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Technical Memorandum X-735328

COMPUTERIZED WELD SKATE WITH CLOSED CIRCUIT TELEVISION
WELD GUIDANCE PROJECT — PROGRESS REPORT

INTRODUCTION

The problem with automatically welding parts which are neither struipht
nor uniformly round is thuat inherent geometrie relationships between the welder
and the part to be welded can cause large variations in the actual weld speed,
Unless countermeasures are taken, these speed variations will result in o
nonuniform weld nugget and loss of reliability. Since most automatic commer-
cial welding power supplics and controls arc designed to maintain constant
current, voltage, and travel speed, welding a struight or o round piece does
not present a controls problem hecause the heat applied in watlls per o centi-
meter of weld lungth is held constant, However, if the part to be automatically
welded with constant speed controls is not straight or uniformly round, the
surface speed of the torch tip asg it truverses the weld joint usually will not be
constant. Hence, the weld nugpet will not remain uniform, A better explana-
tion of the reason for these speed variations is included in the Introduction of
Reference 1, That document also explains the theory of correcting the torch
workpiece. Speaking from the viewpoint of cleetrical controls only, uniform
welds can ve made if the voltage and current do not vary more than £3 percent.
A weld joint which is straight and progresses into a curved scelion is especially
susceptible to weld speed error.  ‘The same is true of elliptical bulkheads.
Since it is difficult to correetly adjust current and voltage, the most practical
solution is to counteract the peometrie cifccts on weld speed with equal and
opposite speed corrections of the work table or of the weld skate.

The computerized automatic weld skate with torch angle and weld speed
controls has been developed to eliminate the effeets of geometricully inherent
speed control error sources. It does not have to be reprogrammed for each
part and it docs not require o numerically positioned table, 1In fact, as far us
the concept is concerned, the method of holding the parts to be welded is of no
significance to the weld skate, This development is designed Lo automatically
weld a variety of jobs such as bulkheads, sinusoidal welds, ship hulls, water
tanks, automotive purts, boxes, cte. Development of the weld skate was
deferred for = few years duc to more pressing projects, but since resuming
this project in 1972 in the former Process Engincering Laboratory, the Mark II



(second generation) weld guiduncee cquipment has been developed and tested.
Results of the guidance equipment tests were published in References 2 and 3,
The purpose of this document is to report the successiul development of the
Mark III, third generation, computer weld skate demonstration model which has
the following featurcs:

1, Ability to weld contoured or double contoured parts such as ellipti-
cal bulkheads, sinc wuave contoured parts, unusual acrodynamic shapes, auto-
motive components, ship hulls, ete, Note that the concept is designed for
tungsten inert gas (TIG) welding but it is adaptable to other processes such us
clectron beam, submerged are, and metal inert gas ( MIG) welding and heliare
or acctylene cutting,

2. The contour welder docs nol control the weld process. Rather, it
controls the tip velocity of the torch to keep it constant and keep the torch at the
desired attitude with respect to the work,

3. Automatically maintains constunt weld speed along the surface of
contourcd welds at the point of the TIG are. (A proximity detector would be
used with most other weld processes. )

4.  Accomplishes this control by the real-time digital computer solu-
tion of a sct of general equations.  The computer continually feeds new informa-
tion to the servosystems; this aulomatically regulates weld skate speed and
torch angle posilion.

5. Doces nol have to be reprogrammed lor different parts, as does a
numerically controlled machine, and does not depend on a [ixed set of X, Y,
Z refercence coordinates, as does a numericilly controlled machine,

6. Control concepts and theory work cqually well whether the weld
torch moves and the part remains stationary or whether the weld toreh remains
stationary and the part moves,

7. Concepl is usuble with standard commereial power supplics and
processes such us ‘I'1G, MIG, cte,

8. Other mechanical capabilities of the demonstrator model equipment
are listed below, Of course, for any specilic job these capabilities could be
changed or modilied as the job requires,
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Weld Process T1G; other processes such as MIG, TIG
Pulsed Are, cte., are optional

Weld Speed Range 0-122 em/min (0-4% ipm} horizontal or
vertical with £3 pereent accuracy

Torch Angle Rotation Range £38 deg at 570 deg/min mux

Weld Torch Linde HW-=13, 000 A, or Linde TW-158,
150 A torch

Stroke of Weld Torch Are llcad 36 em (14,25 in.) at 67 em/min

Manipulator (26,5 ipm) wax rate

Wire Feeder Airco Model WME-A, modificd

Operational Truack Radius Straight to 20 em (12 in.)

Minimum Radius of Workpicce (em) 2.6 em {1 in.) al normal TIG welding
speeds; or minimum work radius
(em) = k [weld skate speed (em/min) |,
li= 0.1

Progress since 1972 has been the conversion of an carly model analog
computer controlled Mark I system to a Mark III digital computer system,
The hurdware and controls of the new model weld skate, including some signai
transducers, cle., changed appieciably from the carly model Mark T system,
This change was the result of a major redirection in the control theory and
operational mathematics to simplify and improve the reliability of control
transducers and to minimize some undesiruble side effeets of the carriage
track joints, The overall result wis a new configuration called the Mark 11
computerized weld skate,  This working model (Figs. 1 and 2) was completed
and tested in June 1974, ‘The next step being taken is equipping the skate with
the automatic weld guidance equipment mentioned above.

BACKGROUND

The welding skate with computerized torch angle and welding speed
control Mark I control theory was [irst conceived at MSFC in 1964 and patented
in 1969 under U, S, Patents No, 3,443,732 and No, 3,469,068. For a detailed
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Figure 1, Computer weld skate toreh angle manipulation and carriage.

explanation of the Mark I concept, see Reference 1. An analog computer
prototype version of this concept was built and tested, However, the early
model did not meet all of the objectives in terms of achieving the theoretically
attainable accuracy primarily because of the inaccuracy of the analog computer,
Because of a higher priority project, effort on this weld skate project was
reduced in 1967, but a digital minicomputer was purchased to convert the unit
to an on-line, digitally controlled system. Then in 1972, in preparation for
possible welding equipment problems on the Space Shuttle Project, this welding
skate development was renewed, MSFC Contract NASS8-29215 was established
with SCI Systems, Incorporated, of Huntsville, Alabama, to complete the
installation, programming, and checkout of the digital computer. This configura-
tion was termed the Mark II weld skate since it differed significantly from the
original model in that it was digitally controlled.
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SCT engincers were suceessiul in ins v Ning the digital computer, and the
cnsuing weld skate accuracy was significuntly improved.  However, during
checkout It was appurent that cach time the skote crossed g track joint, minop
variations in the joint caused noticable perturbations in the weld (see Appendix
A). Also, the Mark and II control concepl required o relatively expeasive and
crrov-prone radivs transducer o measure the instantunbcous track radius, A
third inuceuracy occurrved when the skate track made a sudden transition — us
Irom a straight tracl, scetion (o a curved track scetion.  In this case, the Marl,
T theory required the weld skate to make relatively large, instuntancous changes
in speeds Sinee specd ehanges camot occur instantly, these track transitions
caused momentary inaccuracies in the weld,

To eliminute the three main problems, SCHengineers sugpested that the
arc-head manipulator, sometimes cualled in-out arm, be moved from one end of
the skate carviage to the center ol the carviage.  Since the idea had considerable
merit, SCI was awarded additional funds to Tormulate the required theory and
mathematics, Fhe theory was successfully worked out ond their results pub-
lished in SCI Finul Report No, au62-M1-001/73, doted July 16, 1975, T must be
noted that the new mathematical equations are much more comples than the
original Murk I cquutions, At first, the solufion ol the new vguations scemed
too complex for the HP2T14A computer o compute the minimum desired output
ol 14 to 1+ control updates per sceond. However, the benelits (o be derived by
alicmpling to implement the new approach made the expenditure o) the effort
seem worthwhile.  One tremendous advantage of the digitul control computer is
that significant control change.. can be made with little or no additionus] cyaip-
ment cost. In this instance, the same HP2TTIA Mark 1T compuler was
successiully reprogrammed not only Lo ¢ircumvent the above mechanical prob-
letms "mathematically™ but ulso to lower the overall cquipment cost at Teast
$ 1500 since the expensive radius tronsducer is no fonger needed.

MARK {11 WELD SKATE OPERATIONAL THEORY

Constant velocity ol the weld and toreh attitude control with respect to the

part being welded is achieved in secordunce with Fipures 3 and 4. Figure 3
assumes that o wold skate will be built with rollers, or track followers, which
puide a carviage along a track ol unknown curvature to weld or eut o part of
unknown sbape. 10 is turther assumed (hat these rollers will be mounted on o
block in such a manner that the block will remain parullel to an instantancous
tangent to the track and will be allowed to rotate with respeet to the carriage
body (ealled chordal support) in the plane of the interscetion of the chordal

<
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Figure 3. Mark III skate carriage conliguration diagram,

support and the carriage drive chain. In this regard, the rollers and their
mounting block are identically placed on both ends of the chordal support.
These intersect points are designated ( -2A,0) and (0,0) on Figure 3, The
velocity of the intersect point (0,0) is vector Vc' This vector describes the

instantancous speed of the weld skate drive along the track since it is assumed
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that the carriage is driven at coordinate (0,0), Note that lines a and b intersect
the center of instantaneous radius R at (Xc, YC), and the angular displacements

of the roller blocks from the chordal support are called 6, and 0,. It is impor-
tant to note that 0, is defined to be at the driven end of the carriage. Now
assume that a welding or cutting torch tip is at point (-A, <L) mounted on an
in-out, servo driven, manipulator arm. ‘This arm, via TIG welding arc voltage
control or proximity detectien, automaticaliy maintains a constant distance from
the torch tip to the work as the carriage traverses the track., L is thereby




defined as the instantaneous distunce from the chordal support to the torch tip,
To gimplify the mathematies, it is convenient to place the manipulator in-out
arm on the chordal support at point (-A, 0} which Is cquidistant from roller
points (-2A,0) and (0,0). Finally, vadius R is defined as the distunce from
the instantancovs center of rotation (XC,YU) to the torch tip at (A, -L).

Figures 3 and 4 deseribe the toreh tip veloeity vector, \-’T, us heing the

summation of veetors Vsys and V_, where V

R mn is the instantancvous veloeity

of the manipulator arm and

e NV T Voo v win 0 :
Vsys V'l‘ VR cos 053’»‘5 vy, sin Usys {1

by inspection «i Figures 3 and 4.

The desired veloeity of the toreh tip, VT’ is one of the two paramcters

which is computer controlled, In fact, V,, is held constant at whatever speed

" 11

the welding or cutting process requires. Therefore, V, . is an input to the

t[\
computer and its value is munually scleeted via a potentiomeler on the operator's
we! ling control hundbox, Because the desired welding or cutting specd V'l‘ is
held constant, the computer must caleulato Vc’ the required welding skate
speed, by utilizing the following inputs which arce casily measured by standard
electrical devices:

L = instantancous distunce from the chordal to the toreh tip
( potentiometer)

VR = rate of change of L (tachometer)

VT = desired welding or cutting speed (potentiometer)

3y = angle of curriage chordal support with respect to a tungent to the
track at the driven end { potentiometer)

0, = angle of carriage chordal support with respect to a tangent to the
track at the end opposite the driven end (potentiometer)



A = one-half the length of the chordal support (entered in computer
program)

By inspection of Figures 3 and 4,

Bys

R] _
= -'IT' Vc . (2)

But since the computer must scls e for Vc,

v, |- T | Tays (3)
Therecfore,
Vo= o ((V_.,Q-Vzcoszﬂ' -V HinO‘_) , (4)
c Rl i R sys R sys
where
R __ 2eos 0 - (5)

R Ly L
I+(7\-) Jsinz{'ﬂl+U;}+4cusﬂ.cu50; C()S(01+Uz)-K5i11‘ﬂl+02}

Thus, thc computer aceepts cusily measured inputs and computes the required
inerease or decreasce in speed of the wekl skate to maintain the welding, or
cutting, speed constunt. Since the cquations are general, there are no theoreti-
cal restraints on the curvaturc of cither the track or the part to be welded, or
cut, excepf practical considerations such us epeed and feed limitations of the
equipment,

10



‘The other parameter controlled by the automatic weld skate is the torch
angle, By the law of similar triungles, it can be scer from inspection of
Figures 3 and 4 that if it is desired to maintain the torch normal to a tangent to
the workpiece by some angle ¢ , then the instantancous angle ¢ that the torch
makes with the in-out arm is

VR *i‘ Vs S:sin g, 5
Torch Angles ¢ = uarc sin \5; 2y . (6)
Pl‘

Substituting cquution (2} for vsys yiclds

“1
\lR + Vc T sin Osys

Torch Angle = are sin ¢ = v . (7)
ll|

Thus by solving cquation (7}, the computer constantly outputs new information
to correct the torch angle ¢, and 2 servo system makes the final instantaneous
torch angle correetiong per igure 5. 'or a more complete derivation of
oquations (4), (5), (3), and (7}, sce Appendix A.

MARK |11 WELD SKATE DEVELOPMENT

The Mark II weld skate system was reconfipured in house at MSIPC to the
Mark III version by incorporating the [ollowing mechanical, cleetrical, and
program changes:

1. ‘The centerline of the track cam follower rotation axis wus moved
from the centerline of the track to the centerline of the drive chain on the track,
"This modification was ncessary to make the equipment match the theory
agsumptions,

2. The expensive Mark II radius transducer, part number MR& Tsk-
1274E, was climinated since it was no longer needed,

11



el

Vg TACH
é SKATE DRIVE
T

ARC VOLTAGE AMPy

SWATE DRIVE APy

aada

TACH FEEDBACK

Figure 5.

Mark III weld skate system block diagram,

TRAVEL
SPEED POT
WELD SKATE | Ve
—l TELETYPE (TTY)
I PUNCHED TAPE ABSOLUTE BINARY
| Vy CINARY vy PHOTO RE - — — et
| |
i s BINARY -,
4 POy 13
| s s
z
i § ?
| 3z |
- o =
l ’ < | -« - -
| = ir i BINARY s v,
] = BiNARY
2 -] 2 >
I L ' o : ]
4 < ]
: vi H v -:- B
l [ (3 z BINARY Vo s =
I 3 i
2
2 | 2
| i ! BINARY Si% z Yy
| LPOT L ' & oo | TORCH ANGLE| =
| sy | i
| i TORCH ANGLE DRIVE MOTOR POSITION FEEDBACK
H
bl INOUT ARM I | ! TORCH ANGLE AMPL
| L messm——
l | l TORCH
| 1 | >
: WELD TORCH ANGLE
| ! 1 ™ OUT DRIVE e ek
| woToR A
|
WELD
. /l > VOULTAGE
roT




J» Two potentiometers, designated 04 and 0,, were added in line with
the centerline of the cam follower axis to implement the new cquattons, Actually,
these two inexpensive parts in effect replaced the expensive and error-prone
radius transducer.

4. The arc-head manipulator wus moved from the centerline of the cum
follower axis to the centerline of the carriage body.,

6. The computer program was rewritten and refined to speed up the
computation time, allow certain vitul program constants to be quickly changed
via the teletype for test and performance refinement, and reject certain out-of -
tolercnce control signals.

To understand the reasoning behind the above changes, the new mathematical
theory, and the crror analysis, Scctions 4.0 through 4.2 of the SCI finul report
are included as Appendix A,

MARK 111 WELD SKATE COMPUTER PROGRAM

The current weld skate computer program, 1002, was configured by
MSFC engineers to control the Mark 111 weld skate welding speed and torch
angle. The 1002 program evolved from seven previous programs and has
several features which make it desirable from an operational and functionul
point of view. Tor the scaling factors and program flow chart for 1002, sce
Appendix B,

MARK 111 WELD SKATE OPERATOR'S REQUIREMENTS

It is always desirable to keep the cquipment operation as simple as
possible, For this reason, the Mark III' s controls have been designed to impose
a minimum of effort on the operator. The program is maintained in computer
memory and will not be lost due to loss of the 126 Vace control power. There-
fore, once the program is entered into memory, it will remain there for weeks,
Since the program is on punched tape, it can be casily re-entered into computer
memory by the weld operator via the procedures of Appendix B, Finally, the
program is arranged so that, when 120 Vac control power is turned on, the
computer starts running., Thercfore, the only action normally required of the
operator with regard to the computer is to switch on the 120 Vae control power

13



and wait 3 or 4 min for the anal -to-digital converter to warm up, Next, he
positions the torch within welding distance of the work and electricully positions
the torch perpendicular to the work surface by use of a hias pot on the handbox.
This initial torch angle adjustment is required to keep the torch at the correct
attitude until the automatic torch angle operation takes over immediately after
the skate TRAVEL is initiated, When the operator is ready to begin the welding
or cutting operation, he simply initiates the are and performs the process
according to the usual procedures. TFor convenience, there is a8 MANUAL-
AUTOMATIC switch on the handbox which allows the operator to bypass the
automatic speed and toreh angle controls if they arc not needed. One additional
feature is that the weld process often requires some degree of lead or lay of the
welding torch with respect to a line normal to the work surface, Fhis lead-fag
of the torch is, in effect, a bias of the torch angle ¢ by zome given number of
gegrees, ‘To accomplish this bius, the operator loosens a thumbserew which
clamps the torch angle feedback synchro and rotates the synchro until the toreh
has electrically rotated the desired number of degrees; then the operator
reclamps the synchro. Therceafter, this prescet angle bias will remain on the
torch during automatic welding until it is changed,

MSFC PROGRAM RELATED USES

The demonstration Mark TII weld skiate was reconfigured per Figures 1
and 2 and some of its more vital eapabilitics are listed in the Introduction,
However, the reader must be aware thut any or all of the demonstrutor capa-
bilities can be chunged or ultered signficuntly to render the concept aceeptable
for welding a wide variety of parts, Tor instunce, the Mark 111 weld skate design
could be used almost as-is ‘o accomplish Shuttle ET bulkhead gore segment
welds and other Shuttle contourcd weldments such as some complex Shuttle Main
Engine (SSME) components. Whether the weld guidance feature would be
required would depend on the precision of the weld fixtures.

CONCLUSIONS

It is concluded that the Mark 1 demonstration model weld skate has been
successfully conligured and programmed to meet the accuraﬁ:y objcetives sought,
Vital portions of the documentation such us wiring diagramp‘, mechanical
drawings, and the [inal computler program arce on file at thgyi Materials and

14



Processes Laboratory and are available for review or distribution, The step
in progress is outfitting the weld skate torch angle manipulator with automatic
cross scam tracking, This addition will cnable the concept to be demonstrated
to its fullest possibilities.
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4,0 DETAILED DISCUSSION OF PHASE 1V SKATE SYSTEM
IMPROVEMENTS

4.1 PROPOSED SKATE MODIFICATIONS AND MATHEMATICS

During initial program efforts, it was felt that the original open-loop skate
system using analog sensors would have operational problems which ¢ould be
solved only by eventual conversions to an all digital system using stepping
motor drives or closed-loop drive sersos, Final weld testing on the corrected
original system demonstrated, however, that exceptional accuracy could be
achieved with the original concepts except when the skate transverses severe
mechanical track perturbations, such as at the joints in the present test
track, which are beyond the system electrical controls, It is concluded by
SCI that a conversion to an all digital system would be justified primarily for
reasons related to production welding system cost reductions, reproducibility,
and sensor simplifications and with less emphasis on greater system

accuracy.,

Because of these considerations, it was decided that the skate sensitivity to
the mechanical track perturbations should be reduced to an acceptable level
as a primary improvement to the system prior to any changes to the electrical
control concepts. After discussions, it was concluded that the simplest
mechanical changes to the original system would incluce relocating the skate
arm support mechanism to the centerline of a structure similar to the present
skate carriage outrigger, This would provide a longer chordal distance
between contacts with the track and, therefore, reduce the mechanical motion
at the welding tip resulting from the track joint (or rother source} bump, At
the same time, it was concluded that the skate arm support mechanism could
also be located nearer to the track tc allow the welding tip to retract further
toward the track which would increase the allowable VT and provide a larger

allowable sample location within the track perimeter, These changes did,

18




however, change the computer mathematics and also requires the present
radius transducer to be replaced with two additional angle tranaducers; one

located at each end of the new chordal support irm.

The geometry of the welding system has been analyzed to determine the
mathematics required to implement the Automatic Weld Skate with the

carriage system moved to the center of the support arm, The analysis shows
that the skate velocity, V., and the head angle can be calculated and controlled
if the angle of the velocity vector is mcasured at each end of the support arm,
The configuration is shown in Figure 4,1-1, The following variables must

be supplied as inputs to the computer)

L = length of weld arm
VR = rate of change of L.
Vr = desired tip velocity
91 = angle of skate control end of support arm

)

"

angle at other end of support arm

From these inputs, the computer determines an instantaneous center of
rotation for the system, The rotational velocity at the welding tip is deter-
mined and vectorially added to Vg (as shown in Figure 4. 1-2) to get the total
tip velocity, These equations are then solved to determine the necessary
skate velocity, V., to give the correct tip velocity, VT' Since the center of
rotation is located at infinity for a straight track, the calculations must be
in such a manner that infinity does not appear in the numbers which must be

handled by the computer,

From Figure 4, 1-1, it can be seen that the center of rotation is located at
the intersection of the perpendicular to each of the velocity vectors, Line (a)
can be represented by: '

Y = Xtan(90° - @)
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lAine (b) can be represented by

Y = (X + 2A) tan (0, - 90%)

The abscissa, X, is the intersection of these two lines

-- 2A
[ tan (90°- @)) 7}_;
tan (8, - 90°)

Trigonometric identities allow X to be represented by

XC =

«2A Sin 91 Cos 92

Sin (Gl + Gz )

Xc =

it

Since, Yo = X tan (90° - ©))

2A tan (90° - @)

tan (90° - ©)) ]
tan (€3 - 90%) |

This can be rearranged to give

-2A Cos 9l Cos 6,
Yc * T sinie, + 8,

The distance. R, from the center of rotation to the skate control point is

2 A
Vet - v

2A Cos 6;
Sin (8, + ©;

R

22



The distance, R}, from the center of rotation to the welding tip is

Ry = V (X + A)Z + (Yo ¢ L)z
Considerable manipulation allows R 12 to be expressed as

2 2 4A Cos 8] Cos 6

Ry =Az + L + [A Cos (@) + 8;) -L Sin (@] + 65)]
e 2
Sin? (6] + ©,)

The system rotational velocity magnitude at the welding tip is a function of

the skate velocity, V..

R, -
R l Ve l

L]

| e |

Since the computer must solve for Vg,

Vel =~ |1V |

.

The equations for R and R] can be combined and manipulated to give :

2 Cos 92

R —

Rfm -
2 L .
V[l % ]8in"(©1+6;)+ 4Cos ©; Cos 8, [Cos(0)+8) - Sin (6,+6,)]

From Figure 4,1-2, the tip velocity can be calculated:

v.? - v, %cole +(v.  sine +v.)
sys sys sys ays R

Subtraccing \.’.1.2 from both sides:

2 2 2
3 -V = 0
le‘ + V'Y' {2 VR Sin e.y.) + (VR T )



The quadratic equation is uscd to solve for lel glving }

. 2 2 2
\ -V Vo - Vg Coste . Vg Sine

Yo + L
Since } Cos 0. s C

yn
\[(xc N L

Cos O,ys ° A Sin (0, - ©3) ]
1 412X Cos ©, Cos ©; - L 5in (0, + ©7)

Sin © \] -G 3
sys sys

Since the head must be perpendicular to the tip velocity, VT, the sine of the
head angle is '

VR + V’ . Sine' s
Sing = Y Y

Vo

Vo * Vg (11;_1.) sin @,

Vo

The calculations can be summarized as follows:

A - constant storod - ornally

Input: L' VR' VT, el" 92

Calculate: Cos 61, Cos Gz Sin (@] + Gz), Sin @,, Cos (@) + 92)

Output: V. aad Sin ]
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2 Cos 9,
R = ———
r <o *(%) ] Sin“ (8, +©,) + 4 Cos ©, Cos ©, [Cos (8 +6, )= Sin (0, +&2)]
5 1
4
Cos O ., [_A Sin (8, +@,) - 2A 5in @, Cos ©,
1+ !
L Sin (91+ ez) - 2A Cos 91 Cos 62
i [~ 2
Sin & = Vl - Cos ©
sys sys
Vg vc(f_l_,) sin®
Sin # = R . Y
vVr

It is assumed that the hardware will be configured to provide ©) and &; through
the analog-to-digital converter and that the angle, ©,, will be measured at the
point that the skate is driven, The program reflects these assumptions,

Other conditions can be applied, but will require some changes to the program,
Due to the trigonometric functions involved, the program will necessarily
operate slower than the original program, This problem can be remedied by
u.sin.’ look-up tables for the trig functions rather than the general service

software,

4.0 NEW SYSTEM ERROR ANALYSIS

Analyses of the skate carriage sensitivity to track joint perturbations were
‘made on both the original skate configuration and the new long chordal support

configuration, In order to simplify the analyses, a "standard" track bump



offset step height of ., 025 inch located on a straight track section was used for
the comparisons. While these conditions do not nccessarily duplicate the
pre'aent track condition, it is indicative of a possible condition and allows a
sensitivity ratio to be established between the systems at a '"standard"”
condition which will vary depending on the height of the actual bump. A
summary of the head angle and v errors are included as follows witﬁ the

actual calculations presented in the following sections 4,2, 1 and 4.2, 2;

. Original skate head configuration has welding head supported on

wheels which are 2, 43% inches apart,

The chord length must be five times that to reduce the displacement

error by 80 percent on the new system,

New chord length should be 12, 16 inches minimum,

® For the new configuration there is no error when one carriage has
completely passed the bump and the other carriage has not reached

the bump,

° When one carriage is on the bump there is a velocity error and a head
angle error due to the fact that the velocity at the ends of the chord are

not exactly in the direction of the measured angle,

There is also a velocity and head angle error in the present system in

this situation due to the radius sensor.

Assumptions: Length between wheels of present radius :
transducer - 2,432 inches

New chord length ' 12,16 inches
Bump ) ‘ : . 025 inch as
a step
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Arm Velocity, Vg

Vs Desired Tip Velocity

1.0
Ve Skate Velocity
L length of welding arm 13- L 26
For L. = 26 inches For L 13 inches
New System Present Skate New System | Present Skate
o o
Head Angle + 2998 ., 58879 |  eea--e ] ceeca--
Error
Vo Error 2,2455% 78, 138% 1,11% 28%
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APPENDIX B

MARK 11| WELD SKATE COMPUTER PROGRAM (002
SCALING FACTORS AND FLOW CHART



SCALING FACTORS FOR PROGRAM 1002 AND MARK 111 SKATE

DIGITAL
CONSTANTS
= _h‘ - '\_ 5
0y oY 0EC | ™~
W40 < g ‘ j
DEFINED % -
r.-l vy o2 DEG - |
W = 40"
| DIGITAL
| i ‘ V & e ANAI‘.?)?\.I - /
V a in - Kb -9 . n.feee
| L . DAC
| L v« 20032800
| MEASURED
: - K4 -9 |
@
| ] l
|
: |
|
' |
| V = in/sec
| VA |
0.83V = 0.5188 in./sec
8 5
| MEASURED )
| I vy v = inese - K2 4 DIGITAL sin & ANALOG V = sin ¢
I M pr——— DAC l
l 09171V = 1.in./sec
I MEASURED |
| | - K1 |
& o— | |
| | |
|
I | contRoLsvsTem | | |
| | I I
: | I '
STEP 1
||_..___._.......___7m.p.;_________.__.l _J
L R A e o o e a g et B e
OCTAL
DIGITAL CONSTANTS (DECIMAL) VALUES |LOCATIONS
042711 003267
K1 = 1.0904 in./sec/V 016402 00327¢
047024 003271 _|
K2 = 0.6100 in./sec/V 075400 003272 |
050000 003273 _ |
K3 = 40.0 deg/V 000014 003274
073672 003 '75
K4 = 20.9325 in./V 160412 003276
050000 003277
' KS = 40.0 deg/V 000014 003300
045523 003307
= K9 = 1.177 V/in./sec 174002 003310

=
ORIGINAL PAGE IS
- POOR QUALITY, a



PROGRAN: 1002 FLOW CHART

TER AT
INITIALIZE PFAR
SUBHOUTINE
GENERATE SINE & COSINE
LOOK UP TABLES
INITIALIZE VALUES FOR
PROGRAM OPERATIONAL CONSTANTS
FROM K CONSTANTS IN MEMORY
INITIALIZE STORAGE
LOCATIONS FOR FILTERED
VARIABLES
PREPARE FOR ADC INPUTS
START
INPUT ADC VOLTAGES
& STORE IN BUFFER

(ITERATIVE
PROGRAM CYCLING,
FROM PAGE 4,
COMES BACK
TO “START")

FIVE VARIABLES
ARE STORED

- (TOPAGE 2)




{FROM PAGE 1)

1

SCALE AND
STORE V&L
DIRECTLY

CONVERT VOLTAGES IN

BUFFER TO EQUIVALENT o

FHYBICAL UNITS® & STORE

SCALE, FILTER,

AND STORE
Vi THETA 1, & THETA 2

1

SCALE AND VEST FOR EXCESSIVE
Vi 18V <k - V2
IWHERE ¢ <K < 1.

NO

LIMIT + Vg
TO+ K Vq)

YES
LIMIT - ¥y

TO- K- vy

Vp 150K FILTER
AND STORE

“LOOK y_’“ SINE & COSINE

OF THETA 1 AND STORE
IN "3_1" & “C1," RESPECTIVELY

!

“LOOK UP" SINE & COSINE
OF YHETA 2 AND STORE IN
“52" & “C2." RESPECTIVELY

!

=sindycoady+eindgomdy

STORE IN "$12"

o]

Y

COMPUTE cos 18, +621
= corfycosly-4ndyninly
STORE IN “C12"

COMFUTE 2A
STORF IN “TWQ A"

!

COMPUTE cos?0,

1

" TAtinte, +051-2Asindy, 01657

Liin(By+85)-2Acosdy cor0y

STORE IN “C3Q"

t

*PHYSICAL UNITS ARE DFGREES, INCHES, & INCNES/SEC.

* {TOPAGE 3)
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ey

{FROM PAGE 2}

COMPUTE sind, .
o 1 eon?
1 - cop 0w|

STORE In 'SSYS”

[

DETEAMINE PROPER $IGN FOR “3SYS”
IF 0y <0p SSYS STAYS (!

IF 0y >0, SSYS IS (-}
REVISE SIGN AS REQUIRED

]

COMPUTE R/R, =

2cosy

/[ L"'l L
1+(;) ﬁn2(3‘+azl + 4cosﬂ1 eolﬂz[m{8'1 +8z} -(‘:).lﬂw"“ﬂzq‘

STORE IN “RATIO"

TEST FOR EXCESSIVE VR
IS Vg = k-~ Vp?
IWHERE 8 <k <18}

NO

TO + {k - VT]

TIMIT - Vi,

YES
y

‘ VR 18 OK, GO ON WITH PROGRAM }-—_

COMPUTE v, = Vi - vp2ear? o, ,

STORE N “VEYS"

-Vgsing,

Y3

COMPUTE Ve
= (R/Ry) "V,
$TORE IN “VC"

1

(VR + Vyyy sind .l

vy

COMPUTE sin@ =

STORE iN “HDAG"
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{FROM PAGE 3}

1

TEST FOR EXCESSIVE SIN ¢:
IS sin ¢ % 4in 39.9°7
(WHERE 39.9° 1S AN
ARBITRARY ANGLE < 40°)

NO

LIMIT +3in ¢
TO = +3in 30.9°

LIMIT - sin ¢
TO =~ - 5in 30.9°

-]

#in ¢ I8 OKAY, GO ON WITH PROGRAM

).___.

[

PREPARE & OUTPUT V_
TO DACS 1 & 2

PREPARE & OUTPUT
(+)OR (-}sin ¢
TODACA OR ],
RESPECTIVELY

T

RETURN TO “START,”
PAGED),

FOR NEXT PROGRAM CYCLE
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