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Abstract

To achieve higher position accuracy of a machira, tib is important to measure the
volumetric errors, including the linear positioniegors and straightness errors of all
three axes and to compensate the volumetric emargided that the machine tool is
repeatable. With the latest generation of CNC adsitit is now possible to achieve
higher quality even on a lower cost machine. Tathds it is important to measure the
volumetric errors of the machine tool and to conga¢® these errors. Many of the
controls available today have this capability bwry few take advantage of this
technology. Described here is a vector method deeel by Optodyne. Using the
Optodyne laser calibration system and the vectdhaodk the volumetric errors, e.g. 3
linear positioning errors, 6 straightness errord arsquareness errors, can be measured.
The measured volumetric errors can be used to cesape the machine errors and
achieved higher volumetric accuracy. The time meguto compensate the machine
using the vector method is significantly less tllaat using conventional measurement
procedures making it easier for manufactures te tkvantage to the advancements in
CNC control technology.



l. I ntroduction

To achieve higher position accuracy of a machirgd, tib is important to measure the
volumetric errors, including the linear positioniegors and straightness errors of all
three axes. Measuring all these errors and tbempensating these errors can improve
the machine accuracy, provided that the machinepsatable (Ref. 1, 2 and 3). The key
is how to measure these errors accurately and Iguickhere are many methods to
measure these errors (Ref. 4 and 5). Howeveof #lese methods are very complex and
time consuming.

Described here is a vector method. It can meaduthese errors, using a simple and

portable laser interferometer or a Laser Dopplepicement Meter (LDDM ) (Ref. 6),
in 4 setups and within a few hours.

[I.  Body Diagonal Displacement M easurement

To measure the displacement accuracy of a linaar axaser interferometer can be used.
The laser beam is aligned to be parallel to theonaaf the linear axis and the position

errors are measured at each increment. Since theumgnent direction is parallel to the

direction of the movement, the measured displaceragors are not sensitive to the

straightness errors, which are perpendicular taifiglacement direction.

It is noted that for a quick check of volumetriccakacy, linear displacement
measurement along 4 body diagonals is recommengdtiebB5.57 standard (Ref 7).
This is because the body diagonal measurementeastive to all the errors such as the
displacement errors, straightness errors, squasenex's and angular errors. Hence it is
a good check of volumetric accuracy. However, & theasured errors are large, there is
not enough data to identify the error sources.

I11. Vector Measurement

The basic concept of the vector method is that lde=r beam direction (or the
measurement direction) is not parallel to the motad the linear axis. Hence, the
measured displacement errors are sensitive tortbesdoth parallel and perpendicular to
the direction of the linear axis. More precisehg measured linear errors are the vector
sum of errors, namely, the displacement errorsa(j@hrto the linear axis), the vertical
straightness errors (perpendicular to the lineas)aand horizontal straightness errors
(perpendicular to the linear axis and the vertstedightness error direction), projected to
the direction of the laser beam. Furthermore ecoltlata with the laser beam pointing in
3 different diagonal directions; all 9-error compats can be determined. Since the
errors of each axis of motion are the vector suithef3 perpendicular error components,
we call this measurement a “vector” method.

For conventional body diagonal measurement all 8samove simultaneously, the
displacement is a straight line along the body ahad; hence a laser interferometer can
be used to do the measurement. However, for thtoveneasurement described here,



the displacements are along the x-axis, then albagy-axis and then along the z-axis.
The trajectory of the target or the retrorefleasonot parallel to the diagonal direction.
The deviations from the body diagonal are propa#ido the size of the increment X, Y,
or Z. A conventional laser interferometer will i@y out of alignment even with an
increment of a few mm.

To tolerate such large lateral deviation, a Lasepgider Displacement Meter (Ref. 6)
using a single aperture laser head and a flat-masdarget can be used. This is because
any lateral movement or movement perpendicularht riormal direction of the flat-
mirror will not displace the laser beam. Hence #tignment is maintained. After 3
movements, the flat-mirror target will move backtte center of the diagonal again,
hence the size of the flat-mirror has only to hgdathan the largest increment.

In summary, in a conventional body diagonal measard all 3 axes move
simultaneously along a body diagonal and colleth @ each preset increment. In the
vector measurement all 3 axes move in sequencg aldrody diagonal and collect data
after each axis is moved. Hence, not only 3 timese data are collected, the error due
to the movement of each axis can also be separated.

V. Basic Theory
1) Trajectory Model

The general motion of a rigid body starting fromnpoA and ending at
point B can be described by 6 degrees of freeddrhese are 1 linear
position error, 2 straightness errors, and 3 amgr@rs as shown in Fig
2.

Pa

Fig. 1 A rigid body moved from A to B
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Fig. 2 Volumetric displacement errors

To simplify the analysis, pick representative poid on the rigid body
(such as the tool tip or probe tip), and move therdinate such that at A,
Pa is at the origin of the coordinate. Assume tlation is along the x-
direction with an increment of X and move the arigf the new coordinate
to X. If there is no error, Pb should be at thigiorof the new coordinate.
However, in general Pb is not at the origin. Aewgh in Fig. 3, in the new
coordinate at BPb = X ux + E (x), (a bold letter indicates a vector
qguantity) whereux is the unit vector in the x-direction arfifl (x) is the
vector position error (or volumetric error) duetb@ motion in x-direction.
In generaE (x) can be expressed as,

E(X) = Ex(X) ux + Ey(x)uy + Ez(x)uz Eq. 1

Whereux, uy, anduz are unit vectors in the directions of x-, y-, and

axis, and Ex(x) is the error component in x-dir@ctdue to the motion in
X, Ey(x) and Ez(x) are the error components in wd a-direction

respectively due to the motion in x. Please niot¢ the Ex(X), Ey(x) and
Ez(x) are the position error components due totla motion errors

including the position error, 2 straightness err@sangular errors and
even non-rigid body motion errors. Similarly, theors due to y-axis
motion and z-axis motion arg(y), and E(z) respectively, and can be
expressed as,

E(y) = Ex(y)ux + Ey(y)uy +Ez(y)uz Eq 2
g.
E(z) = Ex(z)ux + Ey(z)uy + Ez(z)uz

Measurement Along Body Diagonal

Assume the measurement is along a diagonal direBtivith increments
X, Y, and Z. The vectdR can be expressed as,

R=X/Rux + Y/Ruy + Z/Ruz Eq. 3
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The displacement error dR measured along the dahgtirection is the
position error vectoE projected to the diagonal directiGh Hence it is
the scalar product @& andR. That is

dR =E ¢ R = EX*X/R + Ey*Y/R +Ez*Z/R Eq. 4
where ¢ means a scalar product of two vectors.
More specifically,
dR(x) = EX(X)*X/R + Ey(X)*Y/R +Ez(X)*Z/R
dR(y) = EX(y)*X/R + Ey(Y)*Y/R +Ez(y)*Z/R Eq.5
dR(z) = Ex(2)*X/R + Ey(2)*Y/R +Ez(z)*Z/R
where dR(x) is the displacement error measured galive diagonal
direction due to the movement of x-axis, dR(y) adid(z) are the
displacement errors measured along the diagonattain due to the
movement of y- and z-axis respectively.
Measurement Along 4 Body Diagonals
There are 4 diagonals, namely,
from (0O, 0, 0) to{{mY, nZ), denoted by ppp,
from (nX, 0, 0) @, (Y, nZ), denoted by npp,
from (O, nY, 0) toX, 0, nZ), denoted by pnp, and
from (O, 0, nZ) X, nY, 0), denoted by ppn,
where n is the number of inceets,
ppp means all increments astpe,
npp means all increments asative except X,
pnp means all increments aatjve except Y, and
ppn means all increments asdtive except Z.
Let dR(X)(ppp) be the dispiaeat error measured along the
ppp diagonal direction duehte movement of x-axis. The first
equation of Eq.5 becomes,
dR(X)(ppp) = Ex(X)*R/+ Ey(X)*Y/R + Ez(X)*Z/R.
Similarly, for the other diagds,

dR(X)(npp) = -EX(x)MX + Ey(X)*Y/R + Ez(X)*Z/R.



dR(X)(pnp) = Ex(X)*R/- Ey(x)*Y/R + Ez(x)*Z/R. EQ.6
dR(X)(ppn) = Ex(X)*R/+ Ey(X)*Y/R - Ez(X)*Z/R.
Solve Eg. 6 for Ex(x), Ey(x),daBz(x), we have

Ex(x) = [dR(x)(pppIR(X)(Npp)*R/(2X)

Ey(x) = [dR(X)(PPPpIR(X)(Pnp)*R/(2Y) Eq.7

Ez(x) = [dR(x)(ppPAR(X)(pPN)]*R/(22)

Similarly for y-axis and z-axi®vement,

Ex(y) = [dR(Y)(PppHR(y)(npp)[*R/(2X)

Ey(y) = [dR(y)(ppPIR(Y)(Pnp)*R/(2Y)

Ez(y) = [dR(Y)(pPRAR(Y)(PPN)I*R/(2Z)  Eq. 8

Ex(2) = [dR(2)(pPPIR(2)(npp)]*R/(2X)

Ey(z) = [dR(z)(PPRIR(2)(Pnp)I*R/(2Y)

Ez(z) = [dR(z)(pppdR(2)(ppN)*R/(2Z)
Substitute the measured displacement along all agodials, dR(ppp),
dR(npp), dR(pnp), and dR(ppn), into Eq. 7 and 8, gbsition errors, Ex(x),
Ey(x), Ez(X), Ex(y), Ey(Y), Ez(y), Ex(z), Ey(z), drEz(z) can be calculated.

4)  Error compensation

For most machine tools, the linear errors(sometiocaded the pitch error or
scale error) can be compensated by the controMowever, there are other
errors such as straightness errors(guide way btreggs) squareness errors
(squareness between axes), angular errors (pa@hand roll angles), and the
non-rigid body errors (weight shifting, counter drading etc). Usually, the
straightness errors and the squareness errors @k larger than the linear
errors, hence only compensate the linear errarstienough.
Many controllers have the capability to do the srosompensations
(sometimes called sag compensation). That is, easgie the errors in the y-
direction and z-direction as a function of x, comgegte the errors in the x-

direction and z-direction as a function of y, aminpensate the errors in the
x-direction and y-direction as a function of z. €8k correspond to the



volumetric error components, Ey(x), Ez(x), Ex(ygz(¥, Ex(z), and Ey(z).
Hence input the measured volumetric error companenthe controller the
straightness errors and the squareness errorsecannpensated and reduce
the machine tool positioning errors significantly.

V. Experimental Verification

Using an Optodyne MCV-500 calibration laser systand a volumetric calibration
package, the volumetric errors of a Giddings & Lewinodel RAM 630 horizontal
machining center were measured. The measured etlignerrors, linear errors, vertical
straightness, and horizontal straightness of X;aXigxis, and Z-axis respectively are
shown in Fig. 3a, 3b, and 3c respectively. FigBaws that for the X-axis, the largest
error is the linear error. Fig. 3b shows that fug t-axis the largest error is the vertical
straightness, which may be caused by the non- egess. Fig. 3¢ shows that for the Z-
axis, the largest error is the horizontal straighth Hence, if the machine is compensated
for displacement errors only, the large straighgresors in the Y-axis and in the Z-axis
will not be compensated.

The volumetric errors of the machine were measumgdhe vector method without
compensation. The measured volumetric errors Fi@Baand 3c were used to generate
the compensation files.
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Fig. 3a A plot of linear and straightness error s due to x-movement.
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Fig. 3b A plot of linear and straightness errors due to y-movement.
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Fig. 3c A plot of linear and straightness error s due to z-movement.

The compensation files were loaded into the coletraf the machine. The volumetric
accuracy of the machine was checked by the cormiltibbody diagonal measurement
(ASME B5.54 standard). The bodies diagonal erroeasured without compensation are
plotted in Fig. 4a and the same measurements withpensation are plotted in Fig.4b.
The diagonal errors without compensation are abbuim and the diagonal errors with
compensation are about 14 um. Hence an improveafahagonal accuracy of a factor
of 3 to 4 is achieved.



4 Diagonals without compensation
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Fig. 4a A plot of diagonal displacement measur ements without compensation.
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Fig. 4b A plot of diagonal displacement measur ements with compensation.

VI. Summary and Conclusions

To achieve higher position accuracy of a machira, tib is important to measure the

volumetric errors and to compensate the volumetriors provided that the machine tool
is repeatable. Using the Optodyne MCV-500 laseibction system and the vector

method, the volumetric errors of a Giddings & Lewisodel, RAM 630 machining center

have been measured. The measured volumetric ewers used to compensate the
machine errors resulting in higher volumetric aecyr The time required to compensate
the machine using the vector method is signifigalgks than that using conventional
measurement procedures.

In summary, we have shown that the volumetric sradfra machine tool can easily be
measured by the vector measurement technique gmceloy Optodyne. The measured
volumetric errors can be used to compensate thenimaerrors and achieve higher



volumetric accuracy. Furthermore, the time reglit@ compensate the machine using
the vector method is significantly less than thaing conventional measurement
procedures making it easier for manufactures te tkvantage to the advancements in
CNC control technology.
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Figure Captions
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A rigid body motion from point A to point B.

Volumetric displacement errors or a vector error.

Plots of linear and straightness errors.

Plots of conventional body diagonal measuremerit aiid without volumetric
compensation.



