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AEROSPACE PARTSMACHINING

This article shows the aspects of precise modellihgrecise High-speed Machining Centres for Higle&i
Cutting (HSC) of parts used in the aerospace imgushe main focus was made on the thermal erraviny a
dominant influence on the precision of machiningaiiMlassumptions for a hybrid thermal model of atreen
thermal behaviour have been stated, taking intowtcthe characteristics of heat sources. On thenple of a
3-axis machining centre, measured runs of heatmgnd heat displacements have been shown, compared
these determined with the use of simulations oéfaaliour in assumed working conditions. A speditdrdion
was drawn to the phenomena taking place in motod$gs, as well as to the displacements of a spifadie
during high rotational speeds of spindles and stggnges of rotational speeds. The significanceiffuence
of the bearing preload and centrifugal forces @ngpindle axial displacements was shown, whiclecsive on
the precision of part machining. Additionally, iag/shown that the important component of a macgieiror is
an error of spindle position identification by meaof a linear encoder, resulting from the thernefbdnation
of a centre body, to which a quartz linear encasléixed.

1. INTRODUCTION

The increase of the machining efficiency and thduciion of its costs while
maintaining the required precision is decisivehe éxistence on a global market for many
companies. This particularly applies to the predené period of a deepening economic
crisis. For the manufacturers of machining centrasich are the basic means of highly
efficient and flexible manufacturing of componeims many branches of industry, this
involves the need of the assurance of constanibna precision of products, and at the
same time lower costs, longer life-time and inexgden exploitation. The need of fulfilling
such rigorous requirements forces the use, in thsigd process, of new materials,
innovative construction of many components as aslivery versatile (complex) analyses
based on behaviour models of machining centressaraed working conditions. They need
to take into account both changes of working cooilt, as well as changes taking place in
exploitation cycles and in the manufacturing enwinent. The changes of working
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conditions must be considered, which generate c¢hgnipads of a bearing structure
of centres by static and dynamic forces, as welbys heat load resulting from power
losses, forced cooling, ambient temperature chaagddeat created in the cutting process.
In order to improve the design with such complearding loads, it is essential to utilise
the procedures of multi-criterion optimisation.

The whole load model of HSC centres is thereforg gemplex. It must be extremely
precisely written mathematically and must considiee natural dynamics of single
component loads and deformations resulting frommthélighly efficient and precise
machining centres are machine tools with a veryh higtational speed of spindles or
motorspindles and with very high speeds of feedenments realised with the increased use
of linear drives.

In the first case, motorspindle models must prégiseonsider the influence
of centrifugal forces, while in the case of lingiaives, the influence of inertial forces from
the mass of headstocks and tables moved with Ipgads together with machined parts.

The aim of the precise modelling is accurate idieation of the behaviour of a
machine tool in the state of changing loads andtifieation of disturbances in geometrical
precision and working movements, which must be ebesad to a possible minimum, and
then compensated by a CNC system.

Effective compensation of errors requires, firstaf, their minimisation and the
utilisation of a model of these errors, acceptainlethe currently accepted real-time
compensation procedures. The rule is that singléetsaundergo constant improvement and
changes resulting from the advance in perfectiomathining centre components — both
hardware and software. The excellence of modeksviduated based on the conformity
of calculation results, strictly speaking forecagtithe behaviour of centres, with
measurement results, e.g. temperature distributiordisplacements and deformations.
Measurement results of heating up and deformatdreentre prototypes are also used to
the model tuning process, so the simulation repissthe real behaviour of a certain
assembly or the entire machine tool as preciselypassible. It is therefore especially
important for the measurement to include proper@edise information, and to ensure that
no other are overlapping on the measurement redistprting it. The skill and precision
of a measurement, often underestimated, plays am&us role here, equal to the precision
of reconstructing physical phenomena in the mod&ad distribution, heat transfer and
dynamics of modelled processes. In relation todipiassemblies with very high rotational
speeds, especially high precision of modelling anduracy of measurements used to its
verification is needed, because of high dynamicslaz#ds and deformations [1-3].
Verification and tuning of a model must include Budynamics in a particularly precise
way. In this process it is required to use the memment systems independent from the
machine tool. The measurement system of a machaange is burdened with an excessive
error, so without the knowledge of this error in@ suitable for model tuning.

2. CHARACTERISTIC OF A MACHINING CENTRE

The analysed precise machining centre is equippiil & bed made from epoxy
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concrete (see Fig. 1), a rigid and fixed cast tathle and a light, welded construction of a
beam moved on two linear roller guides in Y axisofer set of linear guides, fixed to the
Y axis beam, is used to lead a steel, also welliglt, cross slide. Relative to this slide,
a headstock with a motorspindle has its movemdaotggahe Z axis, also on roller guides.
Drives in all directions are linear with a forceator cooling. The centre’s working space,
in which high precision of machining should be naimed, is shown in the right part
of Fig. 1.

Y axis Drive (FANUC)
Twin Linear Motor
Spec. : LO000C2/2is(+cooling plate)

Z- Dir. LMG (INA)
Spec. : RUE45D H OE...

Z axis Drive (Siemens)
Linear Motor
Spec. : L9000C2/2is (+cooling plate)

X- Dir. LMG (INA)
Spec. : RUE45D OE...

X axis Drive (Siemens)
Linear Motor
Spec. : L9000C2/2is (+cooling plate)
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Welding Construction
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~
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Fig.1. Machining centre structure

The measurement of axis movements is carried ouhégns of encoders with quartz
linear scales. Main heat sources in a machiningtreeare: motorspindle motor,
motorspindle bearings, linear drive motors andeth@ronment — more precisely — ambient
temperature changes.

The influence of motors and bearings on the tentpexaistribution on the carrying
structure of a centre, can be seen in part a) of Ei As a result of such temperature
distribution during maximum rotational speed of pindle, 50.000 rpm, thermal
deformations occur, which the thermal charactetaiokd from computer simulations, is
shown on part b) of Fig. 2. It can be seen orhét the bottom part of the bed with the large
mass does not react on heat sources connectednviés. It will be however reacting with
the suitable delay on the changes of the ambiempeeature in the long-term cycle of these
changes. The experimental investigations of thereelmave shown, that already during
changing cycle of speeds of the spindle reachin@@Drpm, displacements in the axis Z
reach 100 um in the direction of the table, meatenhie displacement in the direction Y -
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to the servicing row 30 pum, considering the fdtit the measurements were conducted at
the central position of the spindle.

In the area of a headstock, especially near thengsa large and intensive temperature
changes are observed, while slow and small temyerancrements are observed on the
housing of a bed. In a multi-day time cycle it Isserved that in the environment of an idle
centre — without supplying the energy to the motofsrotations and feeds — ambient
temperature changes appeared, with magnitude aof €€C to —1.5 °C from the Initial
state. Such changes in the Z axis resulted witldig@acements of a spindle by around +4
um (in the direction to the table) and around —iPyertically up. Despite the use of epoxy
concrete for the supporting structure of a beds tharacterised by the large sensitivity to
the ambient temperature changes. Induced thermsalagements must be compensated.
Corresponding simulation research shown that syjph of the spindle displacements in the
Z axis can be modelled with the precision of 2 g8 (divergence between the model and
the measurement).

a) Temperaturedistribution [°C] b) Thermal deformation [pm]

Fig. 2. Temperature distribution a) and thermabd®ation b) of the machining centre
(50,000 rpm, steady state, ambient temperature,20iP€ooling — 1,5 I/min, idle run)

It is more difficult to model the axial displacentgmf a centre's spindle in movement
conditions, especially during large changes oftiatal speeds (Fig. 3).
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Fig. 3. Accuracy of predicting machining errorsidgrvariable cycle of operation of vertical machigicentre by
means of integrated model
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Recorded runs of such displacements clearly visealirregular and sudden
displacements in the moments of rotational speati@bs, as well as regular and relatively
slow displacement resulting from thermal displacetsietaking place during the operation
of spindle with a fixed rotational speed. The lafgpeness of the possessed computational
model is proven by the possibility of modelling thestortions of measurement results,
which are identified by their excessive irregulast Fig. 3 shows the displacements of the
centre’s spindle, both measured and forecastedthatluse of a computational model.

Large dynamics of displacements during rotatioraesl changes is visible, not
precisely enough rendered by the computational et requiring specific explanation —
by means of recording with high sampling freques@rd precise theoretical description.

3. GENERAL CHARACTERISTIC OF A THERMAL COMPUTATIONA MODEL
FOR SPINDLE UNITS

In order to ensure high precision of the thermatlei@f the spindle unit’'s behaviour,
considered to be the main source of thermal eimoesmachining centre, such model must
fulfil many fundamental requirements. The model tmeproduce natural thermal loads.
This requires the reproduction of real-time powassks generation, taking into account
varying loads of the motorspindle motor with torgleading of motorspindle bearings with
internal and external loads, as well as loads with friction moment [4]. Therefore the
entire complex of factors and phenomena influentimggpower losses in bearings must be
considered (see Fig. 4). Additionally, the modelsintake into account as precisely as
possible the conditions of heat transfer in theaaoé a spindle unit and its outside
environment, as well as in the entire area of headhousing [5].

Thermal behaviour Thermal behaviour
independent factors dependent factors
\’\/-/ \’\/~/
oil viscosity
s v= (K, {T})
P - preload P working load

Pw = f(P, Fa, Fr, n, §)

deformation
Fa, Fr - external load 5 =1(K, PFa, Fr{T}) <

contact K - material proper- heat output
I layers ties and design Q =f(K, niTOY {Th)
temperature
distributions
{T}=1(N, Q. To, K. )
4 K

A

t - time

To- ambient

temperature A4 A4

N - power losses

Fig. 4. Interrelations between factors affectingvpolosses in spindle bearing units
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In the modelling of a machine tool realising thechiaing process, the influence
of such process must also be considered, both finenpoint of view of loading by cutting
forces and of the heat generated in the cutting zogether with the impact of the cooling
medium and chips.

The model, elaborated and applied by the authsrs,hiybrid model, integrating finite
element method (FEM) and finite difference methBDN). All cylindrical elements of the
assembly are modelled with the use of FDM, while tbst, such as the housing of a
headstock and other housings, with the use of FEMs ensures high precision of
modelling internal loads and deformations of a dj@runit [6]. A general diagram of such
model is shown on Fig. 5. The influence of the ltic cylinder used for tool fixing is also
considered in this model. Four groups of input date distinguished, which apply to:
construction, working conditions of the unit, reali machining process and the influence
of the environment. Output data are: axial shifagpindle and thermal displacement.

4 INPUT
DESIGN PARAMETERS

WORKING CONDITIONS
® Rotational speed

Front Rear || Hydraulic L4 Heat_transfer .
bearings bearings|| cylinder e Bearings cooling
l l l ® Motor cooling

e Spindle cooling
[
NAN A

HYBRID OF MODEL

OUTPUT 3D FEM model Conditions of bearing

PREEPEBRRIELPT epaaten
_ _ PROCESS
Spindle axial : ® Cutting forces
displacement: e Cutting cooling
: g?ﬁ:mal RS0 FD model e Cutting heat
i
=] Automatically generated ENVIRONMENT
® |nternal close spaces
- — X temperature
| Bearings | I Motor | |Too| fixing hydraulic | ® External temperature

® Power losses,Qg ® Power losses, Qy ® Power losses, Q¢

® Temperature, T

® Working clearance, L,, DISTORTIONS
® Working load P,

Fig. 5. Spindle unit thermal model

The discussed model integrates a series of pambdels of thermal phenomena taking
place in the area of the unit, as well as phenontenaerning the distribution of internal
and external forces. These models are, for exampéa] for:

 calculations of the amount of heat generated ihdesrings

* heat flow in the bearing unit

» forced cooling of spindle bearings

 calculations of the amount of heat generated irotorrand the distribution
of such heat to a stator and rotor

* stator cooling

» cooling of spindle from the inside

» determining the internal forces in bearings andatkial shift of a spindle
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In order to make sure that the model reproducebé¢haviour of a spindle unit and the
entire machining centre during its operation, itstndescribe, in real-time, runs of load
changes, power losses, deformations and displadenaérthe components and working
units with natural connections and mutual intemawi between them. Therefore the
precision of partial models has a decisive inflenn the conformity of calculation results
with a properly conducted experiment (measurement).

Main procedures for calculating the distributiorfstemperatures and displacements
are shown on Fig. 6. Different variants of the begs’ preload are also shown on this
figure.

l Preload variants
a) ';reload
Computing of power losses 7740 \NE —
within a bearing unit___j« <t —
Q=F(T},P1) \1\2 3/4/ =
l ] a) set of four bearings pre-
X 3 ) R Fsp |0aded W|th Fpre|oad
Computing of the unit Simplified model o N . .
poty isperatises of the bearing unit < b) bearing set spring pre-
def tions P1 .
comeere Y 7 loaded with constant force Fsp
- |<_ 0 c) front and rear set of
Assumed accuracy No H F el b . A d d ith
oo preload earings pre-loaded wi
e A\ Fpreload
I T\ 7/
1,2 34
Computing of the spindle
displacement . .
P] N
il o d) other

Fig. 6. Procedure of determining the temperatutetharmal displacement

A widely chosen variant by the constructors of df@runits is variant b, in which the
preload of bearings is realised by means of a gpoinhydraulic actuators. A precisely
operating actuator can be a piezoelectric one, lwh@wvever is very costly because of the
high cost of a piezoelectric material and the higimplexity of its power supply. Among
such variants, preloading by means of a spring astrwidely used, considered to be an
inexpensive and simple constructional solution. Eeev, the selection of springs and their
force should result from the analysis of the regplistiffness of a bearings unit in working
conditions of a spindle assembly. Therefore a bldatacomputational model must be
available. Initial behaviour of a spindle bearingst is determined by their preload P (see
Fig. 4) and the load of every bearing (bearing)p&iy; , = f (P) in the post-assembly state.
The engagement of rotation initiates power loskesting of a spindle assembly, thermal
deformation $and the generation of a corresponding forgewhich increases loads E f
(P, /). The appearance of the external load A leadkddurther increase in the load of a
bearing E=f (P, R A). Simultaneously, a load from centrifugal forcEs, appear and the
resulting load E=f (P, i A, Fc). For every load state, a state of equilibriuncrisated in
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a bearing unit. In a computational model it is &rthat if such force equilibrium is
disturbed in a spindle unit, the computational paogy searches for and determines
equilibrium conditions, altering a relative locati@f bearing rings or values of internal
forces — as it would take place autogenously ihweaking conditions of a bearing unit.

For every load state of a spindle unit a definedtestof thermal equilibrium
(momentary), which is defined by the balance oft fleaes.

Equilibrium of heat fluxes at node “i” of a divisianesh was determined according to
the relationship:

W max

ZQth:l + inh+1 _ QSwl — QAh+lh (1)

w=1

and the initial condition T°=TP
where:

QR - flux of heat flowing between nodes “i” and “wf a mesh.

Summation extends over fluxes to all “Wmax” neighibiog nodes,

QZ - flux of heat transferred from a heat source tme “i”,

QS - flux of heat exchanged between a surface enaesipg node “i” and the
surroundings. A variety of modes of heat exchangs the machine tool body
considered in the system are shown in Fig. 7 ,

QA; - flux of heat accumulated in material encompagsiode “i”,
h,h+1 - indexes denoting heat flux at time instaitr its successor “h+1",

TP, - temperature of node “i” at an initial timetbiermal process; h=0.

In addition to the above elements of division arotroup of spatial elements was
adopted to represent either closed cavities obtity or spaces filled with coolant.

In order to determine the heat flaxes it is neagss$a recognize a temperature
difference between modal temperature and neighloogritemperature and an equivalent
coefficient of heat transfer concerning: heat tfansn joints, free convection forced
convection, radiation convection inside a body,ered space and so on. A forced heat
exchange model uses heat balance equations fourtbieady heat transfer description
between the circulating coolant and the cooleritase. The basic components of the model
of forced cooling machining centre units — basicapindle unit shows Fig. 7.

Tout

discrete elemen

Fig. 7. Heat fluxes in cooler channel
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4. OPERATIONAL BEHAVIOUR OF SPINDLE UNIT

The source of impetus for a detailed analysis eflibhaviour of a HSC spindle unit
were the results of studies on the prototype cérare with the rotational speed of a spindle
reaching 50.000 rpm. Such studies shown that dwlfiragges of the rotational speed, large
shifts of a spindle appear, not observed in healistavith low rotational speeds. The
similar behaviour of a spindle is also observedhia paper [7]. In order to explain such
behaviour measurement experiments with high sapiequencies were conducted, well
identifying the behaviour of a spindle tip duringanges of the spindle’s rotational speed
according to the previously defined cycle of speleanges.

The results of testing the behaviour of a spindlend) rotational speed changes are
shown on Fig. 8 [8]. On this figure, black line repents a run of spindle displacement as
a function of time. Both regular changes resulfiogn thermal elongations of a spindle and
sudden shifts of the value appearing in mh@ments of the rotational speed changes are
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__,q e =
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<
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Fig. 8. HS machining centre spindle shift with dapping thermal elongation, and sleeve movemenysisa
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visible on the figure. Red line represents recordesplacements of a bearing loading
sleeve. In the investigated constructional solutimin the motorspindle, the loading
of bearing is realised by means of a moving slesksprings. The task of a moving sleeve
Is to compensate thermal elongations of a spiridiejaintain the required load of bearings
and to ensure rigid support of front bearings makial direction.

The starting moment of a test, that is the engagemkrotational speed of 22.500
rpm, a sudden shift of the displacement valuesgia on the graph, from zero to 11,5 um.
In the further part of the graph, a slow growthdiéplacements is visible, representing
thermal elongations of a spindle. A much largeftsbok place in the moment of increasing
rotational speed to 45.000 rpm, after which a \retgnsive thermal elongation of a spindle
took place. After decreasing rotational speed t&6@2 rpm the spindle, instead of returning
to the initial state, suddenly dropped almosi#b It was not until 25 sec from the moment
of increasing rotations when a sudden decreadeeo$gindle displacements was visible. In
the further period of a measurement cycle a slowling is visible, followed by
a consecutive spindle shift after stopping the nmactool and a consecutive period of slow
cooling.

As it was already mentioned, in angular roller begg centrifugal forces acting on
balls cause the relocation of contact points ohlawith raceways and the contact angle of a
ball relative to the outer and inner raceways. Tésilts with the change of bearing’s axial
stiffness and every time a new, different statéoofe and moment equilibrium is settled
[9]. Besides the spring force, balls are also ldaldlg a centrifugal force, which causes
pressing of the balls into a slot between boths;ivghile the values of pressure of balls on
the inner and outer bearing ring must ensure thdileigqum of forces in a bearing.

For the analysed construction, axial movements gpiadle are strictly connected to
the movements of a loading sleeve during the clengeotational speed. It is because the
displacement of a spindle’s tip consist of thedwiing: displacement of a sleeve ensuring
the equilibrium of forces in bearings, displacemefa sleeve caused by the shortening of a
fast-rotating spindle and displacement of the €lmng of a fast-rotating spindle.

The use of a precise model of the behaviour ofiadép assembly allows analysing
and forecasting the changes of spindle tip positbanges in operating conditions with
a high accuracy.

By observing the movements of a moving sleeve ljreg) it is possible to claim that
during the entire test the sleeve does not fuléildasic function, which is compensating
thermal displacements. It only reacted to the chang rotational speed of a spindle, and
not always correctly, which is signified by the algdd, by 25 sec, sleeve reaction to the
decrease of rotational speed from 45.000 rpm tBQZRrpm.

In order to make sure that the rear bearing nodamnstantly effectively loaded, the
sleeve, to which the force of a spring is appl&tuld be able to slide freely in a housing.
If the movement resistances of such sleeve arbitpat will not react properly.

With a properly operating moving sleeve or a sldedeby rolling elements, operating
with no jamming and reaction delays, thermal eldioga of a spindle would not be visible
on a graph from measurements (sleeve movementddskbompensate them in a large
degree), as well as the phenomenon of a fallingdépiwould not be observed, while the
sleeve returning without delay would prevent thapening.
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5. MACHINING CENTRE MEASURING SYSTEM OPERATIONAL
BEHAVIOUR

If it is desired to effectively compensate the alisbns of machining centre precision
in their operating conditions, one should not othi¢ errors introduced by the distance
measuring system of working units in controllableesa The manufacturers of CNC
machine tools using such systems have a choiceebatguartz linear scales with a lower
thermal expansiveness coefficient and steel liseales, which coefficient is conforming to
the coefficient of the material used for housingvtach the scale is fixed.

By choosing the quartz scale it is necessary t@sddhe location of its fixing. It has
three fixing holes — two at the ends and one inntiedle. During operation the bodies of a
centre, e.g. a beam or a bed, to which the scaéefixed, undergo thermal deformations.
Such deformations cause the linear scale to béadesg together with its fixing points.

In a centre shown on Fig. 9a beam is rigidly bowith a right guideway by means
of two spaced clearance-free rolling blocks. Rgllislocks on the left guide play only the
role of a moving support. Elongations of a beamimduoperation are a function of heat
fluxes acting on it, mainly from linear motors atite environment. They cause the
displacement of a headstock fixed to a beam irXthgis direction.

Effect of straightedge fixing location on
measuring error:
case a) - central point fixing and glass
scale moved to the right side
case b) - factory position and fixing point
moved to the right side of glass scale
case c) - factory position and fixing point
moved to the left side of glass scale

30 — Factory position
(central point fixing)
—

20 1 /
— casec
c 10 ~ —_—
= Y
S 0 3
e
o0

-20 ~—_" case b

-30

0 200 400 600 800 1000 1200

Time [min]

Fig. 9. Positioning effect of glass scale in maehiool structure [10]
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The location of a headstock in the X axis is aldtuenced by thermal deformations
of a machine bed. Deformation of a body displabespoint beam support to the right, i.e.
in the direction opposite to thermal elongationadieam. Glass linear scale is bound with
a beam by means of an aluminium housing. Thermpéamsiveness of such housing does
not influence the measurement error of the locatiioa headstock only when the housing is
fixed to the beam in the middle of its length, ahd glass scale is also fixed with the
housing in the middle of its length. If the housiadixed to the beam in any other location,
then the thermal dimensional changes of a housitiginiluence the error of headstock
positioning. A component of positioning error, vehihe headstock location is other than
central, will also be thermal elongations of th@elr scale itself, which thermal
expansiveness coefficient usually averages at dr8th0°® 1/K.

Headstock positioning error model, taking into ¢desation different locations of a
beam, is very complex and difficult to define withrequired precision, because of frequent,
or even constant location changes of a headstock.

In order to distinguish the influence of the linesamale housing fixing point to the
beam, a computer simulation was carried out, irctviixing in the middle point and in two
extreme points was considered (Fig. 9). In allélzases it was assumed that the glass scale
was fixed to its aluminium housing in the middlemioof their lengths. The model takes
into consideration the elongations of a beam afidear scale with its housing, as well as
thermal deformation of the entire structure of achmae tool in a function of ambient
temperature changes. It can be concluded fromithelations that dependent on the fixing
point of the glass scale housing to a bed theipasig error may even differ by 10n, and
large values of such errors signify the need of tiénimisation and compensation.

6. CONCLUSIONS

The internal tension of bearings in a high speeadép units is very complex. Precise
identification of a high speed bearing unit andetasting of their life cycle requires
detailed model recognition of complex loads. In texrease of high speed spindle units
heating up and axial thermal displacements theifgignt role play bearing rotating
elements torque, value material parameters andsityeof external cooling. For decreasing
of shift it is necessary to keep the bearings tensi whole range of speed changes. Spindle
positioning precision depends on glass scale @alirencoder design, fixing design and
fixing point location.
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