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COMPENSATION OF MACHINE TOOL ANGULAR THERMAL ERRORSUSING
CONTROLLED INTERNAL HEAT SOURCES

Thermal errors caused by the influence of inteamal external heat sources in machine tool strucanecause
up to 70% of total machine tool inaccuracy. Themefeesearch on thermal behavior of machine toatsires
is crucial for successful manufacturing. This papeavides an insight into the modeling of highlynfinear
(increasing with the complexity of the structuredahine tool thermal behavior using thermal tran&factions.
This approach to modeling is dynamic (uses thetmsbry) and, due to its relative simplicity, itadies real-
time calculations. The method uses very few adafiigauges and solves separately each influentieipating
in the thermal error. The main objective of theicketis to describe the estimation of angular defmions
occurring at the tool center point due to thermélliences. Transfer functions are used for thetitieation and
control of additional internal heat sources. Theosé aim is to compare modeling effort with appnoadiion
quality. A partial objective is to cover other nimlarities occurring generally in machine tool thal behavior.
The approach has been verified on a closed qusirtgle and symmetrical machine tool part) and iedpbn
a model of a machine tool structure which has lod@sen as the least favorable from the thermalt pdiview.

1. INTRODUCTION

Requirements for machining accuracy have increaggiificantly over the last several
decades. Therefore, research on the temperaturavioehof the machine tool (MT)
structure is necessary for high-quality productidiermal errors caused by internal
(motors, drives, bearings, ball screws and thets,rgear box etc.) and external heat sources
(effect of the environment, machine operator, raalaetc.) can cause more than 50%
of MT total error [1]. Different approaches existdcompensate for these errors. In general,
it is possible to divide the thermal errorissue into four groups [1-2]:
MT structure enhancement aiming to obtain earttally symmetrical structure, high-cost
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Table 1. List of symbols

Symbol Quantity Units
y(t), y(k-n) output vector
u, u(t), uk-n) input vector
¥ ¥ DTF time domain pum/W
vt Inversive DTF time domain W/pm
£, & TDTF time domain um/°C
z Integer delay s
3 Weight factors of DTF input ums/w
b; Weight factors of DTF output s
Fit Value of approximation quality %
Imp Value of improvement in relation to uncompensatatkes %
an Lower boundary of validation of hDTF rad
b, Upper boundary of validation of f/DTF rad
Y Vector of measured values
Yhar Vector of simulated values
Y Arithmetic mean of elements of the measured vaheesor
Your Arithmetic mean of elements of the simulated valexstor
error; Approximation error of linear thermal deformations pm
errorg Approximation error of heat source power W
error, Approximation error of angular thermal deformations W
Ox Calculated angular deformatiopy = (dy; - dy1) / 4 rad
oc Angular deformation caused by causal heat source rad
?s Angular deformation caused by stabilization heatrse rad
Qc Causal heat source power W
Q- Stabilization heat source power W
AT Measured temperature difference °C
Ox1 Measured linear deformation x pm
Oy2 Measured linear deformation x pm
0, Measured linear deformation z pm
Om Measured linear deformation TCP generally pm
oc Straight deformation caused by causal heat source pm
Js Linear deformation caused by stabilization heats®u pm
A Distance between displacement probesdiirection mm

materials with low values of thermal expansion Goent [3]; control of the heat flux (e.g.
control of MT cooling system [4], heat pipes [5¢.&t direct compensatiofmeasurements
between the tool and workpiece, e.g. laser bean); [@] indirect compensation
(mathematical models).

A transfer function (TF) describes the connecti@iween outputs (response) and
inputs (excitement) of a dynamic system in the desggy domain. Deformational transfer
functions (DTF) and temperature-deformational trangunctions (TDTF), express the
connection between a heat source, or temperatose ¢b a heat source, and one-point-
deformation caused by thermal expansion [6]. Theething of thermo-mechanical systems
by using TDTFs is rapid (and so suitable for r&akt applications), dynamic (unlike the
most widespread compensation method based on teut@gression analysis, the model
considers the thermal history of the MT [7]), neemldy few temperature probes in
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comparison with e.qg. artificial neural networks (NN[8], and provides quality comparable
to time-consuming methods such as finite elemeatyars (FEM) [9]. Moreover, TDTF
compensation allows for solving various thermaldwebr nonlinearities separately without
the need for additional gauges.

A similar mathematical approach was also usedlLdj.[However, NC data such as
spindle speed and effective power were used ag fopthe estimated transfer functions in
this case. Another research topic addressed bwukieors of [10] was the compensation
of thermo-dependent MT deformations due to spirioéel [11-12]. Here, a combination
of direct and indirect compensation was employekthuce modeling effort. However, this
makes the method less accurate.

The efficiency of the mathematical approach udibyiFs (where temperatures have
been used as input for the transfer function) leentsuccessfully verified on a quill model
(a simple symmetrical machine tool component) [&3]well as on a real MT structure [14].
The main objective of this article is to predice thF of angular deformations occurring at
the tool center point (TCP) due to thermal influemicThe second aim is to compare
modeling time intensity with approximation qualit4. partial objective is to cover other
nonlinearities occurring generally in machine ttt@rmal behavior (approximation of linear
error in X, y and z through TDTFs superposition). The approach has besified on
a closed quill [15], and applied on a model of ahmae tool structure (so-called ‘C-frame’)
which has been chosen as the least favorable fierthermal point of view.

2. ANALYSIS OF THERMAL BEHAVIOUR AND THE MATHEMATICAL
APPROACH

All data processing and TF identification, as wa#l quill and C-frame thermal
behavior modeling and verification, were performedatlab and Matlab simulink Data
recording, along with the implementation of therglastic models as a control system,
were performed witiNational Instrumentsliagnostic devices arichbVIEW

2.1. MATHEMATICAL APPROACH

A discrete ¥ order TF was used to describe the link betweerestuitation and its
response. The differential form of the TF in thmdidomain is introduced in (1):

g-t0ariar e vl k) ¢

y (1)

where k-n means then-multiple delay. Linear parametric models of ARX
(autoregressive with external input) or OE (outpuror) identifying structures were used
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[16]. The quality of each TDTF was examined throdigiear time invariant (LTI) step
response [14],[16].

The approximation quality of the simulated behavior
Is expressed by tHé (%) value (2): fit :{

||Y—YHAT||}HOO
DAl (2)
[v-¥|

Charts showing the approximation model include an 1000, |
improvement (%) value (3), compared to an 'mp:lOO‘T (3
uncompensated state:

The error of approximation is expressed as shown in error =Y = Y, 4)
Eq.(4). It also represents the fictitious deformati

obtained after implementing the model in the cdntro

system.

2.2. THERMAL BEHAVIOR - BASIC MODEL

The basic model describing thermal angular defdonatwas implemented on a quill
for its simplicity and clarity. Two electric heasewere placed asymmetrically on the quill
surface. The first heater simulated a causal hmate responsible for undesirable angular
deformations, while the second was used as a igt#tinh heat source, as shown in Fig. 1
(left). A diagram showing the deformation responseasurement on the fictitious tool is
depicted in the same picture (right). Three colgastdisplacement probes were used. The
distance between the probes in #hdirection was1 = 100 mm Only two thermal probes
placed close to the heat sources were sufficigrthiBoprediction of thermal angular errors.

top view temperature probe causal heater
o

s —

T
temperature probe o stabilization heater

T
7o) L.
TCPEQ: =x-—1-2 -
z g ‘\ 6,\2
displacemenf" I
1220 prObC ‘_\/A

Fig. 1. Quill diagram (left) and deformation respermeasurement setup on a fictitious tool (right)
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It is possible to compile the basic equation ofried angular error approximation (6)
from the basic condition of equality between theszd and stabilization heaters (5):

ohi_c=phis Q@ stabilisstion |¢c| = |¢s| ) (5)
input DPF 1 DPF 2 iny NOM-ZE1n power
Q_c-=phi_c Fi k=05 condition graphic
ou — -1
e Qs =(Qc04) 05" (6)
H—/

Pc

Linear deformations are then expressed as a suoaudal and stabilization heat source
elements (7). The equation is validated for bodxtandz directions ¥ is neglected):

o, =AT., & +AT, [£, . (7)
T T

Two calibration measurements were necessary tarobthinformation required to
build a basic thermo-elastic model. The value oi®Was applied as the heat source power
(Qc) during calibration measurements on the causatehedhe measurements were
conducted until the quill reached a thermally syestdte. DTF, (responsec to excitation
Qc) and TDTFe¢; (responsedic to excitationTc,) were obtained from this calibration
measurement, as depicted in Fig. 2. Similar measemés were performed on the
stabilization heater. The DT (respons&)s to excitationys) and TDTFe, (responses to
excitationTs,,) were obtained from a second calibration measen¢ndepicted in Fig. 3.
From identification purposes it was necessarydd $tom the zero value for excitation and
response. This is the reason why the symiglis used in the figures.

x 10

14 ‘ . 40 40
=i 1 QC (excitation) | 35| ATCm ey 8
B — ¢, (response) g s )
= = 30 response 30 —

L 152 E - .
5 = = = Pcx OE model - =3 |ﬁt = 98%' E
B v =25 i it S 25
m 8f errory, 160 2 ¢ Cz ARX model v
£ 8. '% 20 errorg 120 %
o 6 145 @ o
= e £ 158
© 5 &
o 4 30 © &
= 3 Zw 10 8
S (30

2 15 |

2 2 5 5
B ol Tl R ——— 0 . ,

—2 5 .

0 2 4 6 8 0 2 4 6 8
time [s] <10* HifeTE -

Fig. 2. Calibration measurement and identificabdbiD TF (left) and TDTF (right) for causal heater
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Fig. 3. Calibration measurement and identificaibDTF (left) and TDTF (right) for stabilization hter

The results of the basic thermo-elastic model ef guill are shown in Fig. 4. The
comparison of the causal and stabilization heatcgopower and the difference between the
data measured with and without compensation, acaptd Eq. (3) a (4), are depicted in the
left-hand part of Fig. 4. The linear error in thdirection, calculated according to Eq. (7), is
shown on the right. The compensation of linear de&dions in other axes is either similar
or negligible. With the compensation heater applteé angular deformations of the quill
due to the effects of temperature decreased froen atiginal 9.10°rad to 2.10°rad
(improvement of approximately8%) in the x direction. Linear deformations decreased
from 60 mto 4pm(improvement of approximateB5.5% in thez direction.

L o] ¢ compensated J ’ AT AT 3 = = =03_ basic model
X X Cm Sm z z

EI’rOI"‘.’

—s[ - - - 100

T 1803 =
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U o
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= K © 10
8 of 0o ¢
= f — 790, =
g, t -lmp =78% J 0
o =2 i ; . H L .
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time [s] <10° time [s] x10°

Fig. 4. Comparison of quill measurements with aithout compensation

3.C-FRAME MODELS

An experimental test bed (so-called C-frame) withagaymmetrical thermal structure,
corresponding to the most complicated thermo-e&lasi practice, was created for the
purposes of advanced experiments and attemptstdage a real MT structure (Fig. 5.).
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Two heaters were placed asymmetrically on the esaréd the C-frame, as shown in Fig. 5.
The power of both the causal and the stabilizatieaters was adjusted #W during
calibration experiments. The reading of displaeetrand the determination of angular
deformations corresponded to the diagram in Fig.hk distance between the probes in the
x direction was4d = 200 mm Two temperatures were again sufficient for thecdetion
of the thermo-elastic behavior at the TCP of th&aise. The power of both heat sources
was controlled by a dimmer.

Figures showing the results of calibration measr@s are not included due to their
close resemblance to Fig. 2 and Fig. 3. Tihevalues obtained through identification are
summarized in the following table.

665 350 350 temperature
" probe
S
\ g stabilization
- & heater
] a
<

-
Il
©
XE{
$e
1265
'~ probe

.| H

Fig. 5. Scheme of C-frame and experiment set-up

300
causal heater
| e

Tab. 2. Fit values of calibration measurements

Causal heater Stabilization heater
PF name T
Y1 €12 €1x Y2 €27 E2x
Excitation QC ATme ATme Oc AT e AT e
Response 0c ¢, Qs dsz
Fit value 95% 98% 98% 95% 99% 96%

3.1. CORRECTED MODEL

The drawbacks of the basic thermo-elastic modelcaused by nonlinear dependence
between the heat source power and the measurethaxgiormation. This nonlinearity is
caused, first of all, by including voltage regulatan the control loop of the C-frame
thermal behavior. Two additional measurements—suitably chosen powespectrum A—
were performed in order to demonstrate and comeatinearity. A thermal steady state
needed to be reached in each power step of therchpsctrum A

It was possible to replace the causal heat sopogeer input with the temperature
measured close to the heat source, the dependenaagular thermal deformation being
linear in this case. The relevant TD¥fwas obtained from calibration measurements of the
causal heateffi{ = 96%). The result of this correction is depicted in thkowing Figure.



Compensation of Machine Tool Angular Thermal Eridsing Controlled Internal Heat Sources 85

excitation

response
120 T ; 60 T
Q_ experiment —— @, experiment
= 100 ' AT experiment |50 g = = =, basic model
— U et
¢ k) c . ¢ corrected model
— O Cx

g 80 40 v 2
B S
o 60 30m =
= g £
=}
e = e corrected 20 E‘ 5
= 40 as.lc n:10 e model o ‘_L“
g excitation excitation g.’

20 : 10 c

(1]
0 " ; . e — 0 . .
0 L [2 ! 3 4 5 0 0.5 1 15 2 25 3 35 4 45 5
time [s .
x 10 time [s] x10"

Fig. 6. Correction of causal heater

The situation is quite complicated in the casehef stabilization heater. There is no
option for controlling the thermal deformation, ept using the power of the heater with the
nonlinear dependence. A correction polynomial hadoé¢ calculated. The value Qs

obtained from the basic model, multiplied by thelypomial, covers the behavior
mentioned. The results are shown in Fig. 7.
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=, = Q. corrected model
S @ s
= 2 60 o ]
£ o |
5 4 g
< Sa0- fit=95% st .
o o
5 -6f o
=] © a0t 4
()
> <
(32 -8t R t I
(PSX experimen ol :
1 1 L I 1 1 1 1 1
0 1 2 3 4 5 0 0.5 1 1.5 2 25 3 35 4 45 5
time [s] x10° time [s] x10°

Fig. 7. Correction of stabilization heater

QS=(ATmC'83)'y2_1'p(n)(Qsa¢’S), (8)
hi_c= phi_s fLgtabition ] 4;; correction function
i =

non-zero power
condition graphic

T where the correction function is a
2" order polynomial:

input

TOPF DPF 2 inv
Tm_c-> phi_c Fi_k->Q_s

[[0 0155 -0.0813 0.01€8]

In
Polyval Out
Coeffs ol

polynomisl eval

p=0.0155-1> —0.0813-u+0.0166 . (9)
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The corrected thermo-elastic model of the C-framexpressed by EQ.(8). The basic
condition from Eq. (5) also has to be validatethis model.

3.2. MULTIPLE MODEL

Another approach to the modeling of thermal ang@aors in MT is possible,
although the solution using a corrected model tsfeatory. It is possible to divide the
power range of the stabilization heater into sdvasbgroups, each with its own DTF. The
choice of a suitable DTF is related to the simulatalue of angular deformations
originating from the causal heater as shown in tmmd(10).

phi_c=phi_s Q_stabilisaticn, |¢C| > a‘ﬂ |:||¢C| > bn (lo)
t TMC]jHw{In1 Outl] p phik  Q_s Hm{int :u.r}-pEI
control nNonN-Zers power - . .
e ‘elen:em =naiten seeme  The formula validated for the determination
output .y . .
of the stabilization heat power is then as

follows:

if u1>0 & u1<=3.9e-4
ul>4e-4 & ul<=5.6e-4
Qs =(AT,c[&)/, wheren=3...8 (11)

u1>5.6e-4&ul<=7e-4 |\
. #c
DTF inv 30W]|

Merge_@
m o The power range of the stabilization heater

[uT]

phi_k u1>6.9e-4 & ul<=8e-4

iful>8e-4 & ul<=9%e-4

m was divided into six groups inl0W
else increments. The necessary calibration
=*+ measurements and the comparison with the

efficiency of other models are depicted in
Fig. 8. Thefit values of the DTFs identified
are summarized in Table 3.

x10~ excitation response
75 T T
0 i
- (] r" r 70 -
@ =60} i . % | Triz
£, : = H\I fit = 62%
c : = ' = N
k=) : g 50 iy i
© ’ 1 =
g -4 S 4ol 1 |At=93%
5 | 8 5ol [z
= = 30} |[fit=83% -
- -6 2 — QS experiment
i} =
z L 5 i QS basic model
-8 L < 10 : Q, corrected model
(] experiment
D < XP L ol H:—:— § - j= | = = = Q_ multiple model
0 1 . 2 53 0 0.5 1 1.5 2 25 3
time [s] x 10 time [s] TG

Fig. 8. Additional calibration measurement of diabtion heater



Compensation of Machine Tool Angular Thermal Eridsing Controlled Internal Heat Sources 87

Tab. 3. Fit values of accessory calibration measargs

DTE name . . SthJ|I|zat|on heater_1 L .
Y3 Y4 ¥s Ye Y7 Y8
Response 10 20 30 40 50 60
(W]
Fit value 93.5% 89% 93.5% 93.5% 93% 92%

4. COMPENSATION RESULTS

The results of the basic thermo-elastic model [B§.(corrected thermo-elastic
model [Eq.(8)] and multiple model [Eq.(10) and (1Hpplied to the powespectrum Alset
on the causal heater) are depicted in Fig. 9. Bhleeg expressing the improvement of the
model in relation to an uncompensated state argepted in the figure. The compensation
results for thermal angular deformations are pdniethe left-hand part of the picture, and
the compensation of linear deformations in both xhend z directions, in the right-hand
part. Linear deformations in thyedirection are negligible.

Qc (px experiment = = - ?, basic model Q — Sx experiment = = 6;: model —— erroréx

c
¢, corrected model @, multiple model 8, experiment 8, model error.
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Fig. 9. Compensation results of spectrum A

Two calibration measurements (one for each he#dsting approximately 24 hours
were necessary to compile the basic thermo-elanbdel of the C-frame. Under the
conditions determined by the powsgrectrum Aof the heat sourgéhe basic model achieved
an improvement of76% in relation to an uncompensated state of thernmgjuiar
deformations in th& direction.

One additional calibration measurement of the Bralbion heater was performed in
order to correct the deficiencies of the previouxlel. The calibration measurement served
to compute a correction polynomial. The total numdiecalibration measurements needed



88 Martin MARES, Otakar HOREJS, Jan HORDYY, Peter KOHUT

to obtain a corrected thermo-elastic model of thra@e is three (36 hours in duration).
The corrected model reaches an improvemeB666in relation to an uncompensated state.
The deficiency of the corrected model consistshim poor quality of the description

of the transitional phases between the individuedthpower steps. It is the role of the
multiple thermo-elastic model of the C-frame, cetieg of six inverse DTFs, to

compensate for the deficiency. These six inversd=Dilescribe the nonlinear thermal
behavior of the stabilization heater. This nonlnitgas caused, first of all, by the inclusion
of voltage regulators into the control loop of @Gerame thermal behavior. The number
of calibration measurements is equal to seven {onehe causal heater and six for the
stabilization heater), approximately 84 hours irration. The multiple model achieves
an improvement d®5%in relation to an uncompensated state.

5. CONCLUSIONS

This article describes an effective approach todbepensation of thermal angular
deformations, consisting in the use of controllateinal heat sourced)atlab tools and
thermal TFs [6] on a MT model with an asymmetritainperature structure (C-frame),
using a minimum of additional gauges. The experimsat-up consisted of two
asymmetrically placed heaters: one as a causalm#iersource causing angular
deformations, and a second one used for stabilthege deformations. The first aim of the
paper has been to build a basic approximation tbexi@mstic model of a quill, and then
apply the model on a C-frame structure. The theetastic model also contains
an approximation of linear deformations occurrirgerally in MT thermal behavior.

Two additional variations of the C-frame thermastic model, accounting for
different corrections to the description of nonénées caused by inserting voltage
regulators into the control loop of the heater,ehbeen designed. The second aim has been
to compare modeling time intensity with model apgr@ation quality.

All of the thermo-elastic models of the C-framevéadeen verified using a test with
changeable causal heat source power (power spgctitm results for the models are
shown in Table 4. The results from the random posgectrum B(Fig. 10.) are given
in Table 4, in addition to the results from the glenspectrum Asee Chapter 4 above).
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Fig. 10. Compensation results for spectrum B
Tab. 4. Comparison of thermal angular error appnation results for the C-frame
Thermo-€elastic I mprovement value [%] No. of calibration Time consumption
model Spectrum A Spectrum B measur ements [hours]
Basic 76 63 2 24
Corrected 85 88.5 3 36
Multiple 95 90.5 7 84

The multiple thermo-elastic model has proved tovaéd from the point of view
of approximating the transitional phase betweenpawer steps. However, all three models
have their deficiencies related to the descriptbmngular deformations occurring during
quick changes in the causal heat source powertligeeery end opectrum B- Fig. 10.).
Therefore, the usability of the multiple thermostia model is a matter for consideration,
given the high modeling effort and the little impement provided by the polynomial-
corrected model. The basic model is not sufficitmt compensating thermal angular
deformations of more complicated and thermally aswtnical structures, such as
a C-frame, despite the results obtained from th#é gpplication and the low modeling
effort.

The application and testing of the model on a kéalis the main objective of further
research. However, additional experiments and atbles should be carried out to take
account of more influences, such as tool positignim the work-space (the model is
calibrated for one position, in line with the matprof other known and available models),
to take heat transfer coefficient into considergtiand to include the influences of more
than one heat source.
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