seczalj

0, 1 89, -1

OXpg ~ (xpz‘xPs)zseczazj [ Oy (xm'xps)zseczaujv

i‘_yi | 1 | 88” ’

"0y, T (Xpg Ps)Sec s ’ OLpy o (xpffm)seczayj

aoyj 1 - | 80!1 ! /
B T s, T T s,

98 1 99 1 e

xj X
g, (XP2 X.Ps)Cosﬂ ’ 3Y (XpgXpy)Cosl i
a0 X . 1 ‘ a6 X 1
e Ky Xpy) Cont  OVes (sz Xpy) Cos

and the errors AXH, AYH, and AZPi are given by quation 6.3.4, in

the previous section can be used here to compute.the estimation errors.

\
B.5 Joint Center Coordinates T g

A

h
The coordinates of the jt joint centdr g X o ch, ZcJ) with

respect to the reference frame .Rr is given by the equqtiono as,

L .I
) ] ce - -

g}
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i) [ro] - [ )y |
X, o= - — ¢ (B.5.1) “
) 2 [(X2¥Xl)(Y3-Y2) ) (xa'xz)wz'yljl | | |

N

13

- N,/2D,) _ and

2.2 23]
[ - o) , ,
- o Yy > . , (B.5.2)
2 (YY)

= N,/2D,) )

these relationships are valid for the axis of rotation perpendiclular to the
. XY plane of R. For axis & rotation parallel to the XY plane, replace

Y by“ Z.
, y .
7' . The estimation errors AX AY e and AZ are given by,
. | X, X, axd
’ A - AX, + _d AX, + X AX, +
o - X, Mt X, 4% &
. . & o
‘ oxX
' . * Y . d _ —
\ 8Y AY + A4{ + Y, Y,
Y oy, oY, oY,
e AY-—X;-AX2+-—-AX +'5-Y—'AY+
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aY . aY- . |

Y, BXC;

. o :
X . 98X g Y

cj e . oo aigit
the terms 8)(] ' X can be lcomput:ed by partially dnﬂer\entlatmg'

equations B.5:1 and B5.2 with respect to X, Y, respectively and are
given below : '

X,  (YgY)IN2X, D) "
X, ) 9 -D2 ° .

8X;  (Y,Y,)2 XD -N_|]

- 2 oL
X, 2D ' L
a _ Y M J . :

Bxcj (YQ'Y1)[NH+2~ stﬂ], D .

, W= - 9 . /s ‘ - .
8)(3 2 Drl T . °
' i) - n [xox
X, D, -2Y_I(Y3-Y2)+(X3-X2+Y3- g - N XsXq| | (\__o
W - £ 1] - ;- ) "

1. 2 ? .,

rl N ' .

aXx
2 . :
. 2.9” c . ‘n;‘
9 e on fxx ]
8X, ;. D,, [“ﬂswa‘Yx)*(xn'xa'TY,n‘ 9| - Nu|XsX, \
> oY - | . 2 1 *‘/.\ \
- 2 D" ‘ o Y
h ! . | :



, 43.15, and is reproduced below :

&

4= ~ﬂxﬁ-xd)2 s (@) | .

5

) : 174

Bch (ch-Xl) . <9Y:i ,(X2-ch)' \ .

., % D, & D, ,
. ’ e ‘
ﬁch Np2Y, Dy . ‘9ch 2D, Yy-Npy
Y, ~ 2 ' 8Y, 2 .
o 2D, ( . 2 RO .

BYCJH XI-X2 ’ )

axcj ' Dr2 h i
B.8 Link lenghts and offset distances / )
. . ‘ )

The expressions to evaluate “The link lengths and the offset

distances ( 8, and d“) of the Puma 560 robot are given by the equation

J

AN

. , 2 9 _
3 = ﬁxcz'xcz') + (Zp°Z )

3, 8= XXy 3 dp =YY, -

w7
7/

- -

———

2 2 '
cdy = (2T + KXy -L, T o

the estimation errors Aaj, and Adj are obtained by partially

. p

.
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- L4 -

o

-
R

dxfferentxatmg these equatnons with respect to X Y 5 and Z j and are. -

. ngen by the equation 5.3.7, as given below :

?'.ﬂ;,

- Oa, o Oa, - O, da,
AaI --’-axc2 AXc2 E-S(-—AX +8_Z—Azc2+5—Z——AZ
832 832
Aa2 - X AXco + 3% AX«=l
.: ct cl
8dl 8;11 .
Adl = ﬁ— AYOO + Y AY'c:l'
c6 cl
r9d2 8d2 th2 8d2
'Ad2-53-(:;AX03+8X AX ﬁ-AZ EZ_AZ
8d, ads (9d3
Ads’—.b—Z;AZ +5Z—AZ 5}(_AX +
- 8d, . &d
: ET(—AX 'vapALp’ -
aai t9dl
the errors ) and so on can ‘ be obtained by partially
80X o 8ch — ‘

and so on.

differentiating the expression B.6.1 with respect to ch, ch

They are given below :

Oa, XegXes . 1




1 273 *1 8 “c2
0L, 3 b 07, 3
/\ .
f8a fa, ' ad ‘ ad
2 2 1 . 1
= 10; == =-10; o= I0; 75— =-10
aXcO _8X cl 8Yc6 . ' aYcl'
&d2 Xcs'xca ‘%2 xcs'xcs
99X 3 d2 ! X c5 d2
8d2 an'-Z ok c9d2 y/ cs-Z c3
8L, =~ ~d, ' 98X, "~ 4,
/
oy 2.2, ody * Lyl .
8Zp d3 ! 8Z " d3
. E.(.l.i Xp—X <8 . ¢9d3 Xcﬁ-)(p
8X d, X, dg
¢9d3 -1\
8L T 2d i

the errors AXCJ., Ach, and Ach are derived in §B.5 and can be used

here to compute the estimation errors.
LY

B.7 Joint angle Estimation ‘ \

From equation 4.4.1, the jont angle 0mj for the transmission .error

analysis is given by, ..

?
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fj
. (Zal'zaz) |
. 13 -1
- ﬂmj == tan '\ , FB'7'1)
' 2 iy 2 |
) 4 (Xal-xﬂ) + (Ya.l-Ya2) ] '
s .
hence\a, Omj‘ is a function of distances and this relation can- be written
as, i ) '
by
~0,mj :=f (X Xﬂ’ Yal’ Ya2’ Za.l' Za.2) (B-7-2)\

o

from the error analysis for the transmission errors preéented in Chapter
A ¢

f
5, A jomj is given by, -
by o of - ot
A omj bY—AX +5')'(—AX +'5'Y7—‘AY
8 of o
+ '5.?— AY , + 5'2"‘ AZ , E-Z_— AZ,, | (B.7.3)
of  of

. the terms 5-)-(—-’ 5Z— eté., are obtained by partially differentiating B.7.1
J

with respect to Xal’ Z ;2 and so on. The derivatives are given below :

t ’ ~
“x X 1

Pl

X1 b 2 2 (82 2 '

(X X)) + (YY) mj

TN
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j |
o WX X)) 1
‘ .8)(‘- B ‘ij 5 ,n -3/2 2
22 XarXy ) (Y, Ya2) Bee 0,
. ¢ : tfj
o - YY) 14
b 32 ¢ 2 ' -

R 2 Y
A (X, X,0) + (Y,Y az) Sec 0 mj;

» ‘ . - tfj

or - (YY) 1
T ' ¢ ¢
j 2 Y 2 |3/2 2 b
oY, (X )+ (YY) } Sec 9 mj
of f 1 1
K ‘ oy ] ¢
fj fj 2 3/2 2 1
0z, (X, X0 + (Y,-Y,0) ] Sec ]
{
of = 1 1
=T by ' s '
, 2 |8/2 2 'fj
) oz, (X Al a.2) + (Y Y a2) ] Sec 0.,
("\ ) Jda ~

~ the expressions for AX ,, AZ_, etc., are derived in §B.3. Substituting

¢
. t 0y
these expressions in B.7.3, the estimation error A jﬂ m/j can be

computed.



