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ABSTRACT

Continuous usage of machine tools during manufacturing processes taas
generation in the moving elements, resulting in distortion of the imac¢bol
structure. Simulation of this ¢hmal behaviour can be a powerful tool for
supporting the design process and predicting errors. Determining &chegt
transfer parameters is needed to improve the prediction accuratlye of
physical thermal models. First, the energy balance techniqase used to
calculate the parameters empiricalpue to uncertainties in the boundary
conditions for this technique, an additiomalvel 2D optimisation technique
based on thermal imaging data was used to calibrate the calculated parameters.
The effectiveess of the technique was proved using FEA models of the
machine. Good correlation of up to 89 was achieved between simulated
thermal characteristics and the experimental data.

1. Introduction

Machine tools accuracy iadverselyaffected by internabnd exérnal heat
sourceswithin and around the machine tool structurgernal heat generation
is primarily caused byhe friction in moving elementsuch as bearings, belt
drives and motors. External hesdurcesinclude workshop radiators, lighting
and machine tools ithe local vicinity. These influences cannot be eliminated
completely by reduction of generated heat, nevertheless they aaulumed
Machine tool spindle systen(the spindle assembly and theadslidgis one of
the primary componesgtanda significant contributor to the total thermal error
as a result of thsignificantheatgeneratedrom highspindlespeed [1-3]
Thermal error models amaften established byalculatingthe relatiorships
between displacemenridf the tool relative to the workpiecand measured
temperaturechanges A significant amount ofresearchhas been donen
modelling thermal error to understand and redteeffectin machine tools.
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Among these models amdultivariable Linear Regression (MLR) Artificial
NeuralNetwork (ANN) andRecurrentNeuralNetwork (RNN) [4-6].

These empirical thermal error modelling techniques greatly on the
collecion of large amount oflatg which requirs large amounts ofmachine
dowrtime, under different working conditions. Moreover, these techniques
cannotgive great detailsof the internal statesof the heat flow inside the
machine elementsvhich define machine tool behaviour. This is one of the
most important drawbaslof theseempirical models
Anotherwidespread approach for thermal error modellingigmg theFinite
Element Analysis (FEA) method due to its capability to manage complex
geometry of machine structwrés; 7]. Furthermore, the calculation techniques
for solving the FEA system equations are computatigriess expensivelue
to modern powerful computer processokritao et al. [1] modelled the
thermal characteristic & machine toolspindle using-EA. Simulation results
showed agood agreemerdf 85 % with the experimental datZhanget al. [8]
proposed a full machine tool temperature field and thermal displacement
modellingusing FEA methodThere was close correlation between simulated
and experimental resujtshe residual error was about 20%. However, the
accuracy of the simulation results depend heavily on whether the boundary
conditions such as heat transfer coefficients and heat power of hez¢sare
well defined[1].

A great number of methods have been proposed talatdche heat transfer
coefficients of machine tools baken machineslementgype such as bearings
and belt drive[7-9]. Correlatiors between experiment and predicted data can
further be improved by consideringuncertainies related tothe thermal
parameterssefficiency of the machine tool elemestieterioratewith usagen
comparisorto a new machine tooh few researchers have usagthods such
asenergy balance technique in order to calculate heat transfer coeff{diénts
11]. They reported that thermal error can be reduced to lessl@han by
applyingthe energy balance method

Thermal simulation accuracy of machine ®ahainly depends on the
definition of initial conditions and the appropriate boundagnditions
thereforeit is essential to develagnaccurate technique to obtanorerealistic
thermal parametersThis paper presents a novel 2D optimisation technique
utilising thermal imaging datdn order to tune the previously calculated
boundarycondition parametersFirstly, the heat transfer coefficient (HTG3%
calculated forthe spindle system of a vertical machining centre (VMC) based
on experimerdl data usingan energy balance technique. Secondly, a 3D FEA
model is created byusing Dassault Systemes Simulation (Part of the
SolidWorks suite of software). Thilgl simulation ofthe spindle systenis
conductecand compared with the experimental datgpically good results are
obtainedfrom this procesdHowever,the preliminary coefficients are then used
in the 2D optimisation techniquevhich provides updates the parameters
attemptto improve the simulation accuracy. Finally, simulation resalts
verified by a comparison between the experiment and simulation results.
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2. Thermal characteristic test of a spindle system

A spindle system entails lzeadlide, spindle motor and spindle assembly. In
order to measure the deformations of the spindle system, a test bar was
assembled, as shownHigure2. Two eddy currentNon-ContactDisplacement
TransducergNCDTSs) were also utilised to measure deformations: one sensor
placedin the Y directionand the otherone placed inthe Z direction Due to
symmetry of the spindle system, displacement in the-aXis was not
consideredTo obtain temperature distribution of the spindle systetheanal
imagingcamera, which has a stated accuracy ofG:2was used to monitor the
heat flow through the spindle system while the spindtatab at a constant
speed of &00rpm (close to itsnaximum speedf 9 000rpm) with the cooling
system turned off. The experiment took 3h (two hours heating and stfgrped
one hour cool down). The location thfermal imagingcamera was chosen so
that the heat flow into the spindle assembly, hiédelsind motorcould be
monitored. Thermal image accuracy was improved by applying intaskpe
(identified emissivity 0f0.95) on the shiny surfaces and averaging the images
to decrease noisgl2]. Although not precisely controlled,he ambient
temperature ofhe workshopremained fairly constant betwe2 °C and 22°C
throughout the experimenkhe test platform is shown Figurel.

Thermal image

Spindle system &

Lavis

Therma’
imaging

camera g% y ‘
) A—i
T

Figurel. Thermal characteristics test platform

3. Development of the FEA simulation model

The finite element analysis (FEA) model of tikachine toolspindle system
was developed using SolidWork$o study and predict the thermal
characteristis. Figure 2 shows the 3D modeHeat loss from the back of the
headslide through the vertical axis guideways is negligibleefine the
remaining structure is not modelled for this specific work.

Due to the complexities of the spindle syststnucture some unimportant
detailssuchas small holes, curvature, chamfers, and bolt holes were simplified
during 3D model creation. This helps to reduce mesh elements that would
otherwise affect the computational time for FEA simulat{8n 13]. The
spindle systemFEA modelwas partitionedo 10127 elementsThree internal
heat sources dahe spindle were considered; spindle motor, upper and lower
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spindle bearings. The bearings are tedaclose to the spindle nose and the top
of the spindle system respectively.

The spindle systenis made of three major materials, and these material
properties were assigned to their corresponding structures in theufdtysis
software. The spindle and associated rotational parts are made of steel, the test
bar from Aluminium and théweadslide castingtructure from grey cast iron.
The material properties are presented in Tabl&dr the various joints which
are boltedtogether a clamping force of100 KN is used (based on average
bolt/nut tightening torque) to help determitiee effect of thermal contact
resistancebased on experimental wolly Mian [14]. The estimated values
0.0004((m?.°C)/W)).

Table 1. Spindle system material properties

Material Grey cast iron Sted Aluminium

Density(kg/nT) 7200 7800 2700

Modulus of elasticity (Pa) 6.61*10° 2*10M 7.2¥10%°
Poisson's ratio 0.27 0.32 0.33
Specific heatj(kg.°C) 510 500 960
Thermal conductivitfW/m.K) 45 30 120

Thermal expansion 1.2¥10° 1.2%10° 2.5%10°

coefficien{m/m/°C)

Spindle motor

Headslide

Spindle assembly >

Test bar

Figure2. CAD model ofthe spindle system
4. Definition of theinitial and boundary conditions

The simulation accuracy depends on accurate determinatidheofnitial
conditions and boundary condit®based on the characteristics of the machine
structure and the thermal propertigs 8]. These conditions ar€l) initial
conditions analysis such as the initial temperature, the ambient ttomger
and the thermal parameters for the @asi materialfrom which the spindle
systemcomponentare made(2) heat power calculation of heat sources such
as spindle motor and bearings this case(3) convective heat transfer
coefficient calculations such as the natural convection between ttie sta
surfaces of thdeadslideand the air and the forced heat transfer coefficients
between the rotating surfaces of the test bar and thégailhermal contact
conductance at the structural joint€onditions which have not been
mentioned yewill be explained in detail a®flows:
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41 Heat power calculation of heat sources

Heat power ofhe heat sourcewascalculated usinghe energy balancenethod
(seeequation 1)), as explained by Mian11] based orthermal imagedata,
structual materials and environmealtemperature data.

Q=(MGCy(T2-T1))/t+hA(T syrtace T air) 1)

Where Qis theheat power (W), nis the mass (kg)C, is thespecific heat
capacity(j/lkg/°C), (T.-T,) is thetemperature chang@C), t is thetime (s), his
the coefficient of convetion W/(m2.°C) , Tautace IS thesurface temperatui@C )
andTy;, is the ambient temperatuic).

By usingthe data and formutamentioned the motor heat power and the
friction heat power of the spindle bearings fbe machinecan becalculated
(SeeTable?2).

4.2 Deter mination of convective heat transfer coefficient

Natural and forced heat transfer convective coefficients were applied for
spindle system components throughout FEA simulatibtatural convective
coefficient of 6W/(m”.°C) wereapplied around stationary surfaces exposed to
air, such aseadslideand forced convective coefficient of 92/(m?.°C) was
applied around the rotating parts that are exposed to the air, stest dsr
when the spindle is active and a value &¥&m>°C) applied while the spindle

is not rotating, these figures were determiaatpiricallyby Mian[11].

5 Thermal ssimulation of the spindle system

Simulation of the gindle system was performedsing transient thermal
analyses available within the SolidWorks software. The initial teatper for
the whole structurevas set td21°C and the duration of the transiemtadysis
was set to dours which matches thexperiment timeBoundary conditions
obtainedpreviouslywere applied to the FEA model to obtain the temperature
field of the spindle systenThe back of the headslide was fixasiconstrained
and then bsed orthe temperature gradient field, thermal deformations of the
spindle system in Y and Z axes were obtairResults for the X axis were
neglected as error in this direction is negligible due to the machineetyyaom
Figure 3showsthe simulated temperatur@) and displacement fiel(b) of
the FEA model. Thesimulateddisplacement data weabtainedfrom the nodes
located at the same displacement sensor positized to monitor Y and Z
axes.The residual errors dm the simulation resultysee Figure 4 can be
observedas5 pum intheY axisand 10umin theZ axes. The simulated and the
experimentaprofiles, however, araotin good agreemerasit wasexpected
This impliesthat the exiting method for calculating some of the thermal
parameters requir@sprovement.
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Figure3. Thermalsimulation results for thepindle system
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Figured. Displacement in Yand Zaxesusing energy balance method
6 2D optimisation model establishment

Abuanizaet al. [10] conducted heat flow comparison of headslide side between
experimerdl and simulated data. Althoughigh correlation was achieved
between experimental and simulated data, some differstiteremained
Therefore, optimisation techniquercamprove simulabn results.In order to
simulate theheadslidesurface temperature throughahe heating cycleand
optimise theparametersa reduced2D heat transfemodel ofthe rectangular
surface of the side of theeadslidewas createdn MATLAB . This enabled a
relatively laige number of points fromthe thermal images to be compared
against the simulated temperature profitedescribed in sectioh The model
is comprisel of the samethree heat source@notor andupper and lower
bearing$ andthermal properties. In order to compute the heat pdarethe
different elements of the 2D model, the following equations were used

Q=KA(AT/AX)+ hA(T surface™ T air) (2

Q=mGCAT/t 3)

Where Kis thethermal conductivity\W/(m.K)), A is theArea (nf), AT is the

surface temperature differend€), Ax is thedistance (m), lis theconvective

coefficient (W/(m?.°C)), mis themass (kg), ¢ is the specific heat(j/kg.°C),

Tarface IS thesurface temperaturd,y, is theair temperature, is the time (s),
Figure 5shows 2D model dfieadslide
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Figure5.2D tempe;athré rise model of hatide
7 Thermal parameters optimization

In order to determine optimal thermal parameters over the previoushedefin
case of spindle system simulation problemMATLAB optimisation function
utilising the Nelde-Mead method15] was used taninimise the sumof-the-
squareserror between theexperimentaldata (thermal images datand
simulateddata.

Initial and finaltemperatureat the end of heating cycleereextracted as an
array of 110 from thethermalimages of headslide seeFigure 6 This data
wasused to fit the 2D model simulated data in order to opérttie spindle
system heat poweseeFigure 7for the comparison between the experimental
and simulated temperature arragome differences still exist which are
estimated to come from the noise in the thermal imaging data and 2D filtering
at each selected time frames along \iltiering of selected nodes in thime
domainare being implemented to furthienprovethe fitting accuracyTable 2
showsthe heat power bthe spindle systenheat sources before and after the
preliminaryoptimisation process

Figure6. Experiment temperature data extraction from IR image

Table 2. Heat power magnitude

Heat power (W Heat power (W
Heat sources Energy Balpancetéch)nique Optimisa?ion teéhn)ique
Motor 50 46
Lower spindle bearing 12 15
Upper spindle bearing 8 10
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Figure?. Experimentdl and model temperature data fit

8 Resultsand discussion of optimised heat power figures

The optimised heat powgalueswere used to simulate the FEA model in order
to obtain theoptimised thermal behaviourof the spindle system. Figure 8
shows a comparison oéxperimerdl and simulated data for the displacement.

W —e—Measured movement in Z
—>—Measured movementin Y
5 \
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_ - %
£
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£ \\
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o
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Figure8. Displacement in Yand Zaxes using optimisation method

35

The results show thathére is an improvemenn the spindle system
accuracy usinghe proposedptimisation technique. It can lobservedhat the
amount of theresidualthermal erros in both theY and Z axes have been
reducedafterusing the optimisation techniqe@20 % during heating cycland
50 % during the cooling cycleshencompared tdhe energy balance technique.
This preliminary validation shows thtte proposedptimisationtechniquecan
enhancethe model's predictiorcapability by approximately20 %. Further
improvements are anticipated if the simplified optimisation model ef th
structure can incorporate the 3D effects (mainly hysteresis) of vamyaterial
thickness in more detail.
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9 Conclusions

This paper proposed a method for optimising idhkentification of thermal
parametersf a spindle and headslida a vertical milling maching improve

the simulation accuracy of the thermal characteristics. Actual temperaere ri
and spindle displacement in Y and Z axes were obtained from an experiment
An FEA model was established and simulated usiegenergypalance method

and optimisation technique method, utilising thermal parameters athtaome
analysis of experiment data and optimisation method respectifelyew
methodology for machintool thermal parameters optimisation was presented
in this work. Accuracy and effectiveness of the thermal error model and
optimisation technique was also evaluated in this paper.

From the comparisonbetweenthe energy balanceesultsand optimisation
techniqueresults it can beobservedhatthe optimised hegtowerparameters
canimprove theFEA modelprediction results and obtaimprovedaccuracy
compared to simulation using parametesbtained by energy balance
techniqus. Results from simulating the resulting displacemerghow
correlationwith the actual movementof the tool in the spindleup to 80 %.
Considering the small amount of machine downtime required to obtain the
model parameters, this result is very encouraging
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