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TEMPERATURE ERRORS MODELING OF COORDINATE MEASURING MACHINES

Coordinate measuring machines (CMMs) are commonly used to determine the parameters of a circular feature
using different criteria like minimum zone, least squares, minimum circumscribed or maximum inscribed. For
many years, thermal effects have been the largest single source of dimensional errors and equipment non-
repeatability. Thermal error variation has a complex nonlinear nature which makes it difficult to handle.
Theoretical analysis and analytical representation of almost components of the CMMs measuring uncertainty
at the beginning of measurement makes possibilities to create measuring errors models in every CMMs knots,
considering temperature influences and estimate there. This work presents the equations for the components of
the volumetric error of a Coordinate Measuring Machine including temperature influences and the interest to
the temperature effects influence determination on the CMMs uncertainty and there estimation with help of the

mathematical statistics methods, for example correlation theory, factorial design and ANOVA.
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Introduction

The products manufacturing within smaller
tolerances and in larger quantities has impelled the
necessity of developing faster, more accurate, flexible
and reliable quality control approaches [1]. In this case
the most suitable measuring instruments are Coordinate
Measuring Machines (CMMs) that can e employed in
every branch of machinery industry.

The measurement uncertainty and performance of
CMMs is limited by different verity of factors that take
action just themselves, combining with each other in a
complex combination. Geometric errors compose the
most representative fraction of the volumetric error A
full number of 21 errors can be determined from three
axis CMMs [2]. Theoretical analysis and analytical
representation of almost components of CMMs
measuring uncertainty at the beginning of measurement
makes possibilities to create measuring errors models in
every CMMs knots, considering temperature influences
and estimate there.

At the temperature of 20°C, geometric errors can
be considered constant, once they vary very slowly with
time. However, if the temperature is different from
20°C, these errors can change in magnitude and
behaviour due to thermal deformations of the CMM
structure in a general sense. Hence, the denominated
thermal errors are induced, detrimental to precision and
repeatability of CMMs (Bryan, 1995).

The knowledge about temperature variation makes
possible determinate performance criterions for every
CMMs components and temperature correction
directions as goal to minimize measuring uncertainty.

1. Theoretical background

For many years, thermal effects have been the
largest single source of dimensional errors and
equipment non-repeatability. Thermal error variation
has a complex nonlinear nature which makes it difficult
to handle. Although not as significant as in machining,
thermal error effect on CMM accuracy has been widely
addressed [5]. Several studies have been developed with
the aim of understanding the characteristics, amplitudes
and sources of thermally induced errors so that their
effects can be minimized [1]. Thermal errors, their costs
and sources have remained practically unchanged
(Bryan,1995). Bryan (1967) assessed the state of the art
and relevance of thermally induced errors. According to
Bryan, errors due to temperature variation either present
the same magnitude or are greater than kinematic, static
and dynamic errors. Thermally induced errors are
responsible for a considerable fraction of the total error
of a machine tool. Ramesh et all (2000) published a
paper about thermal errors in machine tools that
basically discusses the work concerning the study,
measurement, modelling and compensation of thermally
induced errors that were produced in the nineties [1].

One of the last research works [1, 3, 4] show the
interest to the thermal effects influence determination on
the CMMs uncertainty and there estimation with help of
the mathematical statistics methods, for example
correlation theory, factorial design and ANOVA.

Regarding coordinate measuring machines, the
thermal influences issue remains even more critical, due
to the poor availability of research on the theme and the
insipience of the published results. The subject,
although not recent, remains contemporary.
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2. Development of the general error model

This work shows a mathematical formulation to
obtain the equations for the volumetric error
components in CMM considering thermal influences.
All experimental runs for the acquisition of error and
temperature data were conducted on a moving bridge
CMM. The thermal influence problem is not simple, due
to the demanding precision requirements for the CMM
Using an general error model obtained by means of
homogeneous transformations, each component of the
volumetric error can be described as the sum of different
parts that are related to the geometric errors of the
machine. Geometric errors were showed as functions of
position and temperature. The proposed model is based
on the straightforwardness of application and adaptation
of the homogeneous transformations to any kind of
coordinate measuring machines and on the efficient
diagnosis ability of the general error method [1]. The
modelling was carried out in two stages. Firstly, the
equations of the volumetric error for a reference
temperature of 20°C were determined by means of
homogeneous transformations. Next, the equations of
the geometric errors thermally induced variations were
determined using regression techniques and the least
square method [1].

Hence, the equations of the volumetric error
components are given in (1), (2) and (3).

Ex =Posx +Ryyx +Rzyx +

+[Ortyy +Yawy | Y34 +[Ortyy +Pitchy + (1)
+Yaw +Rolly](~Z~Z4s )+ Rolly Z;,,
Ey = Posy + Rxy +Rzy +[Ortxy +
+Yawy ](X23+X)—PitchyZ;; +

2
+[Ortyz +Rolly + Pitchy + @
+Pitchy |(~Z —Zy4s),

Ez =Posy +Rx; +Ry,x —Rolly (X+X23)_ 3)

—[Roll, +Pitchy | Y34,

where Ex,Eyand Ez - components of volumetric error
at 20°C;

Ortyy, Ortyz and Orty; — orthogonality errors;

Pitchy, Pitchy and Pitchy - angular error Pitch at axis
X,Y and Z,;

Posy, Posy and Pos; - positioning error at axis X, Y
and Z;

Rxy and Rxy - straightness error of axis X direction
Y and Z,;

Ryx and Ryy - straightness error of axis Y direction
X and Z,;

Rzyx and Rzy - straightness error of axis Z direction
XandY;

X, Y and Z - coordinates;

Y34, X3, Z12 and Zys - fixed offset.

It is very important to know the amplitude of the
variation experienced by the errors and steady offsets
due to temperature variation. Therefore, geometric
errors must be changed for different thermal states.
Resulting data must be treated as functions of position
and temperature and finally must be adequately
introduced in the general equations.

Each geometric error was written as the sum of
two parts Eq. (4). The first one represents the geometric
error at 20°C and only depends on the position of the
corresponding carriage. The second part represents the
thermally induced error variation. It can be described as
a function of temperature and position, since
temperature variation may cause irregularly distributed
error variation along the coordinate axes.

feh; = feh; (p)+ vfeh; (p, T), (4)

where feh; is the error at any position i and at any

thermal state;
feh; (p) is the geometric error i at position p;

vfeh; (p,T) is the thermally induced variation of

geometric error i at position p.

The mathematical determination of geometric
error variation due to changes in temperature is rather
complex. Consequently, collected data from thermal
drift at four points distributed along each evaluated
axis were employed. One data set was acquired at each
observation point. These sets represent the thermally
induced variation of the error at a given position, until
steady state. Expressions describing error variation as
a function of temperature at each drift observation
point were obtained by means of regression
techniques. The variation can be written as:

vieh; (T)=1vo+ vy Ty +v2To +...+viTj, (5)
where vfeh;(p,T) is the error variation at any point i,
for i=1,....4;

T - contains the components of the array of
temperature variation from the several thermocouples
j, for every j=1,...,18;

Y1, ..., Yj - least squares estimators.

The selection of wvalues that compose the
temperature array at each point i was performed by
means of a stepwise procedure. Therefore,
thermocouples whose temperature presented a
correlation greater than or equal to 99,9% were grouped.
Subsequently, the effects of variables p and T were
superposed for the determination of error variation at
any position and at any thermal state, using regression
techniques and the least squares method.

vfeh; (p,T)=PBo (T)+PB;(T)p; +
+Bo (T)pf +...+B, (T)p,

where P4, (i = O,...,n) are the regression coefficients;

(6)
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p;,(i=1,..,4) are the positions where thermal drift

was observed.

The estimation of coefficients B, was made

possible setting nonequality relationship between Eq.
(6) and error array given by (5) and applying the least
squares method. The resulting system is given by (7).
Least squares estimators Bo,B1,0; ,...,pn are determined
so as to minimize Eq. (8)
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where vfeh;(T) = error variation at any point i for
i=1,...,4;
vfeh;(p,T) = thermally induced variation of

geometric error i at position p.

3. Experimental Results

A temperature gradient was introduced, which
varied from 20°C to 26°C during the warming up period
and from 26°C to 20°C at cooling down. As a result,
four data sets that describe error variation at each
observation point were obtained.

The curves that describe thermally induced
variation of positioning error Y and can be observed
that at certain positions, in the early beginning of
cooling down process, error variation presents an
increasing tendency. This fact is ascribed to system
inertia and to the environmental conditions in the room
at the moment of data acquisition.

If humidity is high, heating system will work
harder, causing cyclic temperature elevations.

Correlation coefficients for each curve were
99,89%, 99,83%, 99,7% and 99,8% respectively.
Analysis of residuals showed random behaviour,
following an approximately normal distribution with
mean value close to zero and constant variance.

The expression for the wvariation of axis Y
positioning error was obtained through the sum of the

solution of system (9) with the error at reference state,
so that the function describing the behaviour of the
referring error was obtained.

vfeh (0,T)= vfeh, (T),
vfeh (75,T) = vfehss (T),
vfeh (200,T) = vfeh,, (T),
vieh (300,T) = viehs0 (T).

An analysis performed on the results obtained
during the positioning thermally induced error
variations for all axes allowed for the conclusion that
the assembly principle between slide and scale
influences magnitude and behaviour of these errors
when the machine is submitted to environmental
temperature variation.

The collected data sets were adequately introduced
in the mathematical equations to allow for the
development of the proposed model.

)

Conclusions

The ring gauge was measured at several positions
and at different temperatures. The coordinates of 10
randomly distributed points on the surface that defines
the ring diameter were collected.

The values of the components of the volumetric
error were synthesized at the coordinates of the
collected points by means of the proposed model.

Next, the error correction at the coordinates of the
measured points was performed, and the corrected
coordinate values were obtained. Subsequently, the
diameter was estimated and the difference between
calculated and standard diameter values was
determined.

Finally, the difference between calculated and
standard diameter values was determined. Standard
diameter was obtained by means of calibration. The ring
gauge calibrated diameter was 181,0124mm =+Ipm at
20°C, whereas at 26°C, the value was 180,0137mm
+0,7um.

Having known calculated and calibrated diameters,
residual error difference was determined.

Eres = Djiculated — D calibrated »

where Dcgiculated -- gauge calculated diameter;

D alibrated -~ gauge calibrated diameter.

From residual error values, an analysis was
executed to decide whether the model is adequate or
not. Model adequacy is conditioned to residual error
values relatively small and normally distributed.

The thermal behaviour of straightness and angular
errors of all axes do not depend on the position of the
corresponding moving carriages. Hence, during thermal
drift data collection, error values can be evaluated at one
point only.



112

ISSN 1727-7337. ABUAITUOHHO-KOCMHNYECKASI TEXHUKA U TEXHOJIOI'US, 2012, Ne 6 (93)

References

1. Valdes, R. A Synthesization of Thermally
Induced Errors in Coordinate Measuring Machines

experiment techniques to estimate CMM measurement
uncertainty [Onexkmponnvlii pecypc] / A. Piratelli-Filho,
B. Di Giacom. — Pexcum oocmyna: http.//vsites.unb.br/
ft/enm/metro/papers/ASPE_00.pdf.

4. Ilupoe, TM. Ilramysanns cmamucmuyno2o
excnepumenmy [Texem] / T.M. Iupoe // [Ipunadobyoy-
eanns. Cman i nepcnekmueu: mes. oon.. — K.: HTVY
“KIII”, 2011. — C. 125.

5. Barakat, N.A. Kinematic and geometric error
compensation of a coordinate measuring machine [Text]
/ N.A. Barakat, M.A. Elbestawi, A.D. Spence //
International Journal of Machine Tools & Manufacture.
—2000. — No. 40. — P. 833-850.

[Text] / R. A Valdés. B. Di Giacomo, F. T. Paziani //
Journal of the Braz. Soc. of Mech. Sci. & Eng. — 2005. -
-V.27.—No.2.—P 170-177.

2. Iupoe, TM. I[lapamempuuni noxubku npu
KaniOpy6anHi  KOOPOUHAMHO-GUMIPIOBANbHUX — MAWUH
[Texem] / TM. Iupoe // Inmeeposani inmenexkmyanvHi
pobomomexniuni Komniexcu: mes. oon.. — K., 2011.
—C. 205- 206.

3. Piratelli-Filho, A. Application of design of

Tocmynuna 6 pedaxyuio 5.10.2012

PenenseHT: n-p TexH. Hayk, npod., mpod.. kadenpu inpopmariiiaux texHomorid B.I1. Keachikos, HarioHamsHui
aBianiiiHuid yHiBepcutet, KuiB, YkpauHa.

MOJIEJIOBAHHSA TEMITIEPATYPHUX IIOXUBOK
HA KOOPIMHATHO-BUMIPIOBAJIbBHUX MAIIINHAX

T.M. Xaeiin

KoopnunatHo-BumMiproBanbai Mammau (KBM) mimpoko BHKOPHCTOBYIOTBCS JJIsi BU3HAUEHHS T€OMETPHUYHUX
rapameTpiB BUMIpIOBAJIBHUX O0’€KTIB 3a JIONOMOrOI0 pIi3HUX KPHUTEpiiB, HAIPUKIAJ, METONOM HalMEHIINX
kBazpariB. [Iporsirom 0ararthbOX pOKIB TeMIEpaTypHI BIUIMBH OylnM OJHHMM 3 HAHOLIBIIMX JDKEpENT MPOCTOPOBHX
noxuOok. Bapiarist TeMepaTypHUX MOXHOOK Ma€ HeJiHIHHY TPUPONY, IO YCKIIAJHIOE MPOBEACHHS BUMIPIOBATBHIX
EKCIIEPUMEHTIB 1 00pOOKY pe3yNbTaTiB BUMIipIOBaHHS. TEOPETUYHUI aHaJIi3 1 aHATITUYHE MPECTaBICHHS OLTBIIOCTI
CKJIaJIOBMX BHMIpIOBaJbHOI HeBu3HaueHocTi KBM Ha erami maHyBaHHS BHMIPIOBAIBHOTO EKCIIEPUMEHTY Ja€
MOXKJIMBICTh MTOOYAyBaTH MaTeMaTH4Hi MoJielli MOXUOOK B KoxkHiH naHni KBM, BpaxoByo4H BIUIMB TEMIIEPATypHHUX
(bakTOpiB 1 OLIHUTH iX. B po0OOTI MpeacTaBIcHI aHATITHYHI MOJIENI CKIaIoBHX 00’ eMHUX moxuook KBM, Bu3HaueHi
TEMIIepaTypHi BIUTUBH HA BUMIipIOBalbHy HeBH3HaueHicTh KBM, siki MOXyTh OyTH OLiHEHi 32 JOMOMOTOI METOIIB
MaTeMaTHYHOI CTATUCTUKY, HA TIPUKJIAlI KOPENSLiHHOI Teopii i JUCIEPCIHHOTO aHaTi3y.

Kmiouoi cmoBa: KoopnuHaTHO-BUMIpIOBaJIbHA MAalllMHA, BHUMIPIOBAIbHA HEBU3HAYEHICTh, TEMIIEPATYpHHIA
BILIUB.

MOJEJUPOBAHUE TEMIIEPATYPHBIX IO PEIITHOCTEN
HA KOOPIMHATHO-UBMEPUTEJIbHBIX MAIIIMHAX

T.M. Xaeiin

KoopaunatHo-u3meputenbhbie Mammubl (KMM) MMpoKoro UCHONb3YIOTCS ISl ONPEACICHUS TeOMETPHUSCKUX
MapaMeTPOB H3MEPHUTEIBHBIX OOBEKTOB C IOMOINBIO Pa3IMYHBIX KPUTCPUEB, HAIPUMEP, METONA HAUMEHBIIUX
KBaapaToB. Ha mpoTsDKeHMM MHOTHX JIET MCCICIOBAHUN TEMIIEPaTypHOE BIMSHUE OBLIO ONHHUM M3 Ba)KHEHIIUX
HMCTOYHHUKOB MPOCTPAHCTBEHHBIX IMOTpelmHocTedl. Bapuamusa TemnepaTypHbIX MOrPENTHOCTEH UMEET HEeTWHEHHYIO
MIPUPONY, YTO YCIOKHSIET MPOBEACHHUE HM3MEPHUTENILHBIX JKCICPUMEHTOB U OOpaOOTKY pEe3yIBTaTOB HM3MEPCHUIL.
TemnepaTypHblii aHajdM3 W AQHAIMTUYECKOE TPECTABICHUE OCHOBHBIX COCTaBISAIONIMX H3MEPUTENHHOMN
neonpenenéaHoctu KMM Ha sTane miaHupoBaHUs U3MEPHUTEIHLHOIO IKCIEPUMEHTa AaéT BO3MOXKHOCTh TTOCTPOUTH
MaTeMaTHYeCKHe MOJIENU TIOrpeImHoCcTel B KaxaoM y3iie KM npu BIUSHAN TeMITEpaTypHBIX (JaKTOPOB U OIICHUTH
uxX. B pabore mpeACTaBICHb aHATUTUYCCKHE MOICIH COCTaBJAIOMNX O0BbeMHBIX morpemuocreii KHM,
OMpeeNieHbl TeMIIepaTypHbIC BIUSHHUS Ha HW3MEPUTEIbHYI0 HeonpenenéHHocth KHM, koTopble MOTYT OBITH

OII€CHCHbBI C TIIOMOIINBKO MCETOOOB MaTEeMaTHYECKOM CTaTUCTUKH, HaIpUMEp, KOppe.]'IfILlPIOHHOﬁ TCOpUU U
JUCIICPCUOHHOI'O aHaJIn3a.
KiroueBble CJioBa: KOOpI[I/IHaTHO-I/ISMepI/ITeJ'H)HaH MallluHa, U3MEpUTECIIbHAA HCOHPEI[EJ'IéHHOCTB,

TEMIICPATYPHOC BIHUAHHUC.

Xaeiitn Tamapa MuxaiiriBHa — acnipant xadenpu indopmaniiinux cucrem I[Hctutyty iH(DOpMAaiiiHO-
JiarHOCTHYHUX cucTeM HarioHansHOro aBiamiiHoro yHiBepcurety, KuiB, Ykpauna.



