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Final Report for
Cooperative Research and Development

with DSP Control Group,
Advanced Machine Tool Accuracy

Introduction1.

2.

Martin Marietta Energy Systems (Energy Systems) and DSP Control Group, Inc:(DSPCG) participated in
an effort to demonstrate advanced machine tool compensation techniques on their existing machine control
system. Machine tools exhibit mechanical inaccuracies because of gear backlash, bearing friction,
inconsistent lead screw pitch, and other non-linearities. MA TRIX4, the machine control system currently
marketed by the DSPCG, has the capability to compensate. for these errors. DSPCG requested technical
assistance in measuring these errors on a test platform and developing techniques for compensation to
improve machine tool accuracy. The intent of this project was to demonstrate accuracy compensation on an
Energy Systems machine tool.

Background.

J

DSP Contfol Group originally called the National Machine Tool Partnership (NMTP) hotline number for
assistance in the application of rnach@~ tbqlaccuracy compensation. The request was referred to Oak Ridge
by the NMTP. . After some discussion between DSPCG and Energy Systems. a statement of work was

developed. This work statement defined the scppe of the project and. consisted of three prirnaryobjectives.

The first objective was to demonstrate normal. operation of a machine tool with the DSPCG MA TRIX4
controller. This included all the interfacing and system integration necessary to drive the machine with two
axes of motion. Included in this objective was the tuning of the control system to insure acceptable
machine dynamic response and servo loop stability.

After insuring proper operation, the next objective was to measure the positioning errors on the machine.
This provided a baseline for evaluating the effectiveness of the accuracy compensation. It involved
interfacing test equipment to measure machine tool errors. Energy Systems has acquired significant
experienced in making measurements of this nature in the development of precision manufacturing
processes at the Oak Ridge Y-12 Plant.

The third objective was to demonstrate machine tool accuracy compensation. After developing and
implementing a viable compensation algorithm. the positioning error measurements were repeated. These
measurements were compared to the baseline perfonnance data to determine the magnitude of the
perfonnance improvement

~

Experiment

The objective of this initiative was to demonstrate an improvement in accuracy on an existing machine
tool. Due to the short duration of this project, the decision was made to concentrate on a single non-
linearity. Specifically, gear backlash (or hysteresis) was selected since it is easily measured and since a
machine tool was readily available that had a pronounced backlash problem.

The machine tool selected for this demonstration was originally manufactured by Moore Precision Machine
Tool Company as a coordinate measuring machine. It was later modified at Energy Systems (the venical.
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actuator was replaced with a horizontal spindle) and.configured as a T.Base lathe. The cutting tool on this
machine is mounted on a pair of Stzlc;~ed ~Iides whic.h provide motion in two directions relative to the fixed
horizontal spindle; E::.1c;ttq(wesesli<1~si~<.1ri\l~n ljya lead screwwhic;h is connected to dc servo motor
through a 40: 1 reductiO!hge:.1f:... Thi~I11:.1c;hi!l~e"hlblts. a $igriificantamount of backlash (approximately
0.0()4 in.) due JqW~.C;OlJng\lUltiqnof.lhe.I11~c;haniC:.11 <irive. train. The configuration of the machine tool

used in this experiment is Hlustrated in Figure!.

Figure 1. Machinetpollayoutfor bac.klash compensation testing.

Backlash was measured by comparing the m()lion of the sm'o l11()torsJ91heaCtualrn§tign} of the machine
slides. For this experiment. the slide that moves perpendicular tothesplndIeaxis of fotiiuonis referred to
as the x axis. Theslide.that moves ParaUeltothe spindle axis is re.fel'reci to as the yaxis. . Motor motion

was measured using integral encoders in each of the s.ervol11()l,Oi"s. 1]emotionof theslid~(\\,as measured

with a Hewlett Packard laser inte*rometer system.ill)d ()pti~a.lhardw<1rern()pnted dil'6ctly dO the slides.

Matian cantrol was abtained thraugh the use af a persan(il camputer-ba.sedMA TRIX4s)'srem manufactured
by DSP Cantral Group. The MA TRIX4 uses dual digital signal processOrs (DSPs)t6prov'ide the high-
speedcamputatianalcapability required far up to fouf sirn.ult<}oeaus .s.ervo loops. Thissyst!;rn aperates in
ane aftwo!primary.modes.. One mode perfarrnscoordiO(itedaxisrnoves based()nasingle set of input
parameters to generate pr()filessu~h:lS straight lines. circles, etc. The (jther rriOdeaccepts tabular data
directly from the host (personal camputer) and enables the machine tofollow an arbiti:irYtrl\jectary. Thelatter mode was used in this experiment to. investigate campensatian far rnachine backlasn. .

The machine taal used in this experiment is narmally can trailed by a <;()nuo! system proviqtm by anather
manufacturer. Since the machine was in use between parts af this experiment, iCwasneceSs3ry to. quickly

switch between the original co.ntr()lsystem .and lh~ rviATRIXAsystern. To.. facilit;l.t~ th~ ~piq changeover,
an adapter was fabricated to..mat<;b. the MATRIX4 interface totb!1t()f th~ grigil'1;11cOn@lsyslem. Thus. the

control systemwascbanged by simply removing a connect()rfrom tbe arigiD<.ll cdntrOlsystemand attaching
it to the MA TRIX4 adapter.

BearingSurlaces
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Allpr()griJ.qlrriil1g fofthiitRADAwasdoM in MicrosoflC.;.versionco;Q..I=:xaptple softw.we provided b:,
DSPCG was ostd asa staiting poiriifot' the test program. usedin.thisexpeoment. The example program
was modified 10 accept an arbitr:!I)'length trajectory read from a disk file instead of from.a fixed length
array. Other modifications were made for convenience and to support this particular application. The
~xamP}(~ ptbgian'lalSo provided acceSs 10 the motol">positibn.velocity .and following error in real time
through the use of diliil-portRAMin theMATRIX4.

S()ftw~Ylas<ils() ~rittenlOread~epoSilior16fthe slides from the. Hewlett-rackard~<ffi~terferomeler
system in real-time,. Included in this soflwaredevelopmemeffon :.vasa module that increased the resolution
()fthe pers6narcbnip\1tefd~k. ThislTlodule increased Lbeaccuracy.ofthe time ~~p.. .Ula.t was included
with each discrete measuremeriLThemeasuremem of the slide position wasmadeimmediarely after that of
the motor position. velocity. and following erro1"inthernain.program. These measurements were
combined along with a time stamp and slored as a single record,

The experim~nt t() demonstrate accuracy improvement through backlashcom~nsat.ion\V~broken into tWo
main.parts. In the first part, the machine tool was programmed to move in a 1/8 in. diameter circle at low
$P~p. In thfs~cpndpan, itwasprograItimed tOmoye ina4 in. diametercircle.at high speed. In both
experim~ntS. positidoidata Was tak~n!() indicate the path of the motors and the path ()fthe slides. Each
part wasperfoCfued \\Iith 'and withouf backlash compensation to .quantifytbe peIf()I'1TIaJ1cc improvement.
The 1/8. in~circle wasselectMbeCaiise. it provided a convenient scalesugbthattbe wachinebacklash is
clearly visible in 11 pldtOfthe i eniirecltCle. . The 4 in. circle w.as selected. ~ause it\V.asth.e largest circle

that could be generated with the machine tool setup at the time of theexperimem. It Was also felt that the
4 in. circle was closer to a typical application on a production machine tool.

Backlash Compensation Algorithm" ,4.

Backlas~.i~~~~sed by t~lef'anc~s ip the mechanical linkage between the motor and the slides. Each time the
direction ofa~lide is reversed; the Internal parts of themechaniSl11 must bear against opposite ends of these
tolerances. Thus. at thebegirlning bftheslidereversal,mo~on ofth~ motor results in 110 net motion of
the slide. ...1'he backlash cOmpeAsationalgorithmauempts to. com~nsa.t~ for this condition:.

Thealg6rithrri lJsed in this effort used anopen-loopcompen~tiQ!1J~chnique, Th.atis, ~-time feedback
frol111h~ h1Serinterterometers indicating slide position waSn.Qtu~d 10 correct the.mati.onprofile as it was
beingtransl11 i [ted lathe MATRIX4. . Althoughthiskind.Qfclqsed.l.Q9p<::.ompen~ti.Q{1\Vauld ultimately

prove mare accurate, laser interfer.ometers are somewhat expel)siv~ farappM<::ationsqf}his nature. In the
c.ompensati.on algorithm used, backlash for both axes was measured in separate tests beforehand, as it was
required as input t.o the algorithm;

The tise 6flaSer interferometers for real. time.cotripen~tioni$nQtne.\VtQ DPJ; l1);1nufagtUring operations.
It haS been used in high precision machining to achieve accJJracyunattainaQJ<; wiU1.conyentionaJ feedback
techniques. A tJ.S. pateJ)twas issued!n 1978 foradual-loopfeedQaplc sYstemgeveJoped at the Oak
Ridge. Y -12 Plillltl.

Compensation for baddash is. achieved by moving the."1otor anarnount correspqnding to the backlash each
time the slide reverses direcuori.Thisl11ovesthe internal parts of the mechanical linkage to the oppqsite
ends Of their tolerances suchlhatsObsCquenl motion of the
motor reSults in the desired m(}tion6fthe slide.Urifonl1l1ately.as early lestSindicatetl..thiscompensation

move cannolbe performed insilirilllneously duelo inertia irithe motOr and itS load. Thisineffia causes the

1 U.S. Patent No. 4,128,794, "Interferometric Correction Systcm for a Numerically Controlled
Roben R. Burleson for the U.S. Departmem of Energy, December 5,1978.

~

~". issued toMachine
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motor to move past the desired position and causes undesired motion of the slide. A more acceptable
method of compensation is to break this move into smaller moves to reduce. .the effect of overshoot.
Compensation is incorporated by superimposing the compensation move over the motion trajectory themachine is following at the time the slide reversal takes place. .

As stated previously, the MATRIX4was givj;}nthecommapdtr11jeqory in. the fOrJTl of~b\.llar data sent by
the host computer. Due to the volume of data required, the.tr;ljectpry da~\Vas*tPrediI14isk files on the
host computer. Backlash compensation was implemented in software by reading dati from these disk files,
superimposing compel1sauonmo."esas neqj;}ssary.,and writing the resl.lltipgAA~ ~panpther disk file.
Compehsationmoves were incllldj;}d wherever position data for a given ~isFha.r1gedfroin increasing to
deCreasing ot visa-versa. Tbeprograrntl1.U sent th.e data to the hostcornPU~ercould aFc:~pt data from the
originaldata file or thecompens~ted data file, . This provided a conv~flieflfd()mparison regarding the
perfonTIance of the bac:klashcompensation algorithm.

5. Experimental Results

Parts of the experimental procedure highlighted previously were repeated several times in the process of
detennining the effectiveness of the error correction capability of the MA TRIX4. This section provides a
representative sample of the results obtained on this machine. Additional tabular data is included in an
appendix to this document The graphs presented in this section were produced using KaleidaGraph TM on a

Macintosh@ computer. Unless otherwise noted. all motion presented in the graphs proceeds in the
counterclockwise direction.

Results from the 1/8 in. circle are presented first because the backlash phenQrnenon is more easily seen.
Results from the 4 in. circle are then presented to show the effect of backlash on a typical si:i;e part In all
of the graphical results presented. the machin~motion is in the counter.clp<;:!(,wis~qireC?ij99,Prior to.each
test, the machine was moved such that the backlash was removed in the direction of the iriitililmotion.

The 118 in. circle profile was performed at a feed rate of 0.28.8 in./minute. A single revolution of the circle
was executed to show the positioning errors caused by backlash. Figure 2 shows the motion of the
machine without compensation. As stated previously, motion begins at the right side of the circle,
proceeding in the counter-clockwise direction. The table path, measured by the laser interferometer,
indicates the motion generated by the slides. A perfect circle is also plotted for comparison. The path of
the motors, indicated by the encoders, was omitted to reduce clutter because it exactly coincided with the
plot of the ideal circle. This figure illustrates the effect of backlash as evidenced the distortion in the
measured trajectory of the slide.

Backlash is first introduced when the y slide reverses direction at the top of the circle. At this point, it can
be seen that the path of the slide begins to deviate from that of the motors. The x slide reverses direction at
the left side of the circle, introducing backlash in the x direction. The y slide reverses again at the bottom
of the circle, repealing the backlash phenomenon. Since the circle does not continue past the starting point
on the right side, the x slide reverses direcLion only once.
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Perhaps the best measure of the effectiveness of backlash compensation for the 118 in. circle is the actual
deviation from the desired radius; This radius error measurement was made by computing the geometric
distance of each.setof x andy data.P9ints,from the cenwrofthe circle (where x and y are both equal to
zero). Figure 3 illustrates this <;omparison in which r.esults from both a compensated and uncompensated
test were plotted on the same scale. Without backlash compensation, the radius error was nearly 0.005 in.
With compensation. however, the radius error was less than 0.00035 in: Thus. backlash compensation
yielded an improvement of more thap an order of J.11agnitude on this machine tool..

0.060.04 O~O80.020

x position (in.)
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Figure 4 shows how backlash compenSation improves the trajectory of the slides on the 1/8 in. circle.
Note that the traj~tOry follo\Ved by the mot9rs begins to deviate from a true circle near the top where the y
sli4e reyer~S.9iI~tion, ..At.tnispoint,!.hebacklash.is.removed byalifi~ ffiOvesuperimposed over !.he
circular trajectory as qescrii>eo previously. Itditl be seen that the path tra'veCSed by !.he slides deviates
slightly f{omIDat9f a true circle near the 16catfons where the backlash is\beingremoved.This is caused by
the fa(:t thAtthe..bacKiash cannot be removed instu1tu1eously, !.hussome position err9ris allowed during !.he
transition. Thiserroris smaIl; however, colt1paredtot.l1eerrors\iritrOduced by uncompensated backlash.

To see more clearly the behavior of the system as the b:kkHisnc6mpensat1ontakes place, Figure 5 presents
an expanded view of the top part of the circle shown in Figure 4. This region corresponds to the reversal of

100. 150 200 250 300 350 40050

degrees

for 1/8 in. circle, with and without backlashcornpensation.ITor
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the y slide. The maximum deviation from the desired trajecLQry occurs in the vicinity of the slide reversal.
It should be noted, however, lhatlhis deviation is well below 0.001 in.

.-..

;§.
c:
0

"~
"Iii
0
0-
>-

Figure 4. One-eighth in. circle with backlash compensation

Also visible in Figure 5 are the multiple traces that were produced as the machine moved through three
complete revolutions of the circle. Multiple passes were made LO insure the backlash compensation results
were repeatable. As the figure shows, the variation in the trajecLOry from pass LO pass was minimal.

The 4 in. diameter circle was programmed at a feed rate of approximately 5 in./min. Results from the
testing performed in this configuration were generally similar to those for the 1/8 in. circle. As stated
previously, the graphical results are not as clearly seen due to the difference in scale.

0.06 0.080.02 0.04-0.06 -0.04 -0.02 0

x position (in.)
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Figure 5. Detail of 118 in. circle with backlash compensation

Figure 6 provides an expanded view of the y. slide reversal similar to that shown by Figure 5 for the 1/8 in.
circle. This figure shows the minimal deviation of the slide trajectory relalive to that of a true circle. Due
to the larger scal~Qfthe 4 in. tittle, no usefulinfonriatibncan.beob~ined from a plot of the entire circle.
Since the errors (even with. backlash) are small corn pared to the 4 in. diamerer" the lines are overlaid on top
of each other".
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6. Conclusions

Three objectives were set forth in the as metrics for this cooperative research and development agreement.
As stated in the earlier in this report, these were to demonstrate standard operation of a ma~hine tool with
the MA TRIX4 controller, measure positioning errors, and to demonstrate accuracy compensation.

The first objective was met in the uncompensated operation of the machine tool as shown in Figure 2. A
significant accomplishment in implementing this objective is the fact that control could be interchanged
from the existing system to the MA TRIX4 in a few minutes.

_ i!iiill',

!i$//)"

0

x position (in.)
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The second objective was met by interfacing Lhe Hewleu-Packard laser interferometer system to Lhe machine
tool to measure Lhe exact position of the slides. This system provided a measurement resolution of less
than one micro-inch. As stated previously, the maximum positioning error measured (due to backlash) was
approximately 0.0045 in. This was shown graphically in Figures 2 and 3.

The third objective was met by demonstrating machine tool backlash compensation using the MATRIX 4.
Figure 3 shows that backlash was reduced by more than an order of magnitude using a simple error
correction algorithm. While these results are impressive, it should be noted that no auempt was made to
fine-tune the control parameters or the correction algorithm. With continued emphasis in these areas, it
seems likely that the machine tool accuracy would be improved even further.

10



.

APPENDIX A
1/8 INCH UNCOMPENSATED TEST DATA

(ALL UNITS IN INCHES)

1 1





"'f
0)
0)

. .-

::E
<;:
CD
.-

....

...."
>-

'3
...,

>.
ell

"C
(/)

:;
..c:
I-

"ell
(U
Q
1i5
Q)
I-
"C
Q)
i6
(/)
c:
Q)
c..

E
0
(,)
c:

::>

.S;
CD--......
C\I
'11=

Q)
0)
ell

Cl.





"t
a>
a>
..-

>

;>

..-

..-
,.....
>.
"S
...,
>..
(II

"C
en
:s

J::
l-

.
(II
(tj
Q
(jj
Q)

I-
"C
Q)
(tj
en
c:
Q)
~
E
0
0
c:

:::::>

.6
~
..-
.

.
"t
:II:
Q)
0>
(II

a.



.".
en
en
....

:E
<:
(0
....
....
....
......
>.
:;
,

>.
('I!
-0
tI)

:s
..r::
J-

.
('I!
co
0
~
Q)

J-
-0
Q)
co
tI)c:
Q)
0-

~
()
c:

::::>

.s
~......
L.O
'#:
Q)
OJ
('I!

a.



"t
(1)
(1)..-
:E
~
co
..-
..-
..-
I"-
>.
:;
"
:>.
co"C
(/)
:;

.J::
l-

.co
'is
0
(jj
Q)

I-
"C
Q)
'is
(/)
c:
Q)
0..
E
0
0
c:

::>

.5
se
.-:

.
(0
~
Q)
en
co

Cl.

f



~
0'>
0'>
...

:::iE

<C
<0
...
...
...
f'-.
>.
"3
-,
>.
~

'1:1
<IJ

:;
.c
I-

-~
iii
0
1i5
Q)

I-
'1:1
Q)
iii
<IJ
c:
Q)
0-
E
0
to)
c:
:::>
.5
~.....
f'-.
~

Q)
C)
~

a.

v



.

.

~



"'1'
0>
0>. ....

~
~
to
.....

.....

f'.
.>,

"5
..,

>.
tU

'C
VI
:;

;C.
.....

-tU
iO
0

U5
Q)

.....

'C
Q)

iO
In
c:
(I)
0.
E
0
(.)
c:

:::>

.5
~
.....

.
0>:u:
Q)
C)
tU
a."



"1"
(J)
(J)
--

::iE
«
U)
--

-

r-.

>-
:;
J

>.
10

"
<JJ

:;
:.
f-

.10
iii
0
Ui
CD

f-
"
CD

iii
<JJ
c:
CD
a.
E
0
(,)
c:

::>

.5
co
--
--
.

.

0
--
*

CD
C)
10

a..,



~~~~

APPENDIX B
DRAWING OF INTERFACE CABLE TO ADAPT DSPCG MATRIX4 FOR
PIN-COMPATIBILITY WITH GAUL 621 MACHINE CONTROLLER

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

~~~~
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D837 Male 60 Pin Male
Connector Header

AXIS 1 OUT J1-27 1111( BLU/WHT . '" I » J2-7 I
I .

AXIS 2 OUT J1-9 1111( ORANGE/RED I: » J2-6 I
I I

A GND J1-2 l1li( GREEN I : :> J2-8 J

I ,
1+ J1.14 l1li( ORANGE ~ : :> J2-15 1

I I

1- J1.33 l1li( RED/WHT I : ~ J2-16 1

I ,
B+ J1-29 l1li( BLK/WHT ~ : ~ J2-17 I

I ,
B- J1-12 l1li( BLUE ~ : :> J2-18 I

I ,
A+ J1-23 l1li( BLACK ~ : ~ J2-19 J

I ,
A- J1-5 -< WHITE ': :> J2-20 J

I ,

(1 )

1+ J1-35 -< WHT/BLU ~ : ~ J2-29 t
I I

t- J1-17 l1li( GREEN/B LK/WHT ~: ~J2-30 I
I I

B+ J1-13 l1li( ORANGE/BLK ~: > J2-31 E
I I

B- J1-32 -< BLU/BLK I : :. J2-32 E

I I

A+ J1-25 -< RED/WHT/BLK ~::. J2-33 t
I I

A- J1-7 -< RED/GREEN ~ : :. J2-34 t
I I

+12V J1-1 -< RED/BLK I : :> J2-57 of

I I

DIG GND J1-21 -< GREEN/WHT ~::> J2-60 [
I .

ESTOP J1-3 ~ RED i >- J2-59 ;

10K
1/4 W

_jlli:l,ii~fiii\\"

INTERFACE CABLE TO ADAPT DSPCG MATRIX4
FOR PIN-COMPATIBILITY WITH

GAUL 621 MACHINE CONTROLLER



~

APPENDIX C
PROGRAM TO GENERATE COMPENSATED TRAJECTORY PROFILE

FOR BACKLASH COMPENSATION WITH DSPCG MA TRIX4

~~
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cirgencx. c

Prcgram to generate a circle trajectory profile f::r DSFCG~.
Results are writtten to a binary file given as -:':-le argument when
the prcgrarn is. run.

To execute, use 'CIRGENCX <filename>', where filename is the file in
which the binary data points will be stored.

.

Written by: Wes IfIysor, June 1994.

*/

#include <process. h>
#include <stdio.h>
#include <rrath.h>
FILE * fptr;

double PI = 3.141592654;

void rrain( int argc, char *argv[]

{
long i, I1j;X)ints, anp i
long pl, p2, oldpl, oldp2i
long slopl = 7485;

struct FDAT

{
long pl;
long vl;
long p2;
long v2;
} free;

size_t recsize = sizeof( free )i

printf ( n \n Enter Pericd (nurnl::er of points)

scanf ("%ld", &npoints ) i
printf ( "\n Enter Anpli tude (circle radius,
scanf ("%ld", &arrp ) i
printf ( II \n Enter Number of Transition Steps

scanf ("%ld", &nsteps ) i
printf ( II \npericd = %ld Anplitude = %ld #

npoints, arrp, nsteps ) i

if (( fptr = fopen( argv[l], "VJb" )) == NULL )

{
printf ( "\n ERROR Opening Contour Data File!

..

~~

" ) i



print f ( "\n Run prcgram using
exi t ( 0 );
}

.

~~

'The following fills the buffer in the DSFCG l::oard with 1024 zero r:oints
due to the fact that there seems to 1:::e an initialization problem

/*
*

*/

for (i = 0; i < 1024; i++)

{
frec.pl
frec.vl =

fwrite ( &frec
}

~

(long) (amp*cos((2.0*PI*(double)O.O)/((double)npoints)))i

(long) (-2*PI*amp*sin((2.0*PI*(double)O.O)/((double)npoints))

/(double)npoints)i

(long) (amp*sin((2.0*PI*(double)O.O)/((double)npoints)))i

(long) (2*PI*amp*cos((2.0*PI*(double)O.O)/((double)npoints))

/(double)npoints)i

=

frec.p2
frec.v2

-

recsize, 1, fptr );

oldpl
oldp2

frec.pl;

frec.p2;

-

.
/ * Cmpute actual data points

*/

xswtchup = 0;
xswtchdn = -2*nsteps;
YSVvtchup = -2*nsteps;
yswtchdn = 0;
xup = -1;

yup = 1;

for (i = 0; i <= 3*npoints; i++)

{
pl = (long) (amp*cos((2.0*PI*(double)i)/((double)npoints)));

frec.vl = (long) (-2.0*PI*amp*sin((2.0*PI*(double)i)/((double)npoints))
/(double)npoints); .

p2 = (long) (amp*sin((2.0*PI*(double)i)/((double)npoints)));

frec.v2 = (long) (2.0*PI*amp*cos((2.0*PI*(double)i)/((double)npoints))

/(double)npoints);

if ( (pi oldp1) > a )

{
xup = 1;
if( xswtchup == a )

{
xswtchup = i;
xswtchdn = 0;

}
i <= ( xswtchupif(

- ;

~~~~

1* Increasing x */

*//* Did we just start increasing?

*/

*/

Starting };:Oint for increase
Reset to detect next decrease

/*

/*

/* Still transitioning? */nsteps ))+



{
free.pl = pl + slopl*(i-xswtchup)/nsteps;

free. vI = free. vI + slop1insteps;

}
else

{
free. pI = pI + slopli

~

xup = -1;
if(

{

else if(
if ( xup > 0 )

(pl - oldpl) == 0 )

{
if ( i <= ( xswtchup + nsteps )) /* Still transitioning? * /

{
frec.pl = pl + slopl*(i-xswtchup)/nstepsi

frec.vl = frec.vl + slopl/nstepsi

}

}
else

{
if ( i <= ( xswtchdn + nsteps )) /* Still transitioning? *1

{
free. p1 = p1 + slop1 * (1- ( (float) (i -xswtchdn) / (float)

free. vi = free. vi - slopi/nsteps;

}

/ * decreasing x * /

*//* Did we just start decreas;ing?

/ * Starting PJint for decrease

/* Reset to detect next increase
*/

*/

/* Still transitioning? */

~

/ * constant x */

~~

nsteps) }";



{
yup = 1;

if( yswtchup == 0 )

{
yswtchup = i;
yswtchdn = 0;

else if( (p2 - oldp2) < a )

{
yup = -1;

if( yswtchdn == a )
{
yswtchdn = i;
yswtchup = 0;

}
if ( i <= ( yswtchdn + nsteps ))

.

{
frec.p2 = p2 - slop2* (i-yswtchdn) Insteps;
frec.v2 = frec.v2 - slop2/nsteps;

}

..

~

/ * Increasing y */

Did we just start increasing?/*

*// * I:ecreasing y

/ * Starting r:oint for decrease
/ * Reset to detect next increase

*/

*/

/* Still transitioning? */

/* constant y */

/* Still transitioning? */



else

{
if( i <= ( yswtchdn

{ .

frec.p2
frec.v2

p2 - slop2*(i-yswtchdn)/nsteps;

frec.v2 - slop2/nsteps;

}
else

-

{

frec.p2
}

=

&frec, recsize, 1, fptr )i

oldpl = pl;

oldp2 = p2;

}

fclose ( fptr );

~

j* Still transitioning?

~

nsteps ))+

~

p2 slop2;


