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SPRAY PAINTING MAMIPULATOR MODELLING,SIMULATION AND CONTROL

ABRSTRACT

"In this study,a computer éimulatinn praogram package
for a six revolute joint spray painting robot having
pitch—-yaw—roll type wrist cdnfiguratiun’  has been
developed.For this purpose,direct " kinematics and inverse
kinematics problems besides construction of manipulator
Jacobian matrix have been investigated.A recursive dynamic
madelling algorithm based on _Newtnn—Euler formulation has
been adopted to the six revolute jqint sp;ay' painting
robot.Furthermore,for the éontrol of the robot,computed
torque technique and minimumbenergy approach with specified
final time and state are the methéds employed.

In addition to seyeraf séenarins'as the path fo be
followed during operation,one of the mn;t critical problems
of spray painting robots:Trajectory determinatinn for a
épray painting raobot berforming'-three 'dimensinnal surface
operatioﬁ;'has,been inyestigated thrpugh on—line teach-in
with off—line'péth plaﬁning approach.
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SPREY BOYA MANIPULATORU MODELLEMESI,BILGISAYARLA BENZETIMI

VE DENETIMI

KIsA OZET

Bu calismada,alta serbestlik dereceli,dénel
eklemli,pitch-yaw—roll tipi bilek yaﬁlsina sahip bir boyé
robotunun bilgisayarla benzetimi icin bir program
gelistirilmistir.Bu sebheple,robot | Jacobian matrisinin
olusturulmasinin yanisira,duz ve ters kinematik problemleri
inceleﬁmigtir.Ayflca,Newton—Euler\fnrmﬁlasyonuna dayali bir
dinamik modelleme yontemi de alti serbestlik deéeceli robota
uyarlanmistir.Denetim amacyr 1ile secilen algoritma en az
enerji,optimum kontrol algoritmasidar.

Bununla birlikte,boyama sirasinda takip edilecek
birkac érnek ysrﬁngenin vanisira,sprey bnyé robotlarinin en
" dnemli problemlerinden biri olan:ﬂg boyutlu ylizey islemleri
vapmakta olan bir sprey bovya robntu icin yoriunge

belirlenmesi. problemi de on—line 6gretme ve off-line ydriinge

hesaplama‘yaklaslml ile irdelenmistir.
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I. INTRODUCTION

Industrial robots are in use throughout the world for
a multitude of tasks.With a pressing need for increased
productivity and'thevdelivery of end products of uniform.
quality,industry is turning more and more toward
computer—based automation.At the present timg,mcst automated
manufacturing tasks are carried ouf by special—-purpose
machines designed to perform predetermined functions in a
manufacturing'process.But nowadaYs,rDbots are _capéb1e4 of
performing a variety of manufacturing functions with‘
improved quality.They may wnrk in a more flexible working
environment at a lower_ pfoduction cost.They also record
accﬁrately what is,being done and provide information .that
can be used to improve management control .Besides those
'advantages,recently,comﬁuter .'éontfolled robots = became
indisputably more impqrtant in»the industry in that;they»can
carry out Varinus operations in hostile ' environmental
tunditions without being effectedkat all.

Spray paintiﬁg ié'dohe with toxic materials fhat' are
extreﬁely harmful to the worker’s health.Tﬁerefore,théy‘ are
reqﬁired to Qork completely covered with hoods and sealed

garments.In addition,it‘s been proved that in most ‘of the



applications spray painting costs maore than that has been.

estimated because of the material wasted as overspray

mist,mainly due to the lack of skill of the operator in

performihg the tasE.The need for replacement of human in the
paint booths with a substitute and precision constraints for
economical jastification together with the well—kno@n
advantages of manipﬁlators resulted in specially designed
and EQuibped spray painting robots.

Robotic applications in spray painting is interesting
in that;the invesfment is economically justi%ied only due to
.the precision increased,therefore the materiai' saved.That
means a high performaﬁce,s&itable mapipulatnf. |

In spray painting process,there'is usually a complex
path involved which cannot be determined analyticaliy once
at a time.This path has to be a cantinuous one rather than a.
point to pdint defined task.

Spray painting has its own Specialbrequirements to be
fulfilled.For a better and economical result,the ‘spray  gun
must bebkept being normal to the bath,retaining\ a constant
offset distance from the surface througﬁout the’operatinn.ln 
~addition,the end—effector,that isjthe spray gun must be
traversing the suffa;e to be painted,with a - constant
speed,leading toiba uniform thickness coating ‘Dn  the
surface.ﬁence,there is a need for a suitable techniqué that
Qill'meet.all requirements of spray. painting.

‘In fhis study,a cnmhuter simulation program'_that"




fulfills the special rquirements due tdASpray painting and
trajectory determination problems has been developed.
Chapter 2 gives a bkief explanation about spray
painting process and the apparatu§ necessary.
In chapter .3,derivation of mafhematicai model of the
6R robot with explanations about its.structure in relation

to spray painting,kinematics of the robot including direct
and inverse kinemati;s,together with the construction _of
manipulator Jacobian vand 'adapted Newton—quér recursive
algorithm for.dynamic modeiling are present.

Chapter 4 contains the proposed control algorithms
for trajéctory fol}owing. |

In chapter S,formulations for defining the path to be
followed,on—-1line teach—in on the surface to be painted with
off-line. trajectofy planhing_ schemes and overlapped
polynomials as thé path are included.

Structure of the simulation program package with

detailed explanations of the main structure and subroutines

" are presented in chapter 6.

- Chapter 7 cdntludes_the.study with several scenarios

1'j§@ﬁiﬁ¥édﬁéhd the results obtained..



II. SPRAY PAINTING

Spray painting or coating is the process of applying
a paint or a coating material on to ba surface by
atomization.That is,traﬁsforming the liquid used,intoc fine
spray by some means.The fundamental. characteristic which
- determines the ‘spraybility’  of a paint is its
viscosity.Today’s finishes have extremeiy complex éhemical
formulaﬁions.All of them will usually fequire' the . addition
of thinners or reducers to get a viscosity approﬁriafe ,forv
Sprayingf

Spray painting is achieved by ﬁeans of/whaflis called
as a spray guh.It is a.tool whiéh uses compressed air tq
atomize paint or other sprayable material and abply.it to a
syrface.Air and the'material enﬁer the gﬁn_thrqugh_ sepérafe
passages and~are,mixed at the air taﬁ in av.gontfnlled
ﬁattérn.Tﬁere are many types of Spray guns.Even fthough éll'
of them have many pérts and cbmpnnénts in’ cummdn,each' gﬁﬁ
type is suited for only -a certain defined range qf
jobs.Industriai> spraying rnbofs | employ pressure . fed
laﬁtomaéit'guné since there is a large amnuﬁt of material.
. used during brodﬁctioﬁ spraying.

o
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Spray pattern adjuster

Atomization adjusting valve
recircul Llon outlet [
Fluid tip ' ]

Fluid adJustlng
sCcrew

\‘JU

Fluid needle

Fluid inlet /

Gun mounting spigot

Air inlel for atocmization

L_ -~ Air inlet for gun control”

Figure 2.1. — Automatic spréy gun

The air tap directs combressed‘air into the material

stream to atomize it and form different spray patterns.

Round Tapered © Blunt

Figure 2.2. — Spray patterns




Automatic spray guns use multiple jet caps which
provide better atomization and greater uniformity in

pattern.

Figure 2.3. - Air cap

Spray ﬁattern adjuster valve is for controlling the
air to the horn holes which regulétes the_sizé and shape of
the spray pattern.The fluiav flow Eéte is on the other
hand,controlled by the fluid needle npening.

~ Spray painting prn:gSsesVCan be'classified into four
héjor groups;‘

) Air sﬁray;

Atomizatinn is done by biowing ‘compressed >aif
“toward the fluid injected thruugﬁ filuid tip,
ii) Airless spray; | |

- Atomization is achieved‘by forcing the material




with high pressure through a small orifice which
causes it to split down into fine particles.

Iii) Air-assisted airless sprays;

Atomization is done just as it is in the airless.

'spray method.But the air stream blown to the fluid
injected envelopes the material breventing‘it from
overspraying.

iv) Electrosfatic sprayings;
Material is directed bto the surface by the
magnetic field in bétween the surface and the
gun.The surface attracts thé particles.

The proper spraying technique for spray gﬁn stroke
and positioning necessitates four importént factors to be
»mét at the saﬁe time.The spray gun must be so‘heid that the
paétern kiil be perpendicular to the surféce and away from
it by a constant offset distance,at all times.Thé.Spréy gun
must traverse the surface with a constantjispEEd ‘anﬁ the
stroke must be a’cuntinunds mntion until the other end of
the surface is reached.Finally.,at each cnnseﬁuent.étrake,the

spray pattern must overlap the preceding one S0 per

. cent.Less than that will result in streaks on the finished'

- surface.

During spraying,the gun should never be arcing which
results in uneven  application of  paint and excessive
overspray at each end uf_thevstrbke.When the gun is arced 45

‘degrees away from the surface approximately 65 per cent of



'paint is wasted.[1]

.Figure 2.4. - Spray gun,when arced



III. MATHEMATICAL MODELLING OF THE 6R SPRAY PAINTING ROBOT

3.1. STRUCTURE OF A PAINTINB ROBOT

One of the several fabrication applicatinns of robots

is the spray painting and finishing pracess.Rnbofs used for

spray painting must work in  paint booths that are often

small since they were initially designed for human use.But

spraying robots generally have a light weight,which can be

powerred by relatively small actuators.Therefore,they are

- compact so as to fit the workspaCE‘[2]. 

The most importént problem in spray painting is the
amount of concentration of volatile solvents in the
air;These mixtures can become concentrated enough to explode
and are easily ignited by an electric spafk.The safety
regulations necessitate thé voltage be 1less than that
rquired to cause a spérk- in the . air.Therefore,in

'practice;spray painting robots use hydraulic or . bneumatic

drive systems rather than electric motors.Hydraulics is

.prefefred because it is intrihsically safte ‘and7 rigid.The

electronic control systems are uéually installed in a
separate ventilated chamber.fhe paosition and.speed data of
each link are fed back by the indi?idual encoders fixed at
each jnint,th%nugh a complex ﬁicrbﬁrocessor‘architectgre to

a computer which ‘is fast _ennugh' to process the
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inputs.Then,it performs the necessary‘calculatioﬁs to défine
the next state of each link and enables the éontrollers to
generate the required signals fo the actuators,to move the
arm there.

Spréy painting requires the use of continuous—path
robots.To achieve the neceééaryv fiexibility,speed ‘and
accuracy,five,six,or seven‘axis servo controlled robots are
used.However,six axis ‘Nith revolute Jjoints is the most
favorite among all.Atcuracy requirements are not as strict
as it is for the assembly or welding robofs.Repeatability of
+0.12% inch is common.

The wrist sub;assembly.is made df the last three
revolute joints which put the spra& gun Vintn the desired
orientation.The first three joints on thé other hand are, to
position the wrist in the 'workspacev (Fig 3.2).The
pitch-yam—roll type wrist is common amnng‘ many ;ndusﬁrial

applications of spray painting robots.

3.2. KINEMATICS OF THE ROBOT ARM

An industrial robot can be modelled as an dpen—loop"

artitulated chain with several rigid baodies often referred

as links connected in series by either revolute or prismatic

joints driven by actuators.One end of the chain is attached

to a suppnrtihg base-whi}e.the other is free _and equippéd‘.

"with a 'tonl;éﬁitable to berform. the desired ' task;The

N



. Figure 3.1. — Workspace of a &R robot

Elbow
extension
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Yaw:
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Figﬁre X.3. — Coordinate frames attached to the &R robot
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positinnipg of the tool which is generally ﬁamed as tﬁé
end—effector in the desired orientation is the conéequence
of the relative motions of joints connecting the links [3].
"~ Robot arm kinematics particularly investigates the
relations between joint-variable space and .the
caftesian—coordinate space which descriﬁes the position énd
orientation of the end—effector.The kinématics‘ problem
consists of +two subproblems as the answers to two
‘fundamental questions, |
| 1) How to find the position and orientation of the
end-effector of a given manibulator whose
_geometrié lihk paraméters together with the 5oint
displacements have been s#ecified ? This is called
Direct kinematics. |
2) How to find the necessary>joint displacements to
be able ~tn reach the pres;ribed position and
oriéhtafion of the end;efféétor ? This is referredi

as Inverse kinematics.

3.2.1. Direct Kinematics Problem

1n most robotic épplications the major inferest is
focused bn‘the épatial des:riptiohlof_the -énd-effectak,that
‘is;dete}mination of the position and orientation of hand
wifh fespect to a fixed base coordinate'frame when a set of

joint displacements were given.
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In order to represent the location of the links

forming the robot arm,vectors and matrix algebra are

used.This 1is advantageous to develop a systematic and

generalized approach.Since each joint in' betﬁeen v>the
adjacent links enable them to move with respect to each
other .Each 1link needs tﬁ be attached a body-attached
coordinate frame at the joint.Then,the direct ikiﬁematics
prublgm reduceé to finding -transformation matrices that
relate the body—attached coordinate frahes to the fixed base
frame.The transformation matrix relates the adjacent frames
to each other through the  employment - of four parameters
called as . Dené@if—Hartenberg | paranete}s.The_ (4#4)
transformatiqn matrix 'CompfiSes of two -parts: A (3%3)
rotétion matrix that operates on a position vector in .aj 3D.
Euclidean space’ and maps its éoordinates in a.‘rotated,
coordinateAframe.And a (3x1) pqsition vector which counts
for the tfanslational transformation. of Drigins of ktwo,
Cnordinafe frames to be relateq.This-veétor is éugpenfed to

(4%1) by adding a "1‘ as the fourth element.
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Denavit-Hartenberg parameteré are:

® :The joint angle from tﬁe X, _, axis to the X, axis
about the Z_\_-1 axis.(using the righthand rule)

di :The distance from +the origin of the (i-1)th
coordinate frame to the interse;tion of the Z_L__1
axis with the Xt axis along the Zbﬁaxis.'

a. :The offset distance from the intersection‘nf the
Z _ axis with the Xi axis to the origin of the
ith frame along the X_L axis(or shortest distance
between the quand Zi axis).

o :The offset angle frnm.the Z,l__1 axis to the Z,L

axis about the X,L axis.(using righthand rule)

Link i-1

Figure 3.4. - Denavit—Hartenberg parameters
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For the revolute joints d ,a and a parameters remain
1 T 1 ’

constant while 9.L becomes the joint variable that changes in

time as the link moves.

The non—-singular

that transforms from the ith frame to the (.i-'l)'th is [3]

(o{a1-1-1
8

sine,
1

i-1 0

LO

The inverse of the transformation matrix is denoted by: Ai_;

—Cosa Sine,
L 18
coso COse.
1 1
sino.
1

o

homogeneous

sino. sine,
1 1
—sina COso,
1 1

cosa,

T

o)

transformation

matrix

a cose, ]
1 v
a sine,
T 1

d.
18

1

(3-1)

-1

The Denavit—-Hartenberg paraméters for the 6R spray

painting robot are:

link # coa, d. a =2
1 1 1 1

1 GO 1o 9(_) 91

2 . 2

3 13 v O 0O 93
4 1 O AL e

4 - 4

) 0 O Q 65

& 0 Q 4] ed

Table 3.1. Den.Hartenberg ‘parameters for the 6R robot.




Then the homogeneous (4x4) transformation matrices become:

where c =cos © ,s5=sin & ,(i=1,2,3;..,6) and 1 ,1
1 1 T T ] 2° b}

- are the link lengths.

c
2

-5 0
2

. and

17

Ih order to describe the position and orientation of

the end-effector with respect to the fixed base frame as a

fdnctinn of joint diSplacements,

n consecutive

transformation matrices have to be chain multiplied for an n

degree of freedom manipulator.



i8

yn
x_ z,
.X‘O
Figure 3.3. — Coordinate frames in 3D space
‘Thea, .
Teal Al el A6l 2

is the kinelatic equation Df-the 6R spray painting robnt,énd
governs the fundamental kinematic behavior o% the robot.Here
matrix T is called as the arm matrix - and describes ' tﬁe.
position and Drientation of the end—éffactnr with respecf”fb

the base frame.

where,
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ttangent vector of the hand,

tbi—normal Vector of the hand,

/

M Tt

tnormal vector of the hand.

J.2.2. Inverse Kinematics Problem

The independent'vafiables in. a robot arm are the
joint variables,and a tésk (path in spray painting) is
usuélly stated in terms of a reference coordinate frame
which is the -fixed ‘base frame.The inverse kinematics
solutions are used frequently to find the necessary joint
displaceméhfs which‘ will lead the end—effector‘>tu the
specified position on the path in the desired
orientatinn.The position  of a point and the desired
orientation on the path are specified in thev_standard form
Dfl  the arm matrix. T and are known values

[4].S5chematically,the &R spray painting robot has the

. joint-axis configuration'as shown in (Fig 3.3)

-

in (Fig; Z.6),.the position of the pbint ’Pf with

respect to the base frame is defined by the pnsitinh"vectnr

?1.To be able to solve the inverse kinematics preoblem the

position of point ‘P’ must be  transferred to the

intersection of three motion axis of the wrist(point A).So

’thét after this linear trahsfnrmation not the vector ?1 but
.vector ? will be the position vector of point ‘P’ on the
2 : L , ,

path .
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'Figure 3.6. — Translation of a point on the surface



where ?a is a vector in the same direction as the normal of
the path at point ‘P and has va maghitude ‘of ﬁaint_
spray—-cone length + the length of the lést link,that is;:the
‘gun.As a result,the base link‘'s rotational displacement'will'
be so as to position the robot to the point A which
automatically positions the gun at right angles,just right
across the point P on the surface and a prescribed
spray-—cone léngth offset from it.After a.éloser observation
.lone can immediately sée that: |
: P .
o = tan (—X2-) and o, = e +180  (3.5)

P .

xa

Translation of the point ‘F’ on the sﬁrface to the
three_joint—axis intersection alsoc enables us fo have all

remaining Jjoint displacements e

2’93’94 except =) be

s
co-planar,which results in some geometric simplifications.
fis described before,the kinematic equétinn of the 6R

robot is:
4 4 2 A3 4 5 : ' :
= 3.
Ao Az As A4 és Aa ,»T' (3.6)

,premultiplying both sides by (A:‘;)—1 gives:




i 2 .3 4 ,5 _ {,—1
-Az 63 94 As Acs = (Ao) T (3.7)

equating the 3rd row,3rd column elements of both sides gives:

€;, = sn -~ c1ny (3.8)
Then premultiplication af the 'matrices (A;)—is
(Az)“i,(As)_-'i,(l-“f)“1 by (3.6) gives:
1 2° "' s _
4.1 2.1 8. —1 4.1 o a\S P v
(Qo) ) (Ai) (Az) (AS) T = (A4)‘(A5)‘ (3.9)

After the successive multiplicatiohs of the above matrices
the elements of the 3rd row.3rd column of both sides are

equated,so as to give:

- {(cn+4+sn ) +c _n =0 : ’ (3.10)
23¢ 1 x 1y 234 =z .
or
-1 n,
e = tan (3.11)
234 cen +5n v
X 1y
where
) . =0 + e + e . (3.12)
2 s 4

234

'Equating'the 1st row;4th column and 2nd row,4th column of

the above matrices respectively,gives:
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chP + > = . '
1 x Szpy Coasle * Coaly *+ el (5-13)

F’z= 523414 + 52319 + «_=.zl2 » (3.14)_
where 12,13 and 14‘are link 1lengths of the corresbonding

links.To solve for e, (3.13) and (3.14) are solved

simultaneously.Let

P =cP. +sP —-c_ 1" : - (3.13).
x 1 x 1y - 294 4 _ _
and
v = 234" 4
Then
"o ' ' (3.17)
F'x » Czsla + Czlz’ ‘ ' (
"= - 3.18)
Py 52318 + 5212 | ] { v)

=) % cos X 3 (3.19)
A .

Similérly,if (3.17) and (3.18) are solved for ez H
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- (Cals+ 12)Py - Sslapx

e, = tan 4 - (3.20)
-+
(csls, 12)Px + sslsPy
e4= 9294 - e'z - es ‘ (3.21)
To find the displacement 96 of the last link:
8,1 2,1 1,.-1 _ 9 4 5
(Az) (Ai) (Ao) T = (A‘) (AS) (Ad) _ (3.22)

equating 3rd row,2nd column elements and 3rd row,lst column
elements of the resulting matrices on both sides of the

- equation (3.227) gives :

. -sb+c b =5 5 - (3.23)
1 x 1y S © ) v

st +c t =5 _C (3.24)
1 x 1y 5 ©
Dividing both sides of (3.23) by (3.24) yields :
s b-cb. )
-1 1 x- i1 v ) (3.25)

e = tan (
e ct—-s5 t
1y 1 x

As long as the arm matrix T at a desired position is

prescribed,the inverse kinematics prnblem can be solved in

the order - of : 61’95’6234’99’92’94 'én.d 96 - ousing -
(3.9).,(3.8), (3.11),(3.19),(3.20) » (3.21),(3.25) ,sequentially.

/

ent A TieT T vRRAIPRY AINTIPRANGSS
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3.3.3. ‘Jacobian of the éﬁ Robot Arm

In most of ~ the robotic applications,not only  the
positioning but also the velocity at which the end-effector

moves,is important. .

| In spray painting process,moving thé-spray gun at a
desired constant speed in a specified direction on a
prescribed path is critical [1].

In order to achieve a coordinated motion of each link

leading to the motion requirements both positioning and

velocity,of the hand at that ihstant,the differential

‘relationship' between the joint dispiacements and the
end-effector location has been " investigated.The
infinitesimal motion relationship is determined by

differentiating the kinematic equation of the manipulator.It

is in the form of [31,[4] :

a3 =3 dd (3.26)

where d3 anﬁ dd are the infinitesimal displacements vector
and J is the so. called Jacobian matrix.For an n degree of
freedom manipulator arm,the infinitesimal displacements
vector is composed of the infinitesimal translation and

rotatidn»of the end-effector,as :
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dx “ (3.27)

Figure 3.7. - Linear and angular velocity of hand

Dividing both sides of (3.27) by infinitesimal time dt gives .

P=J9 (3.28)

where p=[?e] and eo=[© ,0 ,...0 1 .Here V_ and w_ are the
. v, 1% 2 s e e _

7

linear and angular “velacity vectors of the

end—effector,respectively.And e is the Jjoint velocities

. vector of the &R rubot.ThE'Jacobian matrix is in the form of

/
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1

o
Ing
1S
[}
-
N

L3

(3.29)

]

=]

[}
!
»
S
PP, [N

>
N

A3

—

where JLt :(3%1) column vector associated with linear

velocity.
JAi=(3X1) column vector associated with angular
velocity. |
The angular vélocity bf revolute joints create a
linear velocity at the end-effector.And the resultant
end-effector linear velocity is the linear combination of
those.veluci£ies due to each revoiﬁte joint'é mqtion.v
Similarly,the angular velocity of the end-effector ié
the linear combination of each revolute joint's éngu}ar
:mntion.ConseqUently;each column corfesponding ‘ to an-
'individual'jointbof the Jacobian matrisx foru the 6R Aspray

painting robot is as follows :

Li ' 1-1* i-1,0 (3.30)

b, . IT1,2, 00046

nw

e . . _ .
Here b,i vector is defined with respect to the base
. i- ~ ‘

frame and is aligned in the direction of each joint’s motion
axis that is the Zi_axis.' X fsign is  the cross+product.1t

is given by the equation :



28

(3.31)

-1

->
b =R'R® .....R"™ B
-2

' \ T. '
where B=[0 0 11"is the direction of axis of motion of the

base joint (Zo) and i=1,2,..,6.
-

rbdo_is the position vector and can be computed

‘using (4x4) transformation matrices of +the body—attached
<>

. coordinate frames.let qu be the (4x1) augmented vector of
->

. position vector.
-1, . ’

-+ : _ I
X =A% ...a” ) -t At Lllat ) (3.32)
1-1,e o 1 . n=1 o] 1 -2 :
where X=[0 O O 1]115 the augmented position vector

representing the origin of its own coordinate frame.

For the 6R spray painting robot

B=100 117 b=R'T
o] [}
b=R'R*°E ‘
4 o) 1 ] .

N b=R*'RER’F ' (3.33)
2 O 1 2 .
b=R*R®RR*E
8 [} 1 2 -
b=rRRERR*R b
4 O i 2 8 4
b=RRRRFRRTESB
S o] 14 2 h: ] 4 S

The position vectors from each joint to the

, end—efféctor are 3
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X =[0 0 0.117 , &%= % 5? p* &° A°
- . [a) [4] 1 2 8 4 S

X =a°Y
i,¢ o]
X =a°Y ~-a°¥Y
2,0 o] 41
= (<3 _ o} 2
XS,G Ao Y Ai Ai Y
v - aS _ a0 a2 .8 ' g
x“a Ao X A’. (-\1 Az T (3.34)
X =8a° Y% - o a2 a2 o
5.0 o f-\1 A1 Az As X
N - o ,2 ,3 ,4 .5 ,G
X =a°Y -
6,0 0 Ai A‘L Az AS A4 A5 Y

then, the 6R spray painting robot’s Jacobian will be

in the following form :

b x b x
of To : X, : bzt r, {»ba* ry : b4* r‘ ! bst,rs : bct g
Jd= I ! : ] 4 |
- i ! | { ! i
1 ’ 1 {
i b b, b, By by | by b

A subroutine (JAC2) has been written to calculate the
manipulator Jacobian matrix which is utilized to 'find “the
néceséary ahgular velocities of >eé;h iink,to achieve the
ﬁesireﬁ linear speed of the end-effector on tHe 'path_ at a
- given instant. |

© = [© .0 10 5..-501° and V = [V ,V ,V ,w ,w ,w 1
.17 2 8 G ®*xT y z7 x y =z

O 3
]

Cay,,
<4+

(3.36)




where Vx,Vy and Vz are the linear velocity components of the

,end—effectnr,wx,wy and wz are the. angular velo:ities of

“pitch-yaw-roll motions of the wrist,respectively.

3.3. DYNAMIC MODELLING OF THE &R SPRAY PAINfING ROBOT

The dynamic equations of motion of a maﬁipulator are
a set of highly—coupled,non41inear differential equétions
des&ribing the dynamic behavior of the manipulator.Such
equations of motion are of vital importance for computer
si@uiations,design Df cuntruiler' and evaluation ofv the
design and structure of a robotv arm.In additidn,dynamic
performance of a manipulator directly dependé on thé
efficiency of the dyhamic model and control algorithm [5].
| The actdal dynamic model of a robot arm can be
obtained from known physical laws 'éuch‘ asuytﬁe laws  of
Newtonian mechanics or Lagrangian mecﬁanics leading to the
developmént of the dynamic equations of motion lfor» the
various articulated:joints of the manipulator in térms"of_
specified geometric and inertial parameters of the
links.There are several approaches available in the
iitéfature tbwards dynamic modeiling.ﬂainly;they are the
Lagrangian—Euler (L-E) and Newton-Euler (N-E) methods and
some approximate oﬁes.These motion equations Qre equ;valent

—

"to each other in the sense that they describe the dynamic



behavinr of the. same physical. robot arm;HoweQer,thev

structure ofrthese equations may differ as they are obtained
for various reasons and purpnses.So@e are for fast
computation of nominal torques,others are for fascilitating
control analysis while ctﬁers are talent to improve computer
simulation of robot motions.

In this study,thevre;ursive (N-E) algarithm of [6]has
been adapted to &R spray painting robot fbr it has the
advantage of both speed and conformability ‘to cohputer'
simulation.The derivation is simple,although messy ,and

involves vector cross-product terms.The reéultant, dynamic

equations,excluding the dynamics of the controllér and gear

friction,are a set of forward and backward recursive

equations,These equatinns are applied to the robot 1links
éequentially.The fofward recursion from.thg baée link fu the
end-effector propégétes kinematics information in the form
of propér éoefficiénts for angular velocities,anqular
- accelerations, linear accelerations,total fofces‘and vmoménts
exerted at the center of masé of each 1link.The backward
.recursion from‘the end-effector tﬁ the base link: propagates
the fnrces'and'mdments exerted on each-link.Unlikebthe (L—E)
fafmulatinn empldying (4x4) tranéformation matrices very
'frequently sloking down fhe ;nmputations,the(N—E)_ Eetursive
algoritgm is very | systematical 'allowing a.  shorter
éomputatinn_timé.Furthermore,theA'calculafiqns are. carried

out in each link's own budy—attached coordinate frame
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leading’ to a great elimination. of messy coordinate

transformations needed by other methods.

The equation of motion of a robot arm for anvn degree

of freedom manipulator is in the form of

Y

T =@+ VE - FELED ¢ @ - @ (3.57)
where (for 6R robot),
a . t6x1 vecéor of joint variables,
J(a) ' v:6x6 symmetric,non-singular moment of inertia
matrix,
\% . tbb diagnnél viscous friction matrix,
>

f(éﬂ,fﬁ;ﬁ):bxl vector of centrifugal and coriolis effects,
3(3) t6%1 vector of gravitational effects,
R :6x1 vector of the external forces and moments

exerted on the end-effector,

~

H -} 81 vectdr'of input torques to tﬁé linké by -fhe
actuators at the joints.
The following method is to furm the ingrtia matrix J
and the gravity,hand,and cenfrifﬁgal effects vectors '3,;,;
respectively.Here,fhe viscous friction matrix V has been
" neglected because it has comperatively small magnitudes. -
This method can only be used to define the abee

matrix and vectors ,if the position and angular velocity

vectufsﬁa and a.are known at a specified instant.



A -

Kinematic investigation of the robot arm necessitates

attaching a coordinate frame +to eéch link which moves

-together with the link.I1f the adjacent three coordinates afe

taken,a vector equation can be written as [7] :

A

-> + +, ,
r.o= +
v T2 T T , (3.38)
.ZL YL
z 4 x
o L Pl Yo
Z
trl
xx-ri : . y‘-""
%
Figure 3.8. - Motion with respect to moving frames

The linear velocity of the (i+l1)th coordinate frame
" with respect to the base frame (xo,yo,zo) is given ‘by the

.differentiation of (3.38),

). (3.39)

i+l i t i+e

where -

W :Angulaf velocity of the ith frame with respect to




N

the base frame.

*,
drf : - .
1L+1 - L] .
( ” )i.Rate of change of Fiﬂ.WIth respect to the I1th

frame.

Differentiation of (3.39) gives the linear acceleration of

the ith frame with respect to the base one as :

a™ g’
2 =2+ P )R P e w ittty
T+4 1 1 14+1 1 T L4+4 1 dt dtz 1

(3.40)

where
o :Angular acceleration of ith frame with respect to
the base frame. |
The | third term in (3.40) is_ the centrifugal

acceleration.Furthermore,the fourth term is the coriolis
acceleration.

vfhe-éngulaf velocity of link (i+1) with respect tov
the base frame is ;

+ W, : (3.41)

where ,3# . is the angular velocity of (i+1)th frame with
L+ . ‘
respect to the base one.Upon differentiating (3.41) ones
more,
e
*

i+s

dt

. . »
A =R H(Wx W+
Coivd L i i+l .

), . (3.42)
i : . .




In case of 6R spray painting robot,all joints are

rotational.So,if the (i+1)th 1link is rotating with an

: . > )
angular velocity q,  with respect to the ith link about Z
then,

% ; ) . .
Wies 5 %y (3.43)
d3f+1 *
T -
(dt )‘.—Zihc;,w1 (3.44)
d?f*1 . .
(D) =& x ? (3.45)
dt i 141 i+1 )
dz*t*—: d.’* 1 » » » -
( 2 )1.= (s )'Lt ?i+1+ zi+1*(ax+1* ?L'fi) ’ (3.46)
dt dt
are the relative terms in "the equations

(3.39—3,42).Substitutinn of the relative terms(relative with

respect to the moving frame) reforms the

equations
(3.39-3.42) as :
> + )
V. =V+a x 2 (3.47)
i+4 |8 1+4 L1+4
2 243 2 L2 x @ x® Y  (3.48)
R v t+1 -y+1 1+1 1+1 - 141 : . B
L S :
a' = a_'i' Z q. . : ‘ ' C (3.49)
Siet i- i itd i ) .
- . T R R o A S
' = a + F.50
&, = o+ zZaq +wEk (Zq ) v - )
->

.In'nrdér to find the kinematic variables (Vgand 2 )
of the center of mass,the third'framegthat is " the (i+1)th

frame is fixed at the link’'s mass center.Distance from the
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center of mass to the ith frame is denoted by the vector 2.
: : . i

Link & , /

?  Link i+1

' z
_ ?1—1 °/
Link i-1 . -
Y
. 20 °
X 0
Figure 3.9. - Forces and moments on the links
=7 +32 (3.51)
g t+1 1 »
R Ty
V=V+ WX s (3.52)
g i i i
2=2+3x2+2x Rx2) ' (3.53)
g 1 1 18 T t T

D’'Alembert’s Principle states the equation of motion as :

2 4

+ -
F=ma . : : : (3.54)

) | (3.55)



Here,
-,

ii:tntal external force exerted on link‘i,

Mi:total external moment exerted on link Ia

m :total mass of link i1,

Ii:Inertia matrix of link i abﬁut its center of mass

with respect to the base frame.

As it can be seen from the above set of eguations, the robot
-arm dynamics can be solved through sequential application of
the recursive equétiuns tb the 1links.But one abvious
drawback of them>is that all inertial matrices I; and the
geametric parameters (?h4’gmf2tc') are reférénced to the
base cpcrdinate frame.As a result,they change as the rqbnt
@oves;But using the method given by [6];[8] it is possible‘
to haQe ali- those matrices énd -vectors Acnnstant"during
motion by rEferring the dynamics of each 1link ta__its _dwh
courdinate frame,hence leading fo‘ a shorter computational

time requirement.The modified equations becomé :

° % =r R®R*+2qg > . (3.56).
i+d i+4d ¥ T 1 O v+d ) .
- : = .. 0 * - . N - N .
© 3 =rR (RP&+ 2§ +RWx2Zq ) L (3.57)
141 itd e 1 o ivt 11 O iz K »
- L > '
o »* .
e =R (ROv.)+R° & x R? ¥ (3.58)
i4e ied it L1 i+d i ied L4d R
o i o o o % o &
= a, )+ a ¥R r +(R_w
vRi.+13i.+1 Ri.+1 (.Ri.gi.) Ri. +1 i+d 44 L1 t+1 i+d
O )
i+1 ire’ (3.59)
) : . ” . oT .
Here 2 = [0 O 1]Tand R'_)?,= [a dsina - d cosa ] where a.
[e) ] Tt 1 1 i i i i

and d. are Denavit-Hartenberg parameters of that 1link.The
18 . . .

- equations seem vto involve too many multiplications of
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matrices and vectors but actually they don’ t.Because,

o <
L for example doesn‘t mean the multiplication of

-
by wi.+

o

_ i+d

. but it is the notation used in (6] to show that the -
+ -» . . .

vector W  is defined with respect to that 1link’'s own

coordinate frame.

To be able to solve the inverse dynamics problem
which is to solve the equation of motion for the forces and
moments, the expressions of the angular and lineaf
accelerations have to be written in a modified ménner,[?]
since the linear and angular accelerations are assumed to be

unknown. -

The angular accelerations of link i can be expressed

P a
‘I‘i-a- + 3 (3.60)

-* . :
where Wu and 3{ are. the so called angular acceleration

coefficients.Substitution of (3.60) into (3.57) giyés‘=

+ g, ‘ _ ' |
¥EROOE ;P S (3.61)
1) t i-1,)
* .
¥ =R "2 - O (3.62)
il i o - ‘
' -1 i-1, 0 3 > o
‘31— Ri gi—1+ RL (Ri_iwi_it "oqi) (3.63)
> , | |
¥ is in the form of a 6xé6 matrix whose diagonal elements
ij : .
I -

" are ¥ _ which are calculated first.Then Wﬁ's can be found
L

sequentially.8 is a 6&x1 vector where for i=1,3i=[0, o o1,
: i . ) . .



Forward recursion starts by (3.56)

L 4

11
"Pz’. ‘1‘22 symmetric
20 .

can
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(3.64)

also be

The linear acceleration of each 1link
written as
o _ o % 9 '
= : 3.65
R &/ _Eﬁijqj o, (3.65)
=1 v
where - 3. and 3. are the: linear acceleration
i} i -

coefficients.The recursive  eqguations for ﬁﬁ

- found by substituting (3.658),(3.60) into (3.39).

and 71, = are
t
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= R | on
ﬁu i ﬁi—:,j * a‘ij x R,—_?-L

(I.66)
= OB -
ﬁu LA R.F. | (3.67)
2= g2 Op® O O O
n=ROW ¢ 3x RO+ ROW X (RTW x RO?Y) (3.68)
where ﬁu forms a 6xé6 matriy and ﬁ is a axl

i
vector.Calculations are carried out in the same manner.For

i=1, ‘7’71=co 0 01".

B -
3
11
321 ﬁzz symmetric

»
D gD

¥
D P

N
D

w
)

MTD
~
)
2
)
D

>
2
>
8
»
»
>
)

[=3-] c4 <3S 66

The linear acceleration and velocity of mass center of

link i can be réprésented as

- - ' o
R°v = R% + R% x R®Z (3.69)
i gt ii ii it R
R®2 = R%2 +rR°2 x R°2 + RO . x(R°Z.x R°2) (3.70)
T g\. ' Tt U 1T 1 l.k r t - T 1 T 1
O,
A ) - -
°F = ¢a g + P (3.71)
i gt i i .
=1
The 'cﬁoeffiCients A, and yiare obtained by substituting -
, - 1) .

(3.60),(3.65) and (3.71) into (3.70).
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> 9 '
= ° B
| )\ij 'pij ¥ Ri.gi + Bi.j (3.72)

S A r4 o 0=
= &% R°2 + o3 o
YT ¥ RS+ RiWx (RUN X ROZ)

(3.73)

Equations of motion for link i referred to its own

‘coordinate frame,can be written as :

-
R°F.= mR°2 (3.74)
- 1 1 1T v gl.
R°M.= TR°&+ R°2.x (TR°2) (3.75)
v 1 L § L 1 L T 1 T
where,
I -1 -1 .1
xx Xy Xz )
T = |-1 I -1 (3.76)
L X Yy Yz '
R S
z IZY Izz

is the 1Inertia temnsor of a 1ink,feferred to its own
coordinate fréme.Here,I . | and I are the so called
xX Yy zZ _ .
principle moméntquf inertia.While the remaining terms are
called the products’ of inertia.When the - 1link's owWn
coordinate frame is attached to its center of gravify;the

product terms vanish and the inertia tensor becomes :

IT=1]0 I o (3.77)

o 0 I |- I=1,2,..,6

G,




LL and N.L being 3x6‘matrices,1iand n being 3Ix1

mi'is the mass of ith link.

I > 9 -

L=m DX N -+seX, 0 ... 01
- 3 9 > o -+

Nl= Ii.[lpi.x ‘l‘Lz» "'ilpii 0 ... 0]

for the &R robot,i=1,2,..,56.The matrices have the form

lx00000] £ X¥X000O0)
L=m |%00000| L=n|$%0000| L=n
(x0o0000 ¥20000
(% ¥ ¥ x 0 0] [ x % x % % 0]
L=m |X ¥ ¥ x00| L=m|%¥%%x%XxO0 L =m
4 4 5,5 O O
¥ ¥ ¥ % 0 0] '_txxxto_
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(3.78)

(3.79)

vectors.And

(3.80)

(3.81)

. where ‘= ° shows a non—-zero element.In the same wéy;
B 1r ]
I v ¥ 00000
} » xx_ . ’
N = I ¥ 00000
1 Yy .
1 x 00000
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LI : *¥%¥0000
N = I :
2 . Tyy - X %X0000| ...... N_
I.||*%¥00o00
e _’ L R
* .
1=m.3 (3.82)
t 1 1 )
9 _ o> o
= +
A= T3+ RO%x (TROA)H (3.83)

where Ixe§=0 for Ii=1 in (3.83).

The forces and moments acting on link i are shown - in

Fig.(3.9).Then,for equilibrium;

;

4 4 9 :
F=f- f + m3g ' - (3.84)

i i 144 i
-

= -+
M=d-d + P -c)xf- (F.-2) x ¢ (3.85)
RS 1 1+1 -1 RS 1 X L t+1

where‘ ?i :force exerted on link i by link i-1

_ai tmoment exerted on link 7 by link i-1

3 -zgravitational acceleration.

The recursive equations of reaction forces and

» . »
moments with the replacement of (E{_?b4) by (?i+gi)
(Fig.3.9) are : _

‘ - 5. @ >, _
‘f=f + F—- mg ’ : , (3.86)
1 1+1 T L :
+» > *
A=t + P xf o+ (P2 F- (T2 )x P M (3.87)
i i+4 i ire Lt i i i i i

When théy are transferred to the link’'s own coordinates :

-+ : - + : )
RPf=R"™ (R® £ ) + R‘:Fi— Pnd , (3.88)

i i i i+d i+4 it




. a4

i+l o 0 &

o2 _ ) »” o
RO%= R [R.Hﬁiﬂ+ (R F)s (Rm'-r,mn + (R{f?‘:+ R':Ei)*
-» -+
(RF - R°32 3 ) + R°M. (3.89)
1L L T t T 1

All reaction forces and moments at the joints can be

calculated by =a ba;kmard recursion using (3.88) and (3.89)
but,for a faster algorithm, they are converted into

;Defficients.Substituting (3.78) into (3.88) :

+> + +
(o] - & . .
R f= -
A th + ti gn+ fui (3.90)
The elements of which are expressed recursively as :
T= R™ _+L (3.91)
.’L 1 141 RS
t=R"™t + 1 ' (3.92)
i i i+a i : )

Since backward recursion starts; I=6,9,...,1 .For i=b,fir5£

terms are zero.

Td = L6 tG:Ald
T=R°T +L_ - and t =Rt + 1
T s 6 - 5 5 5 6 5
P ' P !
1 i s 1 ! !
= Rr? = R%
T=RT,*LY #1 RE&* 1,
3 =rR"3 +RrR7RG (3.93)
fi i f, Lo
e




as

Since i=6 is the last link that is; the spray gun,the terms
-?»

fou and aodgre the force and moment exerted by the gun to
the surroundings,respectively.In the spray painting process

-
- R
méﬂls zero whereaS,fGﬂls. taken  as the thrust of

pressurized paint liquid passing through the nﬁzzle of the
gun.
Therefore, the first terms of (3.91),(3.92) and (3.93)

are omitted.For the last link (i=6),the hand force is given

as =
- o
fH'L= Rdfﬁ'ﬂ. (3'95)
and
_ 0% @ - _ .
3 N Rﬁada (3.96)

It is the gravitational force exerted on ‘the - last link
referred to the basé frame.As an example,it is calculated as

follows :

3= fo 0 -9.81 ]T . { gravity vector) s
md:is the mass of +the spray gun,.
o

R =rRER RERRFR
Fe 1 2 h: | < S [

1n the same way,the reaction moments are :

R°2 =63 + C+ D+ N (3.97)
it i i i i
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v__ i+d '
Si._ Ri. 5i.+1+ CL+ D"’- Ni_ B (3.98)

Here, Si’ci’Di and Ni are 3x6 matrices.In order to construct

each column of the matrices Ci'and D following equations  are
1

used:

k ” 3
C’ = R x (R'™T )k (3.99)
T 1 1 1+1
. A
D’ = (R°?"+ R°2 )1 X (3.100)
1 1 1 T 1 1 .

where k¥ shows the & th column of the matrices mentioned and

k=1,2,....6.

.

s =R™2 + ROPTA Rt o+ RO+ R°Z)x 1+ (3.101)
1 1 -‘L+1 Tt 1 L+ I S i T 1 t L

§,.=R™S + ROFE R+ RO+ RO H1x %23 (3.102)
mL i m, it i f. i i1 it -

r+4 1+1

The first terms of (3.101) and (3.102) are omitted for i=é6.

. . ,
i Op¥* Y —

A = RrR™A + Ry £ (3.103)
Hi 1 H. 1t HL :
: 144

' - osn . 2

f =& m =R r X f -
for 1 * THe S & HG

Finally,the required torque that must be giVen by the
acfuator to the joint I is the projection of the reaction
moment at that joint on to the joint axis,(Viscous friction
has been neglected.)

> -

+ i » (s} T. . = T
*=[R (Riﬁi)] z, 2Z_=[0 0 1] (3.104)

i -1
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If (3.90) and (3.97) are put in (3.104),the inertia matrix J
+ -

and vectors f,a and h of (3.37) can be found from,

= (R_S.)_. 1i,5=1,2,..,6 (3.105)

J
-> 1-1 1 9
Rt 2y .
f=(rR_2)_ 1,351,240 046 , (3.106)
i 9 .. -
= —4 - e 7
éi (Ri—igmi)s l_IJ 1_-2,--,6 (\ 10 )
h= (R & 195514200006  (3.108)
1 1-4 HtL 8

where subscript 3 means the third roﬁ of that vector.
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IV. CONTROL OF THE 6R ROBOT

4.1. COMPUTED TORQUE TECHNIGUE

A controlled tracking of a prescribed path for a
robot’s end-effector can only be achieved by cohtrolling
each joint of the robot so that the desired trajectory is
followed.Corrective compensation torques to the actuators of
each joint must be applied to adjust for any deviations of
the arm from the trajectory.In .case of épray painting
process, the épeed.of the gun which is the tool _attached fo
the ehd—effector must also be _cﬁntrolled besides the
positiqn / Drientatioﬁ control of the arm. |

Several robot arm control methods are available in
thé 1iteratufe.0n9'of the basic control schemes among themb
is the computed torque technique based,van_ the (N-E)
equatiuhs of motiqn,ﬁccgrding to what is. stated in
[S],closed—loop digitalicontrai is made impossible if the
ﬁnmplete (L-E) eqﬁétions of motioﬁ are used because'ufv-ovér
. 2000 floating point multiplications and additinns;whefeas
(N-E) equations of motion are quite suitable for the
derivatioﬁ of - an efficient control law in the
'jDint—cEnrdinate system [31,[6]1.The control law is .alsn

computed recursively.
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The computed torque technique is basically a feed

forward control and the idea of which is to define  control
torque 7 using a structure identical to that of (N-E)

dynamic model. (3.37)

=3+t (4.1)

where J is the inertia matrix and k is the sum of the
5 &

vectors f,h and a;of the (N-E) dynamic model.Substitution of

,(4'1) into (3.37) gives :

g
el 2

(4.2)
Which merely represents a' set  of n decoupled
double—-integrators,each of which can be controlled

independently.
In case of 6R spray painting robot, u vector is a é6xl

vector.The ith element of the control vector u is :

3=2 i=1,2,....6 (4.3)

[r. - k.1 | C (4.4)
T 1

The - linear decoupled model (4.3) obtained above
doesn’t fully consider the non—linear structure of the
eguation of mntinn,because'numerically computed values of” J

- : o
and k are used directly at the updating instants and ‘kept




50
constant’until the next one.But still it is adequate enough
both in accuracéy and speed for control purposes.

4.1.1. Updating Policy of the sttem'natriceé

As it’'s  been stated by the (N-E) recursive

algorithm,the motion dynamics of the manipulator is

inherently non-linear and can be described by a set of

highly coupled,noh-linear secoﬁd order ordinary differential
eQuégions [81.The non-linearities arise from the inertial
loading,cnqpling hetween neighbouring _jointé,and the
gravitational loading of the links.Furthermore,the dynamic
,parameters.of the manipulator vary with-the‘position of the
joint variables which are alread* related by complex
trigonometric transformatibns.Following these,it can easily
be noted that'so much computation in between the cpnsecutive
‘incremental motions of the arﬁ an the path'~is not .thaf
practical,for it slows down the motion speed of the robot in
indhstrial applicétions and vfakes a simulation progfam
,éoﬁsiderablly | long time fo " be  run on a
rcomputer.cdnsequéhtly,an updating policy for the basic
system paréheter matriceé in (3.37) of the arm has been
established.

" The effect of the binertia matrix J in (3.37) is
considerabliy lérgevwhen compAred‘with those aof the vectors

-+ -+ o B
'a,h and f.In order to see the changes of the inertia matrix
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in the workspace of the &6R robot,the trace of the J matrix
has been plotted as the arm moves from its most ~ extended

position to its most contracted one,on a linear path.

Q
i
by
Gt
contracted extonded: poeition
Figure 4.1. — Trace of inertia matrix w.r.t. position

As it can be seen from Fig.(4.1) the .trace,therefore
the values of the inertia matrix tend to remain constant as
the arm is contracted.This proves the assumption of constant
inertia matrix J in between the updatingiperiuds.

Fig.(4;2) clearly shows that,the- inertia matrix ié
dependent on thé position of the joint variables,br the
posiﬁion of the end-effector within the ‘workspace of the
robot.But,when the ‘workspace is divided properly into
Sub—regions,the inertia matrix J almost retains constant
-values'in'each individual sub—regions;The curve_in Fig.(4.2)

can be approximated as :
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g A
{_)
H
|
£
Lracted T - .:—
conlracle R lewr‘\duJ pOSlthn
Figure 4.2. - Approximated trace of inertia matrix
This is nothing but dividing the workspace of the
robotv ihto concentric spherical stratums of different

thicknesses.The robot is at the center (Fig.4.3).The

stratums get thicker as thé_ robot contracts because the
inertia matrix retains almost constant values for a longer
distance.But they get thinner and thinner as the arm extends

. -
because the inertia matrix and the vector k - needs to be

updated more frequently.The algorithm is so as to update the-

system parameter matrices as the end-effector pasées  from

one stratum to the other.

,/Figu-re 4.3. - Concentric stratums in the workspace:
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4.1.2. Min

imum Energy Approach with Specified Final Time

and State

The equation of motion given by (3.1) is solved  for

the joint accelerations which put forward - the decuupléd

linear model described by (4.3) when the desired trajectory

for jeint { is given by q,(t), é&(t),ﬁd}t)=r(t), the

state variables may be defined as [10]:

x=a, - q and X =q,. - q. (4.5)

d [x 0 17[x, 0 o ~
J— = } + u o+ s te [tk,tk ]
dt | x 0 olfx 1t 4 *

with an initial condition 2(t°)=§k.The state model is  in

the form of :
= Ax + BU - (4.7)

The optimal control problem is solved by employing an
energy optimal performance index.This stabilizes the system
feedback matrices and reduces the number of control

paraﬁeters involved [10].The performance index is given by:
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ot

t v

J = ee— f pi.nfdt - (4.8)
2 t

where p is the weight coefficient for the control effort.Thefﬂ

terminal condition is ?(t,)=0.The solution of the minimum

energy terminal control problem defined by (4.4) and (4.8)

with the final state constraints leads to the control law

f10] as:
6 4
Y 5 =3 (A = 6) * i (94 ~ q;) (4.9
This is the decoupled cohtkol law for each

jnint.(i=1,2,..,6);ﬁnd _T'is the so called time-to-go and

given by T = t -t .Substitution of (4.9) into (4.3)
gives:
4 _ & & 4 : .
g + =—— g + —q. = g, + — q. + g, (4.10)
i T i Tz i Tz di T di di

fAs a result the natural frequency of the system can be
adjusted'by only tuning the time—td—go,while damping ratio [

of tﬁe system is constant and eqUai to 0.82.

b | 6 g

L = — s k=— , m=1 , b=—— then [=0.8Z (4.11)
24km T ) _

w = Jk7m  then w = Jer7 . {4.12)



V. TRAJECTORY DETERMINATION

S.1. INTRODUCTION

Spray painting is the process of applying a paint on

to a surface by atomization for finishing purposes.
| Associated with thé robotic appliéations to the spray
painting processes, the | problem of determining the
appropriate path which is to be followed by the spray gun to
perform the task,came accross with the designers.fAlong with
the detefmination of path,spfay paiﬁting process has its own
requirements- thét muét be fulfilled for: va better
result.First of ail,the Spray gun must be so held that the
pattern will be perpendicuiar to the surface at all
'times.Second;if must be kepf a constant offset distance away
from the surface in_the direction qf the .hurmal to the
surface ét each instant.Next,the stroke mq5£ transverse the
sutface at a :Dnstanf'spéedAfor uniform fhicknéss coating
and fhé overlapping of the pattérhs of two consecutive
Strokeg ﬁust bé 530 per cent.These show thatj;trajectory
determination for a spray painting ‘robot is not only a
problemlnf finding a path but it is the description of time
histnfy of the position,orientation 'and_ speed of the

. end—effector with respect to the world coordinate frame.
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5.2. GSPACE CURVES AS THE " PATH "

Reference trajectory determination and planning foria
manipﬁlator performing 3D (three dimensional) surface -
operations generally involve a space curve as the path to_be
followed by the end-effector during operation.

A space curve is a three dimensional curve which is
described by the position vector ?(u) joining the origin of
base frame and any poiht (x,y;z) on thevcurve as @

Bur=  x(wi + yu)i + z(wk (5.1)

As the parameter ‘u ‘. changes, the terﬁinal. paint of

?(u),describes a spacé curve,having parametric equationss

x=x(u) y=y(u)  z=z(u) . (5.2)
2,
: ~ Ar
- \
s
>/
S )
: >y

Figure 5.1. — Space curve
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- Then v
ff _ F(u+tAu) — ?(q) (5.3)
Au Au
is a vector in the direction of A?.If,
At d?
Zim — = —— S ' (5.4)

Auso Au du

exists,the limit will be a vector in the direction of the

tangent to the space curve at (x;y,z) and is given by :

af dx . dy . dz ,

— = e it e § o+ — Kk (5.5)
du du du du
If the parameter ‘u ‘' 1is taken as the time “t * ¢ then ?(t)

represents the time history of the pnsitinn.VectDr.
Given tﬁe space curve ‘C  ‘defined by the vector
?(u),then the £angent_unit vector is found by taking ‘u -

the arc length.as:

+ df , o
ds '

: _ |
The rate at whiéh ; changes with respect to ‘s ° 1is a
measufe‘of the curvatufe of 'C "and is given as :d;/dS.ThE
diréctipn of the vector d;/ds>at any giQen point on 'C ° is
normal to the curve at tﬁét paoint.If ; is a unit vector in
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this normal direction then it is called the principle normal

to the curve.

-
dT >
—_—= % N ‘ (5.7)
ds
where ¥ is the curvature of ‘C ° specified at the point.
- : -+ -+
A unit vector'B perpendicular to the plane of T and N

> > .
and such that B=TXN (% is the cross—product) is called the

~bi-normal to the curve.The coordinate frame composed of the
> > -+ : .
three unit vectors T,N and B is known as the w=moving

trihedral [11].

z
i
¥
v ,
|-~ 12 |
S B N C
-» \\\
T
.f,/
// .
> X i
Figure 5.2. — Moving trihedral

A set of relations invoiving derivatives of the
- +> 3 -» - .
fundamental vectors T,N and B is known collectively as the
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Frenet—Serret formulas and are given by:

-
dTt >
—_ = XN : : . (5.8)
ds
->
dN -+ >
-_—=ppoB-XT (2.9)
ds
-
dB >
-_—= —-p N (5.10)
ds v :

where p is called as the torsion.

Cohseqhently,the moving tfihedral can be determined:
at every point on a space curve as long as the parametric
equationévx(u),y(u) and z(u) Df.vthe position Qector ?(u)

that is;fhe curve itself is known.In case of &R spray

painting robot,thé éth cnurdiﬁaté frame‘ attached to the
spray gun which shuwsnthe position and Driénfation of the
>end%effector,at the given pnint‘nn the path ‘is"aligned in
the same way as the moving frihedral.This Satisfies. the
requiremenﬁs»of spray painting procesé.

In this study,a conic helix,a spatial parabeola and a
spatial line iﬁ the Qnrk space of é pérticular &6R robot Have

been.chusen as the paths to be followed during operation.
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5.3. TEACH-IN WITH ON-LINE PROGRAMMING

The programhing process of a robot may be performed
in many ways:by guiding the robot through the cufrect
motions,textual language or even by graphics of voice.Some
methods are more snphisticéted than others and some are uséd
. commercially.

One of the ways of teaching a robot is lead—thfough
teéching,where the programmer manually moves the manipulator
through the cyéle which is to be performed;The motions ére
recﬁfded in'the-memory-exactlx as they are éxecuted.This
method is commonly used to teach the continuous path robots
_such as those of spray _péinting.Recording ﬁf each 1ink§
posifion as'the npefator manipulates the arm through the
'ﬁesired‘path,can be in two ways.It'is done either when a
trigger button “on  the handheld handle fixedvv at the -
end-effector cf‘thé robot is depressed or-by sampling with a
préset'frequency,as the operator traverses the sgrface to be
painted.

The programmer need nbt bé anm expert in computer
prbgramming bﬁt he must be vernyamiliar with.the‘taSk _thét
i; to be performed.He may be a skilieq worker on painting
far tea;hing a’épray painting robot.

The sampled poinfs on the desired path are often
calied as knots.The position ;amples»that isz;the knots taken

on the surface are geherélly distributed arbitrarily}lf the
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sampling is done by triggering,the programmer wiil certainly
trigger at positions thch are unequal distances apart from
each other.On the other hand,if sampling is done with a
preset frequency, the knots may still be unevenly distributed
since the programmer can never retain a constant traversal
speed at all times during teach—-in.The uneven distribution
of the knots may seem tn be a disadvantage.However,most. of
the times it is of vital importance such .as when teaching
the cavities of an object or sudden directional changes of
thé path.The more accurate a path has to be,the closer the
distance befween the knots.The following table shows typi;al

applications in practice [12].

Point
Spacing Typical Application
in mm ' , :

0.5 | very exact contours
2.0 welding, deburring
10.0 glue appl. ,welding
50.0 coating, spraying
100.0 spray painting
500.0 | material handling
1000.0 | material handling

Table S.1. — Typical applications of teach-in

But an important drawback of the method is that,it
requires a considerablly,largevmemdry capacity to store the
kndts.Furthermnre,the memory capacity limits the accuracy of

“the path.The number of knots to complete the path définition
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wiil increase as the knots on a prescribed task get closer
for bettér accuracy.The tea;h—in process may be interrupted
because of the lack of memory before completing the cycle.As
a solution,off-line programming may stand to be useful at
the first glimpse.It offers éonsidefable
advantagés;mainly:Prngrams can be moved from one robot toﬂ
another,prugrémming becomes the responsibility af a bersdn
more familiar with the overall operation than tﬁe plant
floor-technician,and robots can be taught earlier,not during
producfiun. |

In sbite Df many given édvantages of tﬁe bff—line
programming it is still not widely; in use.Be:ause,off—iine
programming requires prograﬁming skills. together with ‘the:
he;eésary‘ computafional hardwére;and they don’t - come
| cheap.?urthermore it neceésitates an advanced level of
techhical knowledge.ln'addition,the. USe  of pure off-line
programming suffers from the inaccuracy of the’robnts.lf the
program calis for the end-—effector tﬁ be at a particular
'lncationiand the-rnbot”duesn‘tkﬁave the accurac? to pnsitinn.
,ifythere,some on-line teaching ,wiil then bé inevitable
again. |

A useful means of proyid;ng tpe-'ability to easily '
define the task may be a>hybrid method:Samplidg knots on the
desired path during ménipulatation of the robot through the

cycle followed by an off—-line trajectory planning.
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S.4. OFF-LINE TRAJECTORY PLANNING

Off—line trajectory planning ischemes generally
interpolate or approximate the desired‘path by a class of
polynomial fﬁnctiuns ~and generates a time based
cnntinuous,smooth path for the end-effector frqm its inifial
position to its destination.It describes whaf. the
end—effe;tpr will do between‘sampled knots;

Guite'frequehtly,there exists a number of possible
trajectories between the two givén endpoints.It may be a
path of _straight line' segments or a smooth polynomial
trajectory .that satisfies‘ fhe position énd Driéntation
constraints.

In spray painting procéss;thev knots are spe;ified

. with the active manipulétion of the robot arm on‘the surface
tn‘belhainted,with respect to the world coordinate frame
(x§,y°,z°),with the _constkaints that path,velocity - and
acceleration be continuous.But the servos at the joints
.handie the motions of ‘juints with »respect,_tn_.the joint
cdnfdinate frames.

At each knot; point,the positiun »vectbr and the
oFientatinn matrix of the spray gun at that individual knot

, . _ . i
is converted into Joint coordinates using inverse kinematics
as the coﬁsecutive joint angular ‘pusitiuns in time to

coﬁplege the task.(Fig.5.3)
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world
x coordinates
o .
/
o 1=
63 94 = 6
- . %% . . LI
[ L) o - .
time time . time . time

joint coordinates

Figure 5.3. - Translation of knots in world coordinates into
joint coordinates ‘

Sampling the desired path by lead-through teachihg

‘brings out the problem of time scaling when the path is

bre—executed during'prbductinn.The'relatiVe distribution of

the knots in time can not be achieved by simply sampliﬁg the

time as the position,Because ‘during teaching,the time

. ' _
elapsed is virtual.It depends directly on the speed of the
programmer .What happens for example,if he interrupts

teaching temporarily ?
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A parameter must be developed for timing‘between the
knots.It must be such a parameter that its value
corresponding to a knot must be greater than thét of the
precedihQ one,in a chain manner.That isjthe values it takes
can be assigned to the time axis of the 6 joint coordinate
viframes in Fig.5.3,as one moves from one knot +to another

[131,[14]1,[15]).This parameter can be chosen as the straight

line distance between two adjacent knots.This will
fascilitate a means of relative spacing between the
knots.And will provide all the necessary brequirements

. above.It is:

Au = § AxZ + Ay? +Az® _ (5.11) -
wﬁere
Ax =P P
A-y = Pyi.— lDyi.—i
sz = P_-P_ i=1,2,.0.,6  (5.12)

ahd Px,Py and Pzrepresent the"cqmpnnents of the posifion
yectnr of‘that knot with respect to the world Aconfdinate
framé.Dn;e Au between each knot is calculated,the scaling
péfamefer is =

| u=u_+ Au : (5.13)

1=

and u1=0 is taken as the origin of the scaled axis.
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It is possible to use the straight 1line distance
between knnts»for the fo—linevtrajectory planning of spray
painting prncess,és the scaling factdr far time because,it
is essential to have a constant speed during spray painting
process.Which enables us to relate the time elapsed to the

distance to be travelled as :

d =8t (5.14)

where d :distancebto be travelled,

S :speed

.t ztime elapsed.

Here the épeed.S'haélfhe rolé of a proportionality
tonstant.This means that,distance traveiled will be directly
proportiunal to the time elépsed or. vice versa siﬁce the
speed is Constant.Cnnseduently,the “time ‘axis of the above
jaintvcnnrdinate frames may  be reﬁiacedA by the relative
'distaﬁces to be travelled.

In some épplications,it‘may be desirable to perfbrm
the task in a limited time,while ’othe'r applications may
ﬁecessitaté»a specified constant speed as critical in task
completion.In any case,it ié cnﬁpulsory-to scale the  knots
in timé.If ﬁheklimitation is on time in perfokming the

task,timé normalization may be done as follows :

t= t — ’ . (5.15)
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where t ttime corresponding to ith knot,
t :given task performance time limitation,
" u, :scaling parameter corresponding to ith knot,

u_ :scaling parameter corresponding to the last knot.

On the other hand,if speed is specified then,
d
t = ‘ (S5.16)
S

and time normalization is achieved by wusing (5.15).
d :total length of the path,

S :specifed speed.
S5.5. OVERLAPPED POLYNOMIALS AS THE " PATH "

After time scaling,thikd order polynomials.  to
approximate the desired path specified by the knots ére
employed in each joint’s coordinate frame of the &R spray

painting robot.The polynomials are in the form :

e=a ti+a tP+at +a. ' C(5.17)
L3 8 3 - 2t E S Ot

t
where i is the joint number (i=1,2,..,&), J is the knot
number (1,2,...) and eﬁj is the joint coordinate of the ith

" joint corresponding to the jth knot.a_,a_,a. and a_ are

2t7 11 18
the coefficients of the polynomial.



In order to determine all coefficients of

polynomial four knots are enough.
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e | ___._

\

time

Figure S.4. — Third order polynomial

So,if the adiacent °four knots

terminating knot of the preceding group in common with.

aEe used,having the

the

firsf one of the  current grnup‘ in chain manner.a path

continuous in position can be obtained.

D

time

Figure S.5. — Polynomials attached sequentially

/
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To obtain a path continuous in velocity,the tangent at the

junction of two adjacent polynomials must not change

direction.This is achieved by taking two knots commnh to -

adjacent polynomials.In the same way,three knots

are - taken

to have the path continuous in position,velocity and

acceleration.As a result,the 3rd order polynomials put the

path forward by overlapping.

Y

time

Figure 5.6. — Overlapped polynomials

The coefficients of the polynomials are found as :

-4 -
. a_ ECEE e .
n J J J » u»
a_ £ £ ot 1 - (5.18)
2 L = J+d i t,jrd
a. 2 Y%t .1 o
1 }+2 J+2 *tz i,j+2
a_. 2 2 e 1] e .
oL jt3  jr3 3| L L,J-t-s_




where i=1,2,..,6 is the joint number and j;j=1,2,3,..

polynomial number.

is
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the
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VI. SIMULATION OF BEHAVIORS OF THE 6R SPRAY PAINTING ROBOT.

6.1. - STRUCTURE OF THE SIMULATION PROGRAM

A computer simulation program package has been
developed for the simulation of a 6R spray painting robot
whose wrisf_ configurat;dn is of Pitch-yawm—roll type.The
program employs 13 subroutines,é input and &6 output files
simultaneously; |

The structure of the program is modular ih that,all
sub~titles of the subject is formed into a subroutine.But
the recursivé'(N—E) dynamic modeiling aigofithm involves tuﬁ‘
‘many messy matrix and vector products.Therefdre,it'é beén.b
taken as the structure of the main progfam to which the
subroutines are lihked. | | |

Thé program package contains a conic ﬁelix;a spatial
pérébdla and a spatia1>line-as three example scenariosv in
‘the workspace of a &6R robot of certain_dimensions;The pafhs
can not be alterred,but they are there to give a
: demnnétﬁative sight to the user;Dn . the otherg Hand,tﬁe
program is complétély %lexible for any &R rnbot va any
genmexéic dimensions and physi;al quantities (mass
inertié,etc.)bf the same type of structure.Plus,it may bé
rdn,fqr any path through teéﬁh—in facilitigs as long as the

,1knots are defined.The flowchart of the program is -given - in
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Fig.6.1.
The program has been written in FORTRAN and can  be

run by an AT compatible personel computer.

6.2. MAIN PROGRAM

Recursive (N-E) dynamic modelling algorithm»has been
taken as the major.strutture of the’main prdgram since it
involves messy matrix an& vector prnducts.lt has then. been
completed with the inputs,user interactive ﬁuestions,outputs
aﬁd adjoined‘subroutines. -

Inppt data read from various'files.basically.are;

f) Geometric and physical pafémeters (sucﬁ aé masses and
1link 1eng£h5 of the robot..) |
ii) Initial position and orientatiun of the“robot,desired
eﬁd—effector'speed and apgular veiocity vector of the '
wrist,length of baths for the -cbni; hélix,spatial
parabola and lihe, |
iii) Inertia matricgs of each iink,fnrce' on the
énd—éffector, |
iv) Data related to the'cnntrul_and updating ﬁolity,
v) Some 4other pérameters : necéssary for b_the

. .simulatinn.(such as for DISCR3 subroutine.)
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6.3. SUBRDOUTINES

Thirteen subroutines have been linked to the main
program to perform the necessary computations for
simulation.The required input variables and generated
outputs have been explained in detail in the subroutine
called HELP.It is also possible to find any informatiuﬁ
apaut each individual subroutine in HELP.At the beginning of
the program,the user is prompted a list where;he/she’ may
select the HELP subroutine for any.enquiries.

DISCR3 is the“subrnutine used - to discretize the
cuntinﬁous,découpled state model of each link for computek-
simulation>purﬁoses.

MiNV is for the computation of the inverse Df any
giveh matrix of order n.

INVERSE subroutine snives the inverSel kinematics
'.problem of the 6R shray painting robot.

JACZ2 1is the subroqtine for the construction of
. Jacobian matrix nf’fhe robot.

'RDTV:Dntains the transformation matrices of each
- coordinate framE'attathéd té the individual joints.

| TRAJ,HEle'and'éARAB are the subroutines to generate
three-gcenarios as the path fn be %ollnwed by the spray
gunaTRné‘generétes avspatial line while HELIX and PARAB
créafe.a conic helix and a spatial parabola in thevqartésian

,cnordinéte frame,respectively.
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JINT3 is the subroutine that interpolates tha data
came from-teach—in and creates a péth.

DRK ié to solve the direct kinematics problem of the‘
robot.

SIM is the subroutine ithat genefates the control
vector’and.computes the new state of the robot.

UPD is the subroutine that contains the adjustabie

updating limits of the system matrices within the workspace

of the given robot.

6.4. USER INTERACTION

' Thev pfogram. is user interactiQe.It directs many'
questinné to the user during ekecution;lt also enables the
user to changg anything that he/sﬁe:input or selected béfore
skippingvthat item.Tﬁe output is formatted néatlylso that it

" can  be uhderstnod easily.
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skipping that item.Tﬁe output is fnrmatted neatly so that it

"can be uhderstnnd easily.
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\VII. SIMULATION RESULTS
\‘ . -

7-1. SCENARIOS

In order to simuiate the dynamic behavior of a
robot,it is compulsbry to defihe a certain task that has to
be performed by the end—-effector.In case of spray
painting, this task is the péth.to be followed by the tip of
the spray gun while keeping it in the properA oriéntafinn
across the surface,at all times. |

In this study,three basic s&enafios  besides on-line
teach-in with'uff—1ine trajectoryv determination- haVe. been
.selected.After that;a 6R robot wiﬁh the.'given features in
table 7.1. is 4used- for the simuiation . purposes.It is
impnrtént for_the patﬁ deséribing the task to be‘ﬁithiﬁ_ the
"workspace,that is; the region‘ in which ‘Fhe -fobnt, can
manipulate.Tﬁerefofe,the cnnsténtgcéefficients iﬁvnlved ip

. the scenarios have been adjusted accordingly.

7.2. SPATIAL LINE.
- One of the diagonals of an inclined rectangular
surface located in the workspace of the robot has been

asSuméd as'the rectilinear path to be followed by the spray

iguh,leading to have all the joints in motion.
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Figure 7.1. — Spatial line

The motion starts at point P1(1;1.54;0) and stops at-

peoint. P2(0.1;2;2;0.56),(Dimensions' -are  in meterS).The

equation of the line can be found as:

2 =-0.9i+ 0.66 j +0.56 k (7.1)

The orientation of the gun remains constant.Then the

4orientatiun' matrix of the hand for a=40°degrees of
inclination:

-1 0 0
0 0.76604  0.64279

0 0.64279 —0.76604
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If the unit distance travelled along the 1line is
taken as the parameter,the equation of the path with the

direction cosines of the line,is given as:

2(s) = (1-0.72075s) i + (1.54+0.52855s)j + (0.44847)k (7.2)

7.3. CONIC HELIX

A conic helix is a space curve which is wrapped

around a cone whose vertex is on the ground.

—»— ¥

) Figure 7.2. — Conic helix
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The robot is assumed to be at fhe center df the conic

helix.It is described by the equation :

Fay

-+ 1 > t . -
r{(t)= ecost 1 + esint j + e" k

where ?(t) is the pnsition vector of a point

curve.Far the curve to be within the work space

(7.3)
on the
cf the

selected robot,the vertex angle of the cone has been taken

as 60 degrees.Then,
?(t)= e'cost I + e'sint j + 0.577e" &

To find the tangent vettnr,(ﬁ.b) is used.

d? d? dt

ds dt ds
a? t L < _t t = R
— = (e cost — esint)i + (esint +ecost)j + 0.577e &
dt ' '

Then using (7.4),(7.5) and (7.6},

(7.4)

(7.5)

(7.6)

(7.7)

" (7.8)
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= ——— [(cost-sint)i + (sint+cost)j + 0.577k1  (7.9)

is the equation of the tangent vector.In order to find the

normal vector (5.8) is used.Through.the same way &

-
dT 1 : : - . N
— = [-(sint +cost)i + (cost-sint)i] (7.10)
dat R
> >
dT dT dt , »
—_— T —— {7.11)
ds dt ds ’
R
dT 1 : o -
—— ='———————T [—(sint+cost}i + (cost-sint); 1 (7.12)
ds JZ2.33 e :
_ dT Iz
K = —_— | = — (7.13)
ds 2.33 e S 3
Then using (7.10),(7.11) and (5.8),
- 1 ~ . ‘ -
N = — [-(sint+cost})i + (cost-sint)jl (7.14)

'This is the principle normal of the curve in the direction
tpwafd'the center.But the hand normal will be in the
opposite direction because the robot is inside the

curve.Then,
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+ 1 ~ -~
Nn= — [ (sint+cost)i + (sint—cost)Jj] » (7.13)
Finally,the moving trihedral - is constructed by the

subroutine as :
+ + +. : ,
B=N xT (7.16)

Here the‘pérameter i is taken as the base rotation.

ea.The length of the path_tn be followed is calculated by:

[?] at o (7-17)

where a and 3 are the angles between which the length is to -
be calculated.They have been chosen as o=15 and =43

degrees.Since l?[=ds/dt,

s - |
- t A :
s(aﬁ) = 2 J2.33 e dt | (7.18)

8= 1.363 m
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7.4. SPATIAL PARABOLA

The spatial parabola is given by the equation :v

2(t)= ti + [a(t—c)? + k1] + 2k (7.19)

”Figure 7.3. — Spatial parabola

The selected parabola has the equation of:

P(t)= t1 + [2(t-0.7)% + 117 + 0.5k (7.20)

Through the same procedures given in conic helix,

— = 1 + [4(t-0.7)1] C (7.21)




83

ds

— = J16t%- 22.4t + 8.8 (7.22)
dt :

The tangent vector is :

- 0.25 R L
dt?-1.4t + 0.5525 ‘

To calculate fhe normal vector :

Y

a7’ ” T -8,2 - ~

—_ = (t"—1.4t + 0.5525) [—(0.25%-0.173)1 + 0.0625;], .

dt , e _ ‘7.24)
Y

at 0.25

ds (t?-1.4t + 0.5525)°

[—(0.25t-0.175)1 + 0.0625/] (7.25)

= _’(7;26)

4(t®- 1.4t + 0.5525)°

dT 4(0.25¢-0.175)% + 0.0625°
ds

» R o L
N= [-(0.25t-0.175)i + 0.0625j]
Jo.0625t2—0.0875t+o.0345

(7.27)

Here the prin:iple normal bf the turve and tﬁe normal nf the
hand aée in the same directinn siﬁce‘the robot is outside
the.cur;e.The parameter t is taken as the increments in the
xadifeFtipn of.the bése frame.The 'subroutine computes the

, : : : + -+
- moving trihedral by taking the cross-product of T and N - to
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_ »>
find the bi—normal vector B.
' -+ + o
B=NZXxT A (7.28)

The arc length to be travelled is found by the line integral

1.9
S = s {16t?-22.4t+8.84 dt (7.29)
O. 1 . -

where the robot sweeps the linear projected distance between

the 0.1 th and 1.3 th meters of the xoaxiS'nf,base frame.
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7.5. TEACH-IN ON THE CONIC HELIX

This scenario has been used to see whether‘ the
trajectories in joint Conrdinates determined by'the on line
teach—in,off—iine path computation facilities of the program
are satisfactory or not.For this purpose 16 arbitrarily
distribuied knots on the same conic helix described

before,have been taught the robot,(Fig.7.4).

N

ot

Fiéure 7.84. — Teach-in on‘the conic helix
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7.6. TEACH-IN ON A RECTANGULAR SURFACE

In order to paint a surface,the path must firét be
taﬁght the robot.For this reason,ﬁhe path given by Fig.7.5
is specified by 44 unevenly distributed knots.Thé surface
has the dimensions of 30x50 ;mz.The spray pattern width has-
been taken as 36 cm.The job will be completed with 3 passes

over the surface.Required average speed has been taken. as

0.9 m/s.

.

Figure i.S. — Teach-in on a rectangular surface
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- The moving trihedral of the end-effector has been

specified as follows:

+ A i ~ -~
T=—1i and B = 0.5 + 0.866k ,then
+ 9 > v
N=BxT ‘ ' (7.30)

is the principle normal of the surface,'

G -+
N = —=N. ' (7.31)
H .

+ ~ A
N = 0.866j - 0.5k o (7.32)

N,T and B will remain unchanged'during the process.The knots

have been sampled more often neérby the corners of the path.

link # Length (cm) Mass (kg)
V1 30 20
2 © 100 | 20
3 | 120 | 20
4 | 30 4
s S0 4
& 10 1

Table 7.1. — Dimensions of the selected robot
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VIII. CONCLUSIONS

Associated with the robotic applicafions to the spray
paibting process,the'prob}em of defining the time history of
the spfay‘ gun for task _completion became indispUtablly
impnrtant.Becauée,a spray‘péinting manipulétor can even be
eébnomicaily justified if thé special'fequireménts of spray
'painting hrocéss which lead to saving material that had'béen
previously wasted as overspray mist,are met.For this
reason,a ﬁybrid method namély on—line teach—-in with off;line
trajectory determination has been developed toc teach a robot
the desired path>for cumpleting'a task.

In order tn‘simuléte the dynamic behavior of a spray
Apaipting robot,it is cnmpulsbry to dEfine a dynamic mndelbas
well as a .suitable control - bolicy.N~E recursive  dynamic
,' modellihg algorithm has been adopted ﬁn a six .dégree  of
freedom spray painting robpt having a wrist tbnfiguratidn of
.pitch—yaw—rcll type.The proposed control algnrithm~ on the
_6ther haﬁd is, computed torque techniqﬁg.Both had been
ﬁreferred for their | Eonfnrmity to - computer

—

simulation.Furthermore,to complete. the 'Simulatiun program
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camputetian of the manipulator Jacnbiaﬁ have been
investigated.

Computation of the system matrices defining the
dynamic model involves too many .messy matrix and vectqk
products.Among them,the inertia matrix is the one having the
biggest influence on the eystem behavior.An ubdating
policy,taking the trace of the inertia matrix as the basis
of decision for when to update,has been develeped.lt's ~ been
observed that this divides the workspace of the  robot into
sub—~-regions which are concentfic spherieél stratums.In a
earticular stratum the Qalues of the system matrices tend tp
remain constant;The-algorithﬁ.updates the sysfembmatrices if
the end—-effector easses from one stratum tq anDthef.Thie
resulted in considerable save in time and made. - the program
run faster.

Thfee basic scenarios,a spetial line,a conic helix'
and a spatiallparabola have been selected.Tﬁey all cause all
the Jjoints of the robot to move.Besides this,teach;in
facilities have been used to simulate the ruboﬁ painting _en
inclined surface located in the workspace.In addition,the
same coﬁic;helix has been this time taught the fobot to see
the effectiveness ef the hybrid -trajectory planning
algorithm.lt's been observed that the proposed algorithm
resdlted in smooth curves which are continueus in
position,speed and acceleration;The: approximatedb_paths/.in

Ajoint coordinates for the conic helix have only
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infinitesimal deviations from -the analytically calculated
' ones.éosition and speed errors are negligiblly small.The
overshoots at the torque diagrams are because of making the
manipulator which is stationary at its initial position move
at the desired speed.An acceleration profile may be defined
to redﬁce the peaks. -

The developed algorithm for off-line | trajectory
determination is fast enoggh and occupies not very much of
memory capaciiy.ThérEfDre,it can be used for planning any
trajectory to be followed by constant speed,for 'confinuous

path robots.
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