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Abstract

‘In ‘this pvaper we consider the problem of coordinatingmultiple motion devices for

: Welding‘.i We focus on the problem of coordinating a positioning table and a seven axis. -

manipulé,tOr, given the parametric definition of a tr’ajectory ona Weld piece. The prob-

’lem is complex as there are more than nine axis 1nvolved and a number of permutatlons

. are posmble Whlch achieve the same motlons of the weld torch The system is

Thls ‘work. is. funded by a cooperatwe research grant provided by the Indlana.

Corpora.tlon of Sclence and Technology
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redundant and the robot has singular configurations. As a result, manual programming

of the robot system is rather complex. |

Our approach to the coordination problem is based on subdi‘\_ris}lion of constraints.
The Weldingtable isl coordinated to ensure down—h‘anded welding cOnvention, Whlle the
seven ‘axis robot (a six axis Cybotech WV15 robot and track) are cOordinate'd to track
the weld point.’ The coordination is achieved by keeping the robot in good maneuvera-
bility position, so as to avoid the robots singularity conditions and rnotion limits of the
track. We:Were able to express the singularity conditions in terms of cartesian coordi-
nates [1] As a result, we could obtain analytic solution to our optimization ol' the
maneuversability and therefore avoid using known pseudoinverse techniques which are
known to exhibit inaccuracies [2]. The output of our Optimization process is the posi-
tions of sthe ;track’ and the robot end-effector, these positions are used to generate the

joint angles of the arm by inverse kinematics.

Introduction

In thlS paper we address the problem of coordinating a two axis table and a seven
axis robot, glven the mathematlcal description of the weld seam trajectory Wlth refer-
ence to the pa.rt coordinate frame. The welding is to be carried out 1n down-handed
conventlon to allow the plasma to flow approprlately along the weld contour This
requires the Weld piece surface normal to be aligned in the opposite d1rect10n of the
grav1ty vector throughout the entire welding process. A seven axis robot con51st1ng of a
track and a six-axis arm is used to guide the weld torch. Redundant mampulator sys-
‘tems are quite often used in Weldlng systems because, (i) a larger robot work: envelope is
obtained, (ii) singular c‘onﬁgurations in the robot can be avoided by opt-lmal movement

of the redundant axes, i.e. the track.
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The part pos1tlon1ng table is used to man1pulate the part into a pOSlthIl ‘.and orlen-
tation Whlch is' best su1ted for the g1ven task constraints. The manlpulator is then
- required to produce the desired torch motlon to ach1eve the weld Manual program- |
mlng of the robot Weldmg system is complex and several 1teratlon may be requlred ‘
before a su:1table program is taught which successfully coordlnates both ‘the ‘po31tion‘er
.and"'-the "robot" “A mathematical ‘process which generates the m0ve1nent of the redun'-

dant. robot and the welding table without us1ng pseudo-inverse technlques is descnbed

i in thls paper

Recently,.there has been: grow‘ing interest in the research community im‘v'es;tigating
~ the “prob'lf'em of coordinated motion control of ‘non-redundant multiple robotic devices .
and the progress in this field has been rapid [10], [3], [26]. Our work is more closely
3 related to coordlnatlng redundant manipulators. Past research in the area of ,redun‘-r
- dancy coordlnatlon has involved the resolved motion rate techni‘q.ue [12], using the
. pseudo-inverse of the Jacobian matrix [5], [4], [9], [12], [17], [21], [22]. In the resolved
motion rate method, ~9 "is used to guide the manipulator. The (nxl‘)‘ j’oint velo’city vec-
tor §° is related rito_ the (mx1) end effector velocity vector as:
where J is the non square (mxn) manipulator'Jacobian, and as n > m, usually m = 6
for six degrees of freedom, then general solution for ~9 " is:
- +x +@X—-J"3) u T (®)
Where I, is a (ﬁxn)’ unit vector and u is an (nx1) arbitrary vector, J* is the pseudo- o
inverse of the Jacoblan, which is deﬁned as:
It -—JT(JJT)" B 5

The terr_n (I-— J*J) is the null space of J. In order to - avoid’ :sing'ular_ configuration.
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Yoshikawa [9] suggested the selection of u ‘such that the scalar v is maiiml';Ed,“Where
v=Vdet(@T) (g
Thus We may ‘select,b u = V. Once 6 isfound, 6 (t)is accumulatedias.::
tH=fsatit @)
to L ' . : '

o Several computatlonal d1fﬁcult1es arise here, if m = 6 and n = 7 it may be dzﬁ‘icult to

ﬁnd the Jacoblan Jin symbollc form (in terms of 6), in which case numerlcal calculatlon

L of J is necessary The pseudo-lnverse of J, J + “must be numerlcally computed as sym-

~ bolic forms of J* (for n = 7)is not easily obtained. Once J, I and u s calculated
based on the 'prveviousvvaluvc‘of the joint _angle, ~9 ’ is cal_culated and the j‘oﬂint ‘angle 0 ()
: is,obtalnedfby ,i_ntegrati_on. . » |

In add1t1on to the large amount of computatlonal steps whlch are needed for the
numerical calculatlon, Chang 2] notes several other deﬁencles [2 ] (i) Inaccurate joint

'solutlons, due to the llnear approx1mat10ns made when evaluatlng Equatlon (2) for the

| Jomt rate (11) Errors in accumulating ¢ (t) from Jomt rates. 9 This is a mxnor p01nt
(m) Problems Wlth repeatablhty of motion as the vector u is sensltxve to the dxrect1on
of approach

Chang [2] derlved a closed-form solutlon to remedy the above problems, however,
the computatlonal issue remalned and numerlcal algorlthms have to be used to solve. forib
the Jomt angles Extended Jacobla.n method [1] is also computatlonally 1ntens1ve and is

| only apphcable to systems Wlth one degree of redundancy

The redundancy coordlnatlon scheme proposed in this paper 1s based on ‘con-
' stralned optlmlzatlon of an obJectlve function 1n cartesian coordlnates A redundant o

: “manlpulator w1th less than 13 degrees of freedom, but grea.ter than or. equal to seven '
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de_grees of freedom may be regarded as two non-.red'undant ma_nipulators. Each mani-
pulator v'vith‘ explicit inverse kinematic solutions. As we are able t\o-‘ express singularity }
condition [1] in' cartesian coordinates of the end effectors, we are also able to setup a
constraint function in cartesian ceordinates " Then the coordinationtask can be posed
as an optlmlzatwn problem, so as to malntam the redundant arm on a desued trajec-
tory’ while av01d1ng the activation of the singularity constralnts, and 81multaneously_
m1n1m1z1ng the QbJectlve- function. The optimization can be expressed in terms of the
~end eﬁ'éétor 'c"dbrdinates- of the first (nonredundant sub-manipulator) manipnlatOr 'and .
the:desired trajector}". The optimization is used to find the position of the ﬁrst“manipu-‘ B
lator. The position of the second (the redundant sub-manipulator) e_nd-eﬁ"eCtor can

then be found by direct kinematic (see later).

The ﬁrst section of this paper describes our solution'methodology, the second sec-

tion presents the Decessary mathematics to model the weld contour and to solve for the

inverse k1nemat1cs of the part positioning table. The klnematlcs of the robot and its

slngularlty states are dlscussed in section three The proposed method of s1ngular1ty
av01dance and the coordmatlon of the redundant joints through constrained m1n1mlza-‘
“tion is d1scussed in section four. A simulation of a welding operatlon Wlth a redundant‘
manipnlator is‘presented in section five to verify the proposed methodeleg‘y., Conclusi_on '

of the pap‘er is presented in section six.

I. Subdivision of the Coordination Problem

The mult1ple—dev1ce coordination problem can be solved by d1V1d1ng the problem
into small ‘subtasks. The solution of the subtasks are requlred to satlsfy the followxng

global and local constraints.

(a) - The surface normal of the weld part has to be antl-parallel to the dlrectlon of

grav1ty The positioning table must be coordinated so as to achleve this.
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(b)

@

- out of singular configurations or to increase its reach.

The inverse kinematics of the six degree of freedom vmanipulator is used to gen-
erate the motion of the weld torch. |

The extra degrees of freedom present in the manipulator is used to"keep the robot,

A block 'diagram representing the hierarchial coordination of the devices is shown

in Figure,l. The processing stages in each block forms the basis of our t_ask»subdivis‘ion:

0

(i)

(iii)

The data from the CAD station is used to generate the path the weld tip must
tr:abce.“ . | R

This information is utilized by the coordinator to generate table mevement sub-

| jeet'te: constraints (a) in the above.

Next, the. joint angles of the table are calculated. Differential apprOXimetiYOns are
vn"ohf- used to generate the joint angles. R

The motion of redundant system is generated through a nonlinear optimization

~ process, such that singularity conditions are avoided and robot reach is optimized.' ,

The '_\io_int‘angles of the WV15 robot and the position of the track are nex‘t' com-

puted using exact inverse kinematics solutions.

II. Geometric Model of the Weld Contour

and the Positioning Table |

- Figure 2 indicates the relative location of the positioning table and the part ‘w‘ith'

respect to a reference frame O (world origin frame). The following :tran_s_foi'ms are

defined: _ | §

OTorg = origin of the positioning table with respect to the reference fr,a‘me,O.,”_ o

Tors']_‘bl‘;,—;é _center of the positioning table with respect to the table i'eferenee frame.
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Thlpart = locatlon of the weld parts reference frame with respect to the table center.

P a‘r"Sur —,v a weld pomt deﬁned on the surface of the part with respect to reference

frame Part.

61,65, 05 = tables joint variable_s,’ vinthis case 0, is fixed.

'~ Geometric Description of Weld Part

“We adopt cylindrical coordinates (r,c, z) to describe the p051t10n of the Weld con-
~ tour on the surface of the part Wlth respect to a part reference frame We assume the
shape of the part is arbitrary, but it may be descrlbed by Equa.tlon (7) If p‘“t&ur isa .

' vector Whlch 1s located on the Weld contour 1t is defined as:

Partp . = (r cosa, rs_in_oz, z)? : - | (6)
wherel r; Q. and 2 are subject to a surface equation of the part - '

‘ surf(r,o,z) =0 | e | : ,- h (7) |
Let Agur be the dlrectlon of the surface normal; and ogy,, be the dlrectlon of the surface‘ '.

.tangent ahgned along the weld contour. The normal of the surface Asur 1s then glven as:

=L QE r cosd; ‘a—zsma ﬁ r sina + —Q-z—'éosa —r. B (3) ’
T sur ._ £ Or O« 7 Or - Oo . : N

- Here the h@rmélizéﬁon constant a, is defined as: a, = {[@r cosq — ¥ 3 sinaT

+ g—;]cosaT + r2} Then, a weld trajectory on the part can be

Oz .
o Psino +

Or

described parametrically by the below functions:
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r=aev()
a=oacv(t) SRR (9)
r= rcvv(‘t)“ , ' :

where t is the Variable denoting»time. 'The"tangent to this enrve o sur ie-;gi'ven_as:_

O sur =b1 : [ (rcv(t) cos(acv(t))), (rcv(t) sm(acv(t))), - (zcv(t))] o (10)
B ¢ ) s .

where,

b, = +{ 4 zcv(t)T

| n B o IR o .
The normal_ vector gsurv can be found from n gy = 0 surX 2 gur = [ng, ny, 0,

i (rcv(t).cos(acv(t)))T + i (rcv(t).sin(ozc\r‘(l;)))]z}y2 (11)
dt R R R B

o Weaving Motlons About the Weld Traj_ectory S

In orde’rﬁ to get an even weld fill, a Small sinusoidal motion ls super"irnposed' on the
'nom1nal Weld tra_]ectory The Weavmg motion in the sur reference frame can be
descrlbed as a dev1at10n of the torch at rlght angles to the speclﬁed ‘weld path such that

it is on the Weld surface The amphtude of the deviation is:

(12)

ly

: -- 27rV-t B

' Where A 3 is the weld path 'speedv 5‘; is the"Weave arnpl‘itude, lyis the weave Wavelength

Therefore the Weld trajectory p01nts are shghtly altered

’ .E.weldv'?‘_ - ;E.snr'l"‘ Dgyrs Osury Asur |. ‘SWSID ,0,0 o I U :_l(13) ,

,1W
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Position and Orientation of the Torch

The position and the orientation of the weld torch may now be defined with
respect to thvev frame sur. The orientation of the torch with respect to the_frame sur is
deﬁned in tefms of the two spherical angles §; and f,. The angle B, rotates the torch
about ‘th‘ve Weld point, Whereas't,he angle 3; controls the pitch of torch with respect to
the part surche (see Figure 5). The stickout of the weld torch is speciﬁed‘ as the dis-
tance to the Weld surface, it is denoted by ryy. The position of the tip of the weld torch -
can be vrepr‘es-ented by a spherical transform Sph(f;,05;,rsx) [6] with respect to the

frame sur.

Kinematic Coordination of the Table

As discussed in the above the table is used to align the weld part surface normal

with that of the gravity vector. If the z-axis of the frame sur is the surface normal

the1_1: *
C¢ —S,/, 0 »

ORorg T Rypt "' Rpart " Reyr = [s4 ¢4 O [=Rp : (14)
0 0 1

This can be clearly seen from the fact that the surface normal ag, = (0,0 1)* has to be
aligned in the direction of the gravity vector, this allows us just one degree of freedom,

that is the rotation 1 about the z axis.

*Note ¢s = cos(f) and sz = sin(/)
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Inverse Kinematics Of The Welding Table

The joint angles of the positioning table can be obtained from the analysis of the
kinematic chain:

: (o 1 1
Thl Part
TorgRTbl = [ORTorgT Ry [ Rpart Reur

Ir the matrices [°RT°rgT = [u;] : Lj=1.3 ‘ and,
. . 1 . . . . ' |
[TblRPart PaftRsur =[q;] : L,j=1.3and Rp =[r;] : i,j =1..3

. ' {3 s . ,
“then, Tore Ry = {Z 3 uiTj qj] . (15)
i B ) :

Thus for a given table structure the joint angles and % can be compgted from the
resulting 'triaﬁgﬁlar equations obtained by equating terms. These equa;tixohé' will be of

the forﬁl,' ac¢ +:bs¢ + ¢ =0, (for further discussion see example in Section V).

III. Inverse Kinematics of the Cybotech WV15 Robot and Its Singularities

- The below Denavit-Hartenberg parameters define the Cybotech WV15 manipulator

» ARp APg
A homogeneous transform “Tp = 000 1 pWhere Rp is a (3x3) rotation

" matrix rélatihg';to the orientation of frame B with respect that of frame A and AR’BN is
‘the (3)(1) linear displacement vector of frame B with respect to that of A.
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Joint Angle o a d___
o, 90 0 d, = 1000
99 0 ao = 1000 0
Gy -90 0 0 |
A 90 0 ds = 1000
Os 1 -0 0 0
8 0 0 0

Table 1
Robot Joint Parameters

The fo’r;\rvérd kinematics of this manipulator are obtained by concatenating the link |
matrices, such that |

Dy Ox ax Px

i=0

[n o a p
Brr siA By Oy 8 Py -t (16
s =1I 41~ In, o, a;, P,/ [0 0 0 1 , (1)

0 0 0 1:

Note the symbol B is used to denote the manipulator base frame of reference The su(' o

joint varlables of the manipulator can then be solved for (we do not state all the joint -

solutions except those necessary for our analysus)

0, = atan2 (Pyy Px) ‘ _ o , o (17) -
T L5 B e N G ER R
+ atan2 [Hz, Hl]‘ | | o (18)

where, H, = ¢;py +s1py, and, Hy =p, — d;, also H A \/(H? +H§) Note that in

order to solve for 033 We require, 4diH® — (a% —d? - Hz]2 > 0, or

|3 —af — B2
| 2d,H

<1 - e

The constralnt posed on the solva,blhty of G55 can be clearly understood from the

Flgure 3. If we con31der the triangle 02 03P, then
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di + H? —a}
2d,H

COsA = =W : o (20)

we are therefore constrained to have JcosA| = 1, thus if (w > 1)‘t'hen "
which results in the manipulator work. point being out of reach.

Therefdre we can conclude H = a, + d4 is the 63 singularity state of Cfbotech |
WV1s [1] We desire to keep H in the interval [0, (a; + d,)], and for gbod maﬁeu&éra—
bility, we desire | -

. .

C=tam+d) _(22)'

H

In this case the robot is able to stretch its arm back and forth and still avoid the singu-
larity state of 05, the robot is then said to have good maneuverability. -

Notice also that additional constraints exists on the solvability of 6; "(éq'ué.tiOﬁ.
(17)), thus we seek to avoid py =0 and py =0 simultaneouly. Equivalently we r'nay'
seek to maintain | |

, P;2:+P}2r§.51>0' B (23)
This COfieSpdﬁds to avoiding the ‘91 singulaﬁty of the WV15 manipulator, 5i is a srha.llr
positive constant. | |
If 65 is zero then joint rotations about axis four (first wrist roll) aligns wii‘;h.phe;.rota;-
tions about axis six (the final wrist rbll) see Figure 3. At that time the rotation of joint
four becomes colinear with the rotations of joint six. This is a singularity state, there-
~fore we desire: |
612 6 >0 or |eosbs| = 8 - (24).

where the constants 55l,and 55 are selected to produce desirable motion Characteris_tiés'of' |
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the wrist, see [11].

The track motion d; should aiso be limited to the range diypmin = dy = dipay. If

& = Idtma.x | = Idtmin I? then we need Idt | = &

IV. Singularity Avoidance And Coordination

of the Redundant Joints

We. desire to maintain the robot close as possible to good maneuverability
throughout the motion of the arm. This may be achieved through appropriate coordi-
nation of the redundant joints. We formulate this as a mathematical programming

problem. The equality constraints is that:

(0]

OR F
O ek BT = " " 25
track 8 0] 1 ( )

where oTtra,ck is the homogeneous transformation representing the track and BTy is
the homogeneous transformation of the WV15 robot. The right hand side of the above
equation is known and the subscript w is used to denote the workposition, and the
superscript O is used to denote the workcell origin. This constraint can be subdivided

further into:

BRB = (ORtrack)t ORW (26)
and, ‘ B NP = (OR"track)t (O ~P —-° ~P ) | (27)
8 w track

The transformation OTtra.ck consists of two transformations Z and A,, i.e.

0 Ttra.ck = ZA—O ’

P
Rz T g RO SSdt
0

where Z= 1 and Ay = 0 1 (28)

and where constant transformations are as defined in Figure 2,
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e 3= (0,0,1)*, R, =rot(z,6,), Ro = rot(x, — _gr_)’ and P, =’traiis;‘(xl-,-ad). Note

R;, Rg and P, can be any constant matrices. Thus we have,

]

° P =P +R,e3d, (@)
track z . o .
i PP —(RR)(CP,—OP,—R,e sd) = N (3
an T, (RRo)"( I w I, 2. €3 £) = (Px’PyaPz) N (30)

A mathematical nonlinear programming model may now be constructed as follows:

If. ; ¢(x) =H2 _ Cz — (P:zc + pi"; + (Pz _ d1)2 — C2) _ o (31)

then, | ‘minimize f(3)=%¢(x)2 - ) : (32)

The minimization of f( x ) is designed to keep robot in good reach and avoid 03 singu-

larity. The equality constraints are: -

. R P :
‘ ..}.1 (3,‘ ) = oTtra.ck Te — | 0 1 =0 v : (33)
. ‘ . .
In our c_aée this :simpliﬁes to:
Clex) T : 1o
h(x)=|py|-R;Ro)" |[°P —°P —OR,eadi|=0| (39
. w 4 : :
Pz ' v 0 !

and the i'nequbailit'y constraints which are designed to avoid robot singularities in 6; and

05 and maintaining the track in its workspace, is thus

oo ’

& — (p% + p3y)

g (x)=| leosts | =85 | = |0 (35)
ld; | — 6 0

. We ﬁééd:"t(i)b :s'ol\_r:e for X = [px,»py, Py, di]'. In the above problem the equality.
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constraint h ( 3{ ) simplifies to h ( x ) as the track is only able to alter the robot posi-

tion, the orientation specified in R, must be satisfied by the arm. The'abavé problem
is a standard problem of constrained minimization and a solution methodology exists
and is descr1bed by the Kuhn-Tucker conditions [18] The model we have proposed in

the above is well posed and satisfies the condition for good modelling [23],[24]. .

Simplification of the Constrained Minimization

for Singularity Avoidance and Redundancy Control

As the size of our problem is quite small we may seek analytic solutlon from the'
’Kuhn-Tucker cond1t10ns [18], a clearly stated approach is given in pP- 27, [24] On
examlnatlon of the Kuhn-Tucker conditions we find that the inequality constralnts need .

only be - cons1dered ‘when they are active, i.e. gJ( X ) =0, where x Yis the optlmum _
: solution. ‘ If the inequality constraint is not violated i.e. gj( X *) < 0, frorn the com_ple-’-
mentary slackness condition [18], then the first order necessary condltlon (fonc) [18] only
" involves f(x)and h(x)[18]i.e:

Vi(x )+ M *Vh () =0 o (38)
where 2\ €E3 are lagrange multipliers. Therefore a practical strategy eVOl*}e's which
reduces to as follows:

( ) [(5) F1nd solutlon for fonc of the equality constralnt as noted in the above.
case(l) 1

(ii) Check if the inequality constralntls violated. If not discard the 1nequahty constralnt

case(2) {(iii) If inequality constraint is violated revise the solution to include inequality constraint

Intuitively, if we are far from 6, or 5 singularity and |d; | < &, then We may move

the mampulator to maintain good maneuverability with respect to H= C Thls is
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achieved by suitable motion of the track dt which satisfies the equa.lity censtraint I
the 1nequa11ty constra.lnts are violated, the track is moved to keep the mampulator at a
 safe boundary from the singularity condltlons through con31dera.tlons 111 caSe (2) We

~ can now ﬁnd the ana.lytlc solution for both cases:
‘Case(1): ‘Solution of the equality constraint
~ This occurs when g (x) < 0 and in this case the after some manipulation, the

fonc \s"impli_ﬁes ‘to:

X =445 Jpupy(ps — 4T and NREe =0 (37)
leading to: - (a) #(x)=0, or (b) e TRy | py, [=0 (39

- This results ‘in’ two solution of d;, dy, and dy:
dp =(P — P)' R, e 3 —Ro(3,3)d Gl - (39)

and, =

=dy + \/dtb + 02 - H2 (aq - 2aq\/xw +y% — dtb) (40) -
where HZ =x% 4 yw + (25 —d;)? and As the term under the first square root in (40)
The two solutlons of the track correspond to two dlﬁ'erent regions in which they can be
‘ apphed thls is. clearly shown in Figure 4. There are two values of dta 1n the reglon
where it is :posmble to satisfy, H = C, however ,When H>C there is on.ly one solutlon.
| We' cah now analyze " the second order sufficiency - condltlons As,_.

2 = {dta If ) = 0} we do not consider this case further as this solutlon is optlmum, .-

and we only examine the second solution thb.‘ We are required' to éhe_ek- -'the pesitive
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definiteness of the Hessian matrix’ of L(x M)y ={Vf + A'Wh + ptVg} on the

tangent plaﬁé M:

M=Vh - x =0 ()
After some 'ihé.nipulation this gives usT T
Px R0(3’1) , .
py|=— |Ro(3,2)[dy V x eM - (42)
Ps Ry (333) |

Th_erefbre, on the tangent plane M we have df =p2 + pf, +pi. On .analysis of these
conditions, we find the Hessian matrix of L on the M-plane to be positive definite, this
guarantees dy, to be the optimum solution for H > C.
Case (2): Solution with the Inequality Constraint Relating to 6,
The problem is now reformulated to:

min f(x) | b (x)=0; g(x)=68 —(p} +pl) =0 (43)
The feasible solution set is formed by b (x)=02and g (x)=0. Note that h (x)is
an equation of a line and g;( X ) is that of a cylinder, this leads to at most two solutions

of x in which case the solution of h (x ) =0 is:

Px oy + ﬂxdt
Py|= [y + Bydy (44)
Pz oy + ﬁzdt

*Note £ = 0 in case(1), as constraints are inactive.

++R0 (3,1) = (3,1) component of Ry matrix.
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. where o =—(RRo)(P — P) and f =[Re(3,1), Ro(3,2), Ro(3,3)]*  ~ (45)
Note also gl(zc') =(l , leads us to ¢

px+py-~52 | PRI o (48)

‘Therefore dt can have at most two possrble solutlons,

—(oaBs + 08,) + \/(oBa + 0By} — (B + F) (k& o — 5)

T+ “

d =

The feasrble reglon can at most only contain two points and we need to choose a value

~of dy which makes the obJectlve function f( x ) the smallest.

Case (2) Inequa.hty Constramt Related to 95

In the appendlx ‘of this paper we have shown that cos@s of the Cybotech WV15 :
manlpulator may be represented directly interms of cartesran parameters of 1ts end

eﬂ'ector:as.,_.. S

| s — au6ea | T .
cosfs = 1723 . 3§23 P | (48)
. where. §1 s ;§23, 793, H and H; are all functions of cartesian coordinates of the end effector
(see avppéndix);vl.»The_ variable_ ¢ is vdependent on the orientation of the end eﬁ'ector and
all other variables in 05 is dependent on ‘px,vpy,pz If the 65 1nequal1ty constralnts

: becomes actlve the optlmlzatlon problem now becomes |

'min f(} ) I ll (})=0 ,; gz(}) - Icos€5 | _ 515 § 0 : . (49)
- Here We v.are required to solvei a set‘ of nonlinear equations h ( 3)= 0, 1n order
ga( 3{ )_——-.?_0,‘.j to' find feasible'regions ol' d;. 'After subs’bitution one nOnlinear ‘equation will

* remain. The ’solut'ion to this 'may than be found by Brent’s algorithm+ or Fibonacci

-t Brents a.lgonthm ﬁnds the zero of a functlon, such tha.t ‘the functlon changes slgn in’ a.
-g1ven mterval [25] : ,
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search or Golden search [18]. As our algorithm is called by the trajectory generator
every Sample time, it turns out that small displacements in d; are usﬂzilly pfodhc’éd to

satisfy go( x ) inequality.

Inequality Constraint Related to d,
If g3(x ) constraint is violated, then a d; value is selected which makes

h (x ) =0, simultaneously with g3(x )= |d;| -6 = 0. Satisfying g3( x ) involves
the resetting :dt to its joint limits. This solution is possible in the range,
6’1 = H = ay + d4, outside of which the manipulator and track is unable to reach the

workpoint P . Offline global planning must ensure such out of reach _éonditions do

not occur.

Computer Implementation of the Algorithm

and Computational Issues

The implémentation of the algorithm to coordinate the track and robot is now
described by the following practical strategy. The algorithm is called ,b}’ the trajectory
generator once every trajectéry sample time, vonce the weld point on the part is calcu-

lated in the trajectory.

. P
' R ~ w
Step 1: ~ Find OT,.(t) = o 1 from trajectory calculations.

Step 2: Find appropriate d; which minimizes f( x) and maintains equality con-

straints, possible solutions are dy, (equation (39)) and di, =dy = VA,

where A is as shown in equation (40).

Then select d; as follows:
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Step 3:

Step 4:

‘Step 5:

Step 6:
Step 7:

Step 8:

dia if A

=

dtmin if d;; < dtmin
Stage (2) dy =1d;  if dymin = di = dimax
dtmax if dtma.x < d;;

Find p and a, (see equation (16)) from equation (30) i.e. h (x ) =0 and

a2 =(R;, R) Ry e
3

Check if singularity of §; is avoided (equation (23)), if not select new d; from

equation (47) minimizing f(x ).

Check if singularity of 5 is avoided using equation (49), if not select a new d;

which satisfies (49) using Fibonacci or Brents algorithm.

If new d; in step 5 go back to step 3.
(0]
P
°Ry ~

Calculate BTy = O Tgl 0 ; |and solve for 6, [i=1..8.

Stop

Computational Issues

The number of mathematical operations involved in each step is given as per

below.

Step 1: 73m + 38a + 4f
Step 2: 16m + 15a + 1 sqrt
Step 3: 24m + 18a

Step 4: 8m + 6a + 1 sqrt
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Step 5:- 25m + 11a + 1 sqrt + 1 div
Step 6: (57m + 35a + 2 sqrt + 1 div) * k
Step 7: 9m + 6a - ‘

where ‘m’ denotes multi-plication, denotes addltlon and ‘sqrt’ denotes square root and
‘f denotes transcendental function call and ‘div’ denotes d1v131on We note i in Step 6k’

- represents the number of iterations of Step 3, 4 and 5 needed to find a su1table d; void

. of s1ngular1t1es, usually k=5." Therefore total time needed to obtain the Jomt solutlons ‘

is greater than 439m + 269a + 10 sqrt + 4f + 6 div. For a Motorola 16MHZ 68020 +
' 68881 mlcroprocessor ‘set thls represents a minimum computatlon time of
“ 439 (5. 87) + 269 (4.66) + 10 (7.9) + 4(28. 47) +8 (7.78) = 4ms. The actual 1mple-

mentatlon tlme Would greatly depend on the system software organlzatlon

B V. Simulation of Welding Operatibn

with a Redundant Manipulator

The purpose of thls s1mulat10n is to. verify the proposed redundancy and coordlna- |
tlon control scheme can be used in complex Weldlng apphcatlons ‘We have assumed the‘

B followmg problem

.‘1) The part is mounted on a two axis Pitch-Roll table, TorgTp] with the following

parameters ,
Y , o a | d
6, =0 —mf2 0|0
by =var. | +7/2 [0 | 0
03 = var. 0 0olo

where 0, is permanently zero, and 0, and 6; are variable.

2) 'kThe part to be welded is a skewed pipe (see Figure 8) with the surface given by



5 m

"’of the table, and. down-handed weldlng is used The weld tool is as shown 1n Flg- X

0

8)_,
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surf(r,0,2) =1 — '10102 (2—1000% —100=0 - . (51)

- ure 6.

The "treldj path is'a spiral on the ‘surface of vth:e skewed pipe. The equation of the

path is.
r =reurv()) = 0102' (\ —_100052 +100 (52
a= acurve(X) =k\ ; z =';2curve()\) oy o o _‘ (53)

‘ :where zE[O 2000] and m the range aE[O 27r], the pitch of the splral is glven by

k= 27r/2000

The welding speedv ds is constant i.e. velocity of the tip of thetOrch relative to the

dt .
,,path 4 on“ _ _the L Part ' is .A ’ constant o therefore
jz [\/dr —+ r2 dar2 + dz? J/dt = constant In this s1mulat10n traJectory sample

: pomts are taken from the equally d1v1ded segments along the length of the weld

- curve.  The length of the W_eld curve s 1s_g1ven as:

2000

s_cf \/dr +r2doz2 +ds® = f [’\/[irc—llcg(ﬁlz + k? +1 d>\ :"'}'.(54)}

'The Torch is tilted at an angle (; With the normal of the part‘ snrface and is

’l'orrented along the line tangentlal to the path such ‘that the related transform is

e .(see Flgure 5) Rot(x, —,61)
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The neéeSSar'y kinematic equations for the table is given in Section II, and % (the

orlentatlon of the weld tra_]ectory) can be determined. We can determlne T°rgRTb1 in

Eq (14), therefore the joint varlables of the table can be computed as.

9)

o 92 = atan?(T rgRTblw: - T Ryy,,) 5 6a =-atan2(T‘frgRTbls'l, ??"?ﬁ*rblw) - (55)

' 'The,traek has two adjustable parameters aq and 0, (as shown in Figur‘e' 2), then ,

the opt1mal position of track for equahty constraint followmg the dlscussxon of the

' 'preV1ous sectlon is:

dip = = Xysinb, +ywcosh,.  (58)

_Notiee that dtb is independent of aq- Then dta is given as:

2 = dtb thb + Cc? —HZ — a(l + 2aq(ywcost9 + ywsm9 ) (57)

: f'ObVlously, 1f d; = d;, then H? = C2, and the track is moved to keep the robot in
good maneuverablllty, C= ; (ag + dy), then robot Jomt 03 is always malntalned ,

“at 30° If dy = dy,, the tracky is move’d_such that the distan(:e from point’ P, to

_the track is the shOrtest SO as to prevent the “out of reach” ‘condition. The
_explanatlon of this phenomena is easily seen from Figure 4 Characteristic of this »

state is 91 = 0 or 180°. In the singularity state of 6, dy is determ'lned by:

- vdtl.?stim‘) ywcose '\/52 (chos9 —ywsm9 )2 o (58)

1~.Th:enresults of the simulation are shown in Figures 7 through 11, and are discussed

below. - -
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Ana.lyéis of Simulation Results

The orgaﬁization of the robot welding system is shown in Figure 2, t‘th'e‘.proj‘ection
of the Wel_d trajectory on the XY plane of the world coordinate frame isnﬁhoWn in Figure
7. Start of theiweld location is at the topmost corner of Figure 7, (X,Y)t = (0‘4,68)‘c
‘The end of weld trajectory is located at (-1, -7.4). The YZ view of the weld trajectoryvis
also shown in Figure 7, notice tﬁere is only a small change in the Z posifion of the weld
seam. Thé tool direction 1 is shown ‘ih Figure 8. The angular motions of table are also
' shown in the Figure 8. Note that 180° = — 180° for table 6, and there'is no discon-

tinuity in bthe table motions. |

Figure 9, shows the motions of the track along the weld path. For" dy > 0; H=C,

is satisfied and the track and robot joint #I is moved to achieve H = Ci. ' FAFor théweld '
léngth s, 1.02 = s < 1.53, notice that when H > C, the dy, solution is .‘lvig_ed‘tbjgmove
the track. Alsq note in this region.‘robot joint #1 is not moved, see Figure 9. For
's = 1.53, H = C is satisfied then d;, solution is used and joint #1 is agaiﬁ moved. |

‘Invthe" above simulafion 6, and 05 inequality constraints were not bviolated.' ‘There-

- fore the Iﬁotions of the track is produced tb satisfy only the équalityv coﬁstraints.

Motion of the joints #2 and #3 are small as the z position of the weld trajectory is
- more or less constant over the entire trajectory. In order to address the issue of singu-
l_arity_ayoidance’, anéther weld trajectory is generated such that a 05 singularity is gen-
’ erated (see Figures 10)6 From thel Simuiations shown in Figures 10, it is seen that
apprecia,‘;ble"joint motions oceur in 0, and 6g, as 05 approaches its singularity; - this is
uﬁdesirgble'.b. If, howevef, the track is moved to avoid 65 singularity by jactiv’ativng 05
inequalit_;y cbnstraint, then 5 is maintained at a distant cos;lb(_éls)‘ (Figure kwll-)»-frvo,m' its
singulari_tjr vcon‘ﬁg‘urati'ons.‘ The range of motions the joiﬁts 04 (F'igure' 11) and g ,‘(Fig_'
ure 11) éxequte is now mu(:h smaller as the trajectory passes through this _‘neighborhood

- of planned 65 “singularity.
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Continuity of Joint Motions

The trajectory generated by the constrained minimization while avoiding singular

configurations may generate large joint or track excursions for short periods as the ine-

quality constraints are activated.

- (a)

(b)

To remedy this sevéral possibilities exists:

Two hmlts of the 1nequahty constraint activity may be adopted (1) a soft limit

‘ ‘(11) a hard limit. If the system is out31de the soft limit the 1nequahty is dlscarded

,'If 1t is 1;151de both limits, a solution is generated which repels the mampulator

fror_nrth;i's. region. The closer the manipulator gets to the hard limit, the stronger
the repelling force. The number of limits may be further discretized with a
weighting placed on each level, the highest penalty being placed on the innermost

limit.

~.Although this may generate solutions which will produce slightly  smaller
excursions of the track and joint motions near regions where the inequé,lity con-
stramts become active. It does not guarantee a solutlon which can be executed by

'the mampulator Global off line planning is necessary to guarantee smooth

motion demands. This can be produced by this algorithm if the planned trajec-

tory is far from 6,, 05 and d; inequality constraints. This obviously requires the

- optimal placement of the welding table and the track with respect to the robot.

In order to guarantee the trajectory generated by this scheme is executablle by the
manipﬁlator. The torque and velocit& constraints need to be considered in which
case fhe exact manipulator and track dynamics is needed (this is hardly ever the
known!) - with the required trajectory initial conditions. Therefore in order to
guarantee trajectory realization oﬂ-line, global planning would be required, such
.algorlthms have been developed for nonredundant arms [13], [14], [15], [16]. The

‘weld veloclty (ds/dt) may be reduced to produce the de51red motions. quahtles,
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this is known as trajectory scaling and it h#s been studied for nonredundant arms
[16]. Khatib [19] has addressed the control of the redundant manipulator through
singular configurations in so called ‘‘operational space’”, the coordinates of the
fask frame, but he has not addressed the problems relating to tdrque saturation.

Some issues related to this problem has been addressed in [20].

(¢) On the practical side, an industrial manipulator such as the cybotech WV15 on a
track has large inertia with mechanical time constants of several hundred mil-
liseconds. Trajectory profiles such as these generated by our simulatioﬁjwould be
smoothéd out by the feedback controller as perfect trajectory tra,cking may not be
expected. As a result during implementation we can expect acceptable, robot

behavior.

VI. Conclusions

In this ‘paper we have présented an algorithm to coordinate a welding table and a
seven degree-of freedom manipulator. The motions of the table are constrained by the
down hand welding. The motions of the redundant manipulator is selected from a
cartesian coordinate nonlinear optimization process to avoid robot singularities and
track motion limits. This algorithm did not utilize generalized ..jacobianf inverses like
previously proposed schemes [4], [5], [9], [12], [17], [21], [22]. The desired motion accura-
cies have been achieved by utilizing inverse kinematics. We have been able to carry out
the optimization in' cartesian space because we were able to express the manipulator
singularity conditions in terms of the cartesian coordinates of the end effector. Our
simulation results show global offline planning of the manipulator trajectory is necessary
for ktlhev plaéement of the welding table and the track with respect to the robot in order

to ensure smooth joint motions of the track and robot.
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Appendix
Representation of cosf; in

Cartesian Coordinate Parameters

If BT; is as given in equation (22). Then cos 85 can be expressed as:

where:

— &2z + a,€23H,;
2d,H, H?

cosfy =

’ +1 ; shoulder up
H; =sgn; \/pi+p} sgn; = {

—1; shoulder down

YH2 =_“pz—dl

- H? =H} +H}

€1 = pxax + Pyay
M = Pxay — Py

ép =H? + dj — a}

—1; elbow down

_ Ty _ +1 ; elbow up
np =sgnz "\ (4diH — £p) sgng X

Ea3 =Hymp + Hyép

Mles = Hynp — Hy &p
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