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Abstract: Using a set of dedicated software’s engineers are able to analyze all aspects of real life usage
of machine tools elements without spending money on real prototypes. A high-speed machine tools drive
system generates high friction at contact areas, into the screw-ball mechanism and bearings, thereby
causing thermal expansion of the screw which adversely affects machining accuracy. In the dynamic
analysis the position of all bodies are determinate as a result of time dependent forces applied to the
mechanism. The finite element method is used to determinate dynamic characteristics of the feed drive
system, e.g., natural-frequencies and mode shapes. The structural behaviour under dynamic and thermal
loads is evaluated in order to obtain an optimized design of the feed drive.
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1. INTRODUCTION

In a feed drive system, the ball screw plays an impor-
tant role as a power transmission unit and a linear scale.
When a large speed of motion is demanded, the rate of
feed of the ball screw transmission is much increased.
Much heat is produced at both ends of the bearing sup-
port and the nut because of a greater speed of rotation.

The accumulated heat causes the temperature to rise
in these areas. Then the ball screw deforms thermally and
has a seriously negative effect on machine accuracy. Sev-
eral types of analysis must be performed for a complete
study of machine tools behavior. The structural behavior
under thermal and dynamic loads is evaluated in order to
obtain an optimized design of the feed drive [2].

Thermally induced error is a time-dependent nonlin-
ear process caused by no uniform temperature variation
in the machine structure. The interaction between the
heat source location, its intensity, thermal expansion co-
efficient and the machine system configuration creates
complex thermal behavior.

In this paper, for future work of combined analysis of
deformation and temperature distribution, the modeling
and estimation of the thermal behavior of a ball screw
were performed using the finite element method (FEM).

Unfortunately at the moment there are no integrated
software platform for the virtual design and analyze of
the machines tools so as a result there are many problems
that appear when importing models from different soft-
ware applications.

Because of the impact that feed drives imply over the
finite piece quality the design demands are very high so
accurate analysis must be performed in order to assure a
very good behavior of the whole machine tools.

This paper presents the current state of virtual proto-
typing of a virtual machine tools and the work focuses on
the design of the feed drive system.

The main aspects of virtual design concept covered
by this paper are the dynamical and thermal analysis of a
machine tools feed drive using the finite element method.

2. COMPUTER AIDED DESIGN

One of the first steps in virtual prototyping is building
the CAD model. The 3D model of the feed drive must be
designed in order to be accepted as input by various
software that have to be used for further analyses [1].

During the design phase simplified simulation models
are used to estimate the impact of design parameters over
the machine performance. It is well known that a very
complex model can generate errors during the FEM
analysis; because of this, many features from the 3D
model are eliminated. Also some details that are essen-
tial, for FEM analyses are not so important for kinemati-
cal analysis and must be ignored. A CAD model must be
easily redesigned so it is important to use parameters to
define all the key elements of the model.

The 3D model of the feed drive was designed using
the CATIA V5 CAD software mainly because of his
good integration with the ANSYS software which was
used for statical and dynamical FEM analyses (Fig. 1).

All 3D parts where fully parameterized in order to
optimize needed parameters in FEM analysis.
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Fig. 1. 3D CAD model of the feed drive.
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Fig. 2. Section through 3D model.

In order to generate all the contacts between surfaces
it is necessary to correctly design the 3D assembly. It is
also very usefull to check all the clashes and clearances
within the CAD environment.

Using the information provided by the CAD software
we can set the correct tolerances for the automatic con-
tact generation. During the simulation we can observe the
mecatronical system movement and it is possible to
freeze one position which can be latter imported into the
FEM software.

CATIA software provides some usefully tools for
space analysis. In Fig. 2 it is an example of a misplaced
component. In this case the error is detectable by a visual
inspection of the model.

Because we need to use the 3D model for further
analyses it is a good practice to define also material
properties by using a predefined model from CATIA
library or by defining new materials (Fig. 3).

By defining material properties we can also check
important aspects of the assembly like volume, mass,
moment of inertia, etc. (Fig. 4).
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Fig. 3. Space analysis of the 3D model.

Definition
@‘% Selection :[Product] ]
Result
Calculation mode : Exact

Type : Volume

Characteristics ——————— Center Of Gravity (G) —
Volume | . Gx |‘2t3?3ﬂ‘m‘|m
Area 11,568m2 Gy
Mass  [538,152kg Gz [-75,574mm ]
Density | Not uniform

Inertia | G I Inertia |
[MM.“G

| Inertia / P I nertia | Axis | Inertia | Axis System I

loxG [752,73kgxm2 loyG [18,122kgxm2 lozG [764,598kgm2 |
IxyG [1,054e-005kgmz _|1xzG  [6,771e-006kgemz | lyzG [-3,467kgpemz |
Principal Moments | G
l:u |18, 106kgxm2 Mz |752,73kgxm2

|
M3 [764,615kgxme ]|

Olkeepmessure __Crestegeometry | Export | cCustomize... |
- @ ok | S cencel|

Fig. 4. CATIA inertia measurement tool.

Some of those information are computed by the FEM
software. This way we can check if all the components
are imported correctly (material properties, units, vol-
umes).

3. ANSYS FEM ANALYSIS
3.1. Dynamic analysis for the feed drive system

The ANSYS Workbench platform is an environment
that offers an efficient and intuitive user interface, supe-
rior CAD integration, automatic meshing, and access to
model parameters as well as to the functionality available
within the ANSY'S Mechanical products.

Because of the good integration between CATIA
V5R15 and ANSYS Workbench we decided to use this
specialized FEM software for the static and dynamic
analysis. The model was not built in ANSYS Workbench
native CAD system, so we must first check if all the
model’s features are imported before we proceed to fur-
ther analysis (Fig. 5).
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Fig. 5. Imported model.
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Fig. 6. Contact generation in ANSYS workbench.

Getting the geometry Into Design Modeler, simula-
tion or advanced meshing is now much easier than in
almost any other FEM software.

The first thing to know about formats is that there are
two classes readers and plug-ins. Readers simply trans-
late the CAD format into workbench’s internal format. A
plug-in actually uses software from the CAD vendor and
opens up the geometry in the native format and gives
workbench all the information it needs in a native format.

Often the geometry provided by readers is referred as
dumb and plug-in geometry as smart because this kind of
geometry can be transferred back to the CAD files. It is a
good practice to import all the parts into the Design
Modeler before proceeding to simulation.

After a successful import of the model it is very easy
to automatically generate all the contacts between com-
ponents, setting up the correct parameters for contact
creation (Fig. 6). It is essential to determine which be-
havior formulation, to use (Table 1).

There are three basic motions that are described by
various behaviors. The contact pair can be open, closed
or slide relative to each other. Depending on the behavior
type, there are different ways that ANSYS enforces these
relationships (Table 2).

Table 1
Contact behavior
Name Gap Sliding allowed
Open/Close?
Bonded NO NO
Rough YES NO, infinite p
No Separation NO YES,p=0
Frictionless YES YES, p=0
Frictional YES YES, if Fyidging <Friction
Table 2
Contact behavior
Name Equation Default Contact
Solved Detection
MPC Generate GE’s Nodes
Pure Penalty F=kx Gauss
Augmented F= ket Gauss
Lagrange
Normal Nodal Pressure Node
Lagrange DOF
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Fig. 7. The hexa dominant mesh of the model.

The MPC method simply writes constraint equations
between the contacting bodies. Pure penalty enforce con-
tact stiffness for a given penetration. The Augmented
Lagrange is similar to Pure Penalty, except that it in-
cludes a factor for contact pressure to eliminate some
chattering effect. The Normal Lagrange adds a Contact
Pressure DOF to the model. In terms of runtime, the for-
mulations shown are listed in increasing run time.

There is a strong connection between contact genera-
tion and mesh generation. For a proper meshed structure
it is necessary to repair the geometry before any further
operations. The main purpose of the CAD repair tool is
to detect and close gaps between neighboring surfaces.

The quality of the mesh needs to be checked before
applying loads and constraints. Quality can be measured
by the various criteria. For Hexa dominant meshes the
quality is calculated as the determinant (Fig. 7). The De-
terminant, more properly defined as the relative determi-
nant, is the ratio of the smallest determinant of the Jaco-
bian matrix divided by the largest determinant of the
Jacobian matrix, where each determinant is computed at
each node of the element. The Determinant can be found
for all linear hexahedral, quadrahedral, and pyramidal
elements.

The dynamic response of a machine, structure, or sys-
tem can be determined by superposing its natural modes
of vibration when the amplitudes of motion are small.
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Fig. 8. 10" Frequency mode for the screw-drive.
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Table 3
Natural frequency

Mode | Frequency, [Hz]
1 22.29
22.3
61.41
61.43
120.18
120.23
198.15
198.23
294.94
295.07
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Thus, a complete dynamic description of the machine
requires the determination of the modal frequencies,
mode shapes, and the system parameters-equivalent
mass, stiffness, and damping ratio. The procedure deter-
mining this information of a system is called Modal
Analysis [5].

The Finite Element Method (FEM) is widely used to
perform a Modal Analysis. FEM is extremely useful for
complicated devices and structures with unusual geomet-
ric shapes. The frequencies that are calculated by the
program (Table 3) can be further used for other verifica-
tions (Fig. 8).

3.2. Thermal analysis for the feed drive system

The thermo-elastic machine behavior, i.e. the load
dependent temperature distribution and the resulting de-
formation of the machine tool, is influenced by a variety
of constructional and thermo technical parameters (Fig
9). To closer look, the energy transmission system first
subdivided into a electromechanical and a purely me-
chanical system. In electromechanical transfers system
the electrical energy into mechanical energy of rotation
changed.

# unsteady temperature distribution, 3D tem perature gradient

« kind/mounting of the position measunng system, position of components
to each other, thermal expansion coefficient, active length of expansion

# diplacements and inclinations between workpiece and tool

» allacation of the direction hetween displacements and inclinations

Workpiece error

Design
Mass distribution

Thermal conductivity
Material properties

Thermal capacity
Location of heat sources

Heat input into the
structure of the machine
[ |

Machine internal influences Environmental influences

= machine -bearings, guidances + machine shop - temperature distribution

elements -ball screws climate (verticalhorizontal)
-motors - variations of temperature
- gears (day/Mmight, air condition}
- hydraulic - airflow
® process: - cutting heat = heat sources: - sun
- chips - radiatars
- cooling liguid - neighhouring machines

- foundations
- apen shop gates

# process. - motor/spindle cooling » heat sinks:

- frame temperature control

Fig. 9. Reasons for thermo-elastic deformations.

LXK —P [W
S Fi = i Wou |
EPA I ——— I I mert T

! WLt |
[———
Limit system '

[Qu] Qo

M) — torques moment; Fy — friction force; W, W,, — work
feed in and out; Q;,, O, — warm volume in and out; E};, — ki-
nematic energy; AU — difference of internal energy; W, —
mechanical work guide; W, — mechanical work in ware-
houses of the screw (L1); Wy, — mechanical work in nut;
W12 — mechanical work in warehouses of the screw (L2).

Fig. 10. Thermodynamic model for the mechanical energy
transfer of the feed drive system.

The thermodynamic processes in this transformation
are not studied in details. The rotational energy is trans-
mitted to the transfer system from the servomotor in a
period of time At as external work W, (Fig. 10).

In this energy transformation, the outer heat Q;, goes
into the bearings, guideways and spindle-nut and influ-
ences the transformation of the internal energy AU. Due
to this heat transfer processes, in the mechanical structure
an unsteady temperature distribution arises, which are the
target of the analytical models. The mechanical structure
of the feed axis therefore embodies both a mechanical
and thermal energy transmission system. For the pur-
poses of thermodynamics, this is considered a closed
moving system.

Thermally induced error is a time-dependent nonlin-
ear process caused by no uniform temperature variation
in the machine structure. The interaction between the
heat source location, its intensity, thermal expansion co-
efficient and the machine system configuration creates
complex thermal behavior.

3.2.1. Description of prediction of thermal errors

The mathematical foundation of the proposed ap-
proach is multiple regression analysis. In this statistic
approach the values of a dependent variable are described
or predicted in terms of at least two independent vari-
ables. Thus a model that represents the behavior of the
variation of thermal errors is written in the form:

Y=b,+b -X,+b,- X, +...4D, - X, +e. €]

The dependent variable Y (thermal error) is expressed
as a function of N independent variables X;, X, ... , X,
(temperature raises). The random error term is e that is
normally distributed with mean zero and constant vari-
ance, added to allow for deviation between the determi-
nistic part of the model, b, +b,- X, +...+b, - X, and the

value of the dependent variable Y. The random compo-
nent makes the model probabilistic rather than determi-
nistic. The coefficients by, b, ..., b,, estimated from sam-
pling data, are called regression coefficients.
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Fig. 11. Simplified model of the ball screw for FEM.

Two-dimensional temperature distributions of a ball-
screw system preloaded in the axial direction are esti-
mated at various moving velocities and stop times by the
finite element method (FEM).

The simplified model for heat transfer calculation is
described in Fig. 11 along with the boundary conditions.
Since the temperature of a ball screw ranges between
several scores, the radiation term can be neglected. The
problem is therefore defined as transient heat conduction
in non-deforming media during a given time-interval
without radiation.

3.2.2. Experimental set-up and procedure

The objectives of the experiments were to establish a
system to measure the ball screw transmission system
thermal errors, to determine a suitable model for the
thermal error data, and to predict (and to compensate)
thermal error according to the determined model.

The experimental set-up comprises a ball screw, a
driving unit, a data acquisition unit and a controller.

The specifications of the system follow:

- travel: 1000 mm,

- ball screw: diameter 80 mm, pitch 10 mm, double-
nut, preloaded,

- max. feed rates: 15 m/min,

- mounting method: fixed supported.
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Fig. 12. Schematic diagram of the experimental set-up:

1 — uniaxial feed drive system; 2 — table; 3 — servomotor;
4 — ballscrew; 5 — thermocouple; 6 — displacement gauge;
7 — data processing software; 8 — data collection system.
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Fig. 13. Speed history of the table motion.

In order to estimate the heat transfer and deformation
of the ball-screw system under long-time movement of
the nut, experiments were performed with the arrange-
ment shown in Fig. 12.

The thermocouples were attached to positions 7y, T
and T3 as shown in Fig. 12 to measure temperature in-
creases of the front bearing, nut and rear bearing as key
heat sources, respectively.

The fourth thermocouple was used to measure the
environmental temperature.

Displacement gauge was located at in the end edge of
the ball screw to measure its thermal error. The speed
history of the table motion is shown in Fig. 13.

The data (temperature increases and thermal error)
were obtained every 4 min. The variation of temperature
rises of positions Ty, 7, and T3 and the thermal error is
shown in Figs. 14 — 16.
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Fig. 14. Temperature profile of the front bearing (T;)
during the thermal displacement measurement.
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Fig. 15. Temperature profile of the nut (T,)
during the thermal displacement measurement.
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Fig. 16. Temperature profile of the rear bearing (75)
during the thermal displacement measurement.
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Fig. 17. Thermal displacement profile of the end
of the ball screw.

By comparing of the results in Figs. 12 — 15, we find
out that there is a relation between the thermal error and
the temperature increase at positions 77, 7, and 7.

A multiple regression analysis was conducted to de-
termine the effects temperature rises of key heat sources
on thermal error.

For the variation of temperature rises of positions T,
and the thermal error was used ANSYS Analysis that

shown in Fig. 18.
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Fig. 18. Temperature profile of the nut (T).

4. CONCLUSIONS

By using ANSYS Workbench we can optimize the
design process by changing one or more of the initial
parameters; those parameters are automatically updated
into the CATIA 3D CAD model.

By analyzing the calculation result in the post-
processing program the designer can evaluate the ma-
chine properties during the design stage.

Today the main problem in checking structures con-
sists in importing and preprocessing the CAD model. It is
well known that the geometry of the model can dramati-
cally change FEM results. The ballscrew preload raises
the temperature increases of both support bearings, espe-
cially the bearing on the driven side.

The surface temperature of the ballscrew decreases
because the thermal effects relax the preload, thereby
decreasing the friction between the nut and the ballscrew.

The multiple regression analysis is adequate to pre-
dict the ball screw thermal errors with variation of table
speed and temperature history. The predicted thermal
error data can be used to correct the error with a suitable
numerical control route.
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