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Jmeasurements

Fmal Report for
Cooperauve Research and Development Agreement Y1293 0207
k . with DSP' Control Group, Inc. for ~
Advanced Machine Tool Accuracy Compensation

Introduction

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. Machme tools .exhibit mechamcal inaccuracies because of gear backlash, bearing friction,
inconsistent lead screw pitch, and other non- lmeanues MATRIX4 the machine control system currently
marketed by the DSPCG has the capa 'bmty 1o compensate. for these errors. DSPCG requested technical
assistance in measurmg these errors on a test platform ; and de\elopmg techniques for compensation to
improve machine tool accuracy The mtem of this project was 1o demonstrate accuracy compensation on an
Energy Systems machme tool. :

Background

DSP Control Group originally called the National Machine Tool Partnership (NMTP) hotline number for
assistance in the application of machine 100l ; accuracy 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 scope of the project and consisted of three primary objectives.

The first objecuve was to demonstrate normal’ operauon of a machme tool with the DSPCG MATRIX4
controller. This mcluded all'the mterfacmg and system integration necessary (o drive the machine with two
axes of motion “Included in this ‘objective was the tuning of the control system to insure acceptable
machme dynamxc onse and servo loop smbllxty

‘After msurmg proper‘operauon the next Ob_]CCUVC was to measure Lhe posmomng errors on the machine,

This provrded aba 'jyhne for evaluaung the effectweness of ‘the: accuracy: compensation. It involved
interfacing test equlpmem to measure machine tool errors. Energy Systems has acquired significant

_expenenced in makmg measuremems of this nature in Lhe developmem of precxsxon manufacturing
processes at. the Oak Ridge Y- 12 Plant R :

The thxrd objectwe was to demonst.rate machme tool accuracy compensation. - After developing and
1mplemenung a v1able compensauon algomhm the positioning error measurements-were repeated. These
re compared (o the baselme performance d:ua o determme the magmtude of the

performance improvement.

The objecuve of this 1nmatrve was to ‘demonstrate an- improvement in accuracy on an existing machine

tool. Due to the shon duration of this project, the decision was made to concentrate on a single non-
lmearuy Specifically, gear backlash (or hysteresis) was'selected since u 1s easnly measured and smce a
machme tool was readily available that had a pronounced backlash problem. < :

The machine tool selected for 1his demonstration was originally manufactured by Moore Precision Machine
Tool Company as a coordinate measuring machine. It was later modified at Energy Systems (the vertical



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 stacked slides. which provide motion in two directions relative to the fixed
horizontal spindle. Each of these shdes is driven by a lead screw which is connected to dc servo motor
through a 40:1 reduction gear. - Thxs machme exhibits a sxgmﬁcam amount of backlash (approximately
0.004 in.) due to.the configuration of the mechamcal drive train. The configuration of the machine tool

used in this experiment is illustrated in Fxgure 1.
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Figure 1. Machine tool layout for backlash /corrvlpen,satipn testing.

Backlash was measured by comparing the motion of the servo motors to the actual mouon of the machine
slides. For this experiment, the slide that moves perpendicular to the spmdle axis of rotation is referred to
as the x axis. The slide that moves parallel to the spindle axis is referred to as the y axis. Motor motion
was measured using integral encoders in each of the servo motors. The motion of the slides was measured
with a Hewlett Packard laser interferometer system and opueal hardware moumed dxrectly on xhe slides.

Motion control was obtained Lhrough the use of a personal computer- based MATRIX4 syst.em manufactured
by DSP Control Group. The MATRIX4 uses dual digital signal processors (DSPs) to provide the high-
speed computational capability required for up to four simultaneous servo loops. This system operates in
one of two primary modes. One mode performs coordinated axis moves based on a smgle set of input
parameters to:generate profiles such as straight lines, circles, etc. The other mode ac
directly from the host (personal computer) and enables the machine to follow an arbltmryytra)ectory The
latter mode was used in this experiment o investigate compensation for machine backlash.”

The machine tool used in this experiment is normally controlled by a control system provided by another
manufacturer. Since the machine was in use between parts of this experiment, it was necessary to quickly
switch between the original control system and the MATRIX4 system. To facilitate this rapxd changeover,
an.adapter was fabricated to match the MATRIX4 mterface to that of the ongmal contml systcm Thus, the
control system:was changed by simply removing a connector from the ongmal com.rol system and attaching
it to the MATRIX4 adapter. ;



All programmmg for this CRADA was done in Microsoft C, version:6.0. -Example software provided t;
DSPCG was used as a ‘starting point for thetest program used inthis experiment. . The example program
was modified to accept an arbitrary length trajéctory read from'a disk file instead of from a fixed length
array. Other modifications were made for convenience and to support this particular appllcauon The
example program also provxded access-to the motor position; velocity, and following error in real time
through the use of dual-port RAM in the MATRIX4. -

,Software was also wntten 10 read the ‘position Of the slides: from the Hewleut-Packard laser interferometer
system in real ume Included in this software development effort was a module that mcreased the resolution
of the personal computer ‘clock. This module increased the accuracy of the time stamp that was included
with each discrete measurement. The measurement of the slide position was made immediately after that of
the motor position, velocity, and following error in:the ‘main program. These measurements were
combined along with a time stamp and stored as a single record.

The experiment to demonstrate accuracy improvement through backlash compensation was 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
speed. In lhe second part, it was programmed to move in a4 in, diameter circle at high speed. In both
experiments, posxuon ‘data was taken 10 .indicate the path-of :the motors and the path of the slides. Each
_part was performed with and without backlash compensation 10 quantify the performance improvement.
The 1/8 in. cxrcle was selected because it provided a convenient scale such that the machine backlash is
clearly visible in‘a plot of the entire circle. The 4 in. circle was selected because it was, the largest circle
that could be generated with the machine tool setup at the time of the experiment, It was also felt that the
4 in. circle was closer to a typical application on a production machine tool.

4. B’aé‘klash ‘Co‘mpensation " Algorithm

Backlash is caused by tolerances in the mechanical linkage between the motor and the slides. Each time the

, dlrectlon of a‘slide is reversed, the internal parts of the mechanism must bear against opposite ends of these
tolerances “Thus, at the beginnihg of ‘the slide reversal, motion of the motor results in no net motion of
the sllde The backlash compensation algonthm attempts to compensate for this condmon

The algonthm used in this-effort used an“open-loop compensauon techmque .That i 1s, rml time feedback
‘from the laser interferometérs indicating slide position was not-used to correct the motion proﬁle as it was
“being transmrtted to the MATRIX4. Although this kind of closed-loop compensauon would ultimately

prove more accurate, laser interferometers are somewhat expensive for appllcauons of this nature. In the

compensation algonthm used, backlash for both axes was measured in separate tests beforehand, as it was

requu'ed as input 10 the algonthm

The use of laser mterlerometers for real time: compensauon is not new to DOE manufacmnng operations.
It has been used in high precision machining to achieve accuracy unattainable. wuh convenuonal feedback
techniques. A U.S. patent was issued in 1978 for a dual-loop. feedback system. developed at the Oak

Ridge.Y-12 Plantl.

Compensntxon for backlash is achxeved by moving the motor an amount corresponding to the backlash each
time the shde reverses direction. This moves the internal parts of the mechamcal linkage 10 the opposite
ends of their tolerances such that subscquent motion of the

motor results in the desired motion of the slide. Unfortunately. as early tests indicated, this compensauon
move cannot be performed mstantaneously due 1o inertia in the motor and its load. Tlus inertia causes the

1 U.S. Patent No. 4,128,794, "Interferometric Correction System for a Numerically Controlled Machine", issued to
Robert R. Burleson for the U.S. Department of Energy, December 5, 1978.




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 Lhe mouon trajectory the

‘machine is following at the:time the slide reversal takes place.

‘A’ stated previously, the MATRIX4.was given the command Lrajecwry in the form of labular data sent by

the host computer. Due to the volume of data required, Lhe trajectory data was’ stored in disk files on the
host computer. Backlash compensation was implemented in software by reading data from these disk files,
superimposing compensation moves as necessary, and writing the resulting data to another disk file.
Compensation moves were included wherever position data for a given axis changed from increasing o
decreasing or visa-versa.: The program-that sent the data to the host computer could accept data from the
original data file or the compensated: data file. This provided a convemem companson ‘regarding the
performarice of the backlash compensation algorithm.

~Exp‘erimental “Results

Parts of the experimental procedure highlighted prevrously were repealed several umes in the process of
determining the effectiveness of the:¢rror corréction capabxluy of the MATRIXA. This section provides a
representative sample of the results obtained on this machine. Addmonal tabular data is included in an
appendix to this document. The graphs presented in this section were produced using KalexdaGraphTM ona
Macmtosh® computer. Unless otherwxse 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 phenomenon is more easily seen.
Results from the 4 in. circle are then presented to show the effect of backlash on a typical size part. In all
of the graphical results presented, the machine motion is-in the counter-clockwise direction. . Prior to each
test, the machme was moved such that lhe backlash was removed in the direction of the mlual motion.

The 1/8 in. circle proﬁle was: performed ata feed raie of 0 288 in. /mmute A smgle revoluuon 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. comparrson 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 xllustrates the effect of backlash as evrdenced the distortion in the

measured trajecwry of the slide.

Backlash is first introduced when the y shde reverses direction-at the top of the cu'cle 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, repeating the backlash phenomenon.  Since the circle does: not conunue past the starting point
on the right side; the x slide reverses direction only once.. :
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Floure 2. One- cxehth in. circle wuhout backlash compcnsanon

Perhaps the best measure of the effecuveness of backlash compensauon for the 1/8 in. circle is the actual
deviation from the desired radius.’ Thxs radxus erTor measurement was made by compuung the geometric
distance of each:set'of x.and y d pomts from the center of the circle’ (where x and y are both equal 10

Z€ro). . Fxgure 3 illustrates this ‘,ompanson in whxch resuhs from bom,a‘compensated and’ uncompensated

test were: plotted on the same scale. thhout backlash compcnsaubn the radius error was nearly 0.005 in.
With compensation, however, the radius error was less than 000035 in. Thus, backlash compensation
yielded an improvement of more than an order of magnitude on this machine tool.
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Figure 3. Radius error for 1/8 in. circle, with and without backlash compensation.

Figure 4 shows how backlash compensation improves the trajectory of the slides on the 1/8 in. circle.
Note that the trajectory followed by the motors begins to deviate from a true circle near the top where the y
slide reverses dxrecuon At ths point, the backlash is removed by a linear move superimposed over the
circular trajectory as described prcvxously It can be seen that the: path traversed by the slides deviates
slightly from that of a true circle near the locations where the backlash is being removed. This is caused by

the fact that the backlash cannot be removed mstanlaneously, thus some position error is allowed during the

transition. This error is small however, comparcd 10 Lhe errors‘introduced by uncompensated backlash.

To see more clearly the behavior of the system as the backlash compensation takes 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
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the y slide. The maximum deviation from the desired trajectory occurs in the vicinity of the slide reversal,
It should be noted, however, that this deviation is well below 0.001 in.
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Figure 4. One-eighth in. ‘circle with backlash comypensation

Also visible in Fxgure 5 are lhe muluple Lraces that were produccd as the machme moved through three
complete revolutions of the cxrcle Muluple passes were made (o insure the ‘backlash compensauon results
were repeatable. As the figure shows, the variation in the trajectory from pass to pass was minimal.

The 4 in. dmmetcr cxrcle was programmed at a feed rate of approxxmately 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.
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Figure 6 provides an expanded v'/iev’//of the y slide reversal similar to that shown by Figure S for the 1/8 in.
circle. This figure shows the minimal deviation of the slide trajectory relative to that of a true circle. Due
to the larger scale of the 4 in. circle, no useful information can be obtained from a plot of the entire circle.

Since the errors (eve

of each other."

n with backlash) are small cqmpared to the 4 in. diameter, the lines are overlaid on top
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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 machine tool with
the MATRIX4 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 MATRIX4 in a few minutes.




The second objective was met by interfacing the Hewlett-Packard laser interferometer system to the machine
tool to measure the 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 simpie error
correction algorithm. While these results are impressive, it should be noted that no attempt was made to
fine-tune the control parameters or the correction algorithm. With continued emphasis in these areas, it
seems likely that the machine (ool accuracy would be improved even further.
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APPENDIX A |
1/8 INCH UNCOMPENSATED TEST DATA
(ALL UNITS IN INCHES)
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APPENDIX B ;
DRAWING OF INTERFACE CABLE TO ADAPT DSPCG MATRIX4 FOR
PIN-COMPATIBILITY WITH GALIL 621 MACHINE CONTROLLER
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DB37 Male 60 Pin Male

Connector Header
AXIS10UT J1-27 & BLUWHT <3 J27  MOTOROUTX
AXIS20UT J1-9 ¢ ORANGE/RED > J26  MOTOROUTY
A GND 12 <€ GREEN ' > J2-8  AGND
o J1-14 <€ ORANGE : > J215 I+ )
I J1-33 RED/WHT : ]: > J2-16 |-
me B 129 BLK/WHT > J217 B+ S . -
B- J1-12 <€ BLUE r > J2-18 B
A+ J1-23 < BLACK ' > J2-19 A+
(A 15 < WHITE : » J220 A-
ar 135 WHT/BLU Ly 22 e )
I 017 < GREEN/BLKWHT 3 J230 -
- B+ J13 ORANGE/BLK . ) gt By )
B- 132 < BLU/BLK Ly a2 B FENCODEH
A+ J1-25 RED/WHT/BLK f : > J2-33 A+
A 7 < RED/GREEN : > J2-34 A )
+12V -1 RED/BLK , ' 3 J2-57 412V
DIGGND  J1-21 GREEN/WHT , : » J2-60 DIG GND
E STOP J1-3 AN —BER , ' > J2:59  +5V

=)
x
| L]

1/4 W

INTERFACE CABLE TO ADAPT DSPCG MATRIX4
FOR PIN-COMPATIBILITY WITH
GALIL 621 MACHINE CONTROLLER




APPENDIX C
PROGRAM TO GENERATE COMPENSATED TRAJECTORY PROFILE
FOR BACKLASH COMPENSATION WITH DSPCG MATRIX4
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/*  cirgencx.c

Fogiiy

Program to generate a circle trajectory profile Icr DSPCG. CRALA.
Results are writtten to a blnary file glven as —he argxment when
*  the program 1s nm ‘ :

*

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

*

* Written by: Wes Wysor, June 1994.

*/

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

double PT = 3.141592654;

void main( int argc, char *argvi] )
{
long i, npoints, am;
long pl, p2, oldpl, oldpZ;
long slopl = 7485;
long slep? = 7165;
long xswtchup, xswtchdn, yswtchup, yswtchdn, nsteps;
int xup, yup;

struct FDAT
{
long pl;
long vi;
long p2;
long v2;
} frec;

gize t recsize = sizeof( frec );

printf ("\n Enter Period (mumber of points) > "):

scanf ("$1d", &npoints ); ;

printf("\n Enter Amplitude (circle radius, 1in = 1,6000,000) > ");

scanf ("%1d", &amp );

printf("\n Enter Number of Transition Steps (courts) > ");

scanf ("%1d", &nsteps );

printf("\n Period = %1d Amplitude = %1d # Steps = %1d \n",
npoints, amp, nsteps );

( fptr = fopen( argv(l], "wb" )) == NULL )

{
printf ("\n ERRCR Opening Contour Data File! ");



printf ("\n Run program using - CIRGEN‘<filenamé> \n\n") ;
}

/* The following fills the buffer in the DSPCG board with 1024 zero points
* Jue to the fact that there seems to be an initialization problem

*/

for (1 = 0; 1 < 1024; i++)

{ :

frec.pl = (long) (amp*cos ( (2.0*PI* (double)0.0)/ ( (double)npoints)) ) ;

frec.vl = (1ong)(-2*PI*amp*sin((2.0*PI*(double)0.0)/((double)npoints))
/ (double) npoints) ; , ~

frec.p2 = (long) (amp*sin((2.0*PI* (double)0.0)/ ((double)npoints)));

frec.v2 = (long) (2*PI*amp*cos ((2.0*PI* (double)0.0)/ ((double)npoints))

/ {double)npoints) ;

fwrite( &frec recsize, 1, fptr );

}
oldpl = frec.pl;
oldp2 = frec.p2;

/* Campute actual data points

*/
xswtchup = 0;
xswtchdn = -2*nsteps;
yswtchup = -2*nsteps;
yswtchdn = 0;
xp = -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)rnpoints))
/ (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( (pl - oldpl) > 0 ) /* Increasing x */

{

xup = 1;

if( xswtchup == 0 ) /* Did we just start increasing? */
{
xswtchup = 1i; /* Starting point for increase */
xswtchdn = 0; /* Reset to detect next decrease */
}

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




{

frec.pl = pl + slopl*(i-xswtchup)/nsteps;
frec.vl = frec.vl + slopl/nsteps;
}
else
{
frec.pl = pl + slopl;
}
}
else if( (pl - oldpl) < 0 ) /* decreasing x */
{
xup = -1;
1f( xswtchdn == 0 ) /* Did we just start decreasing? | */
{ - :
xswtchdn = 1; /* Starting point for decrease */
xswechup = 0; /* Reget to detect next increase */
}
if{ i <= ( xswtchdn + nsteps }) /% Still transitioning? */
{
frec.pl = pl + slopl* (1-{(flcat} (i-xswtichdn)/(float)nsteps));
frec.vl = frec.vl - slopl/nsters;
}
else
frec.pl = pl;
}
} ,
else if( (pl - oldpl) == 0 ) /* constant x */
if( xup > 0 ) :
{
1if( i <= ( xswtchup + nsteps )) /* Still transitioning? */
{
frec.pl = pl + slopl*(i—xswtchup)/nsteps;
frec.vl = frec.vl + slopl/nsteps;
}
else
{
frec.pl = pl + siopl;
}
}
else
{ ;
if( 1 <= ( xswtchdn + nsteps )) /* Still transitioning? */
{
frec.pl = pl + slopl*(1-((float) (i-xswtchdn)/ (float)nsteps))’;
frec.vl = frec.vl - slopl/nsteps;
}
else
{

frec.pl = pl:



}

if( (p2 - oldp2) >0 ) /* Increasing v X/
{
yup = 1;
if¢ yswtéhup = 0 ) /* Did we just start increasing? */
{
yvewcchup = i; /* Starting point for increase */
yawtchén = 0; /* Reset to detect next decrease Y
}
if({ 1 <= (yswtchup + nsteps }) /* Still transitioning? */
{
frec.p2 = p2 - slop2 * (1-{(flcat) (1-yswtchup)/(floatlnsteps) );
frec.v2 = frec.v2 + slop2/nsteps;
} .
else
{
frec.p2 = p2;
}
}
else 1f( (p2 - oldp2) < 0 ) /* Decreasing y */
{
yup = -1;
if( yswtchdn == 0 )
{
yswtchdn = 1i; /* Starting point for decrease */
yswtchup = 0; /* Reset to detect next increase */
}
if( 1 <= ( yswtchdn + nsteps )) /* Still transitioning? */
{
frec.p2 = p2 - slop2*(i-yswtchdn)/nsteps;
frec.v2 = frec.v2 - slop2/nsteps;
}
alse
{
frec.p2 = p2 - slopZ;
}
}
else 1f{ (p2 - oldp2) == 0 ) /* constant vy ®y
1f( yup > 0 )
{
if{ 1 <= (yswtchup + nsteps )) /* Still transitioning? */
{
frec.p2 = p2 - slop2* (1-((float) {(i-yswtchup}/ (float)nsteps)};
frec.v2 = frec.v2 + slop2/nsteps; '
}
else
{
frec.p2 = p2;
}




else

{
if( 1 <= ( yswtchdn + nsteps )) /* Still transitioning? */ -
B G
 :~fré¢ip2 = p2 - slop2* (i-yswtchdn) /nsteps;
“frec.v2 = frec.v2 - slop2/nsteps;
}
else
{
frec.p2 = p2 - slop2;
} .

1
J

fwrite( &frec, recsize, 1, fptr );

oldpl = pl;
oldp2 = p2;
}

fclose( fptr );



