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1 Abstract

Viibmtions  of machine  tools during qwralion  can lead 10 a reduced accuracy Dfmanu-
factw-e  or even to damage of die workpiece  oricmd the cutte~ Suppor~ed by the Brite\
Ewwn progmm, the dynamic  behavior  of bridge-type milling machines was investi-
gated by a consortium consisting of a university research group specialized on $13efield
of structural dyuamics,  a machine tool manufacmr-e~  a machine tool user and  a com-
pany  experienced on the development cf expert  system software. The overall objection
of DOGMA was the d.evelupwwnt C$ ac integrated  sq%wm-e environment to st~dy =ami
optimize  milling machines  and the milting process  concerning &eir vibration charac -
te~is~ics,  The software package developed integrates modern computer-aided methods
(CAD, Modai Amdysis, the Finite-i%mwmt  Medwd, Model L@da~ing  strategies and
Expert System technology)  to support  the machine tool manufacturer during the design
p~ocess as well as the machine tooi user during ~he creation ofrnilling programs. The
applica~ion cf”the developed techniqties]%r  design to a laboratory model of a machine
tool and two milling  machines of the tmachine tool manufacturer  showed, that the sizn -
ukztion as well as ~he experimental  determindon  of the vibru~icm characteristics of
such a machine  give important  directions  fo~ their design optimization. The applica-
tion of die m$%wre  developed to support  the c~eatkwt  of milling  programs by the
w.achine  tool user showed a sigm$cant  reduction OJ- lead times required until a first
usefil workpiece  is obtained.

2 hltrochxtim

The application and integration of modern, cmnputer-based  methods to optimize the
design and operation of machine took  especial~y regarding their dynamic characteri-
stics was the objective of the 13rite/Eurarn project DOGMA /4/. A manufacturer and a
user of such machines, an expert system developer and a university research group
specialized on the f~eki of structural dynamics were working together to link cmmner-
cially available CAD-, Finite-Eknent-,  ?vkda~ Analysis and Expert System software
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packages with additional self-developed software for the updating of Finite-Element
models. As the vibrations occurring during the milling process are a major cause for
inaccuracies of manufacture, damage to the workpiece andor the machine tool itself,
one of the obj ectives of the project was to describe ad measure the dynamic properties
of existing machine tools, respectively to predict these properties already during the.
design stage. Knowledge collected from these investigations is stored together with
further design and operation rules and heuristic knowledge about design and operation
in Expert Systems.

3 Technical Description

To achieve the objectives desired, the project was structured into three major phases:

i) Development  phase:
Determination and installation of the necessary standard hard-tk software modules
for the different tasks. Definition and creation of the interfaces for the data
exchange between the different modules. Finite Element Modeling and Modal Test
of selected machine tools and workplaces. Software development for the updating
of FE-models using Modal Test results. Development of the knowledge bases for
design and diagnosis.

ii) ValidatiodApplication Phase:
Application of the tools in i) to the design and the operation of milling machines.
Completion and improvement of the several modules.

iii) EvdLi@& uf the resdts  of the projecf
Critical comparison of the intended goals with those achieved. Evaluation of the
economical results of the project. Discussion about a follow-on project.

3.1 Survey on the Software Structure

The overall goal Of the project is the development of an integrated software environ-
ment for the optimization of the design and maintenance of milling machines as well as
the optimization of the generation of programs for the operation of these machines. For
an optimal design of machine tools, knowledge about the static and dynamic properties
of such a machine is essentiaL The Finite Element Method @3v’1) is a well established
method to predict these properties. For DOGMA, the 131WI-package  MSC/NASTRAN
was chosen. NA.STRAN Wows arbitrary modifications of the standard solution
stquences  and in-loutput of data at each step of such a sequence. For pre- and postpro-
cessing pm-poses, MSC~ATRAIQ was selected. PATRAN’s preprocessor provides
interfaces to the leading CAD - programs which helps to reduce the tedious and costly
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wok to generate  a Fide Element  model.  The  modal  tests  were performed using the
LMWCADA-X package. An interface to input  FE data  into the CADA-X system for
comparison and. updating -purposes is provided by D&3. For the development of model
updating routines MATLAB was used. The model updating program reads system
matrices of the reduced FE-nmdel written by NASTRAN in an ascii format and corre-
sponding test data fmrn the CADA-X package using the UNIVERSAL FILE format /1/
The Expert Systems for design and diagnosis were developed using the PC-based
Expert System shell Kappa-PC. Parts of the input data for the FE-program (static ori
and dynamic loads) can be generated by the Expert System moddes,

(
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Updating
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bases for * special effects modelling system
the design * FEM-calculation  of statics, matrices
of miIling * solution of
machines response functions e!c. the eigen-

* results  postprocessingand the vilue
diagnosis of * generation  of input  data for problem
the milli~g modal  testing and model * import of test
process data

* compariscm:
* calculation calculation

and vs. test
exchange * parameter
of static optimization
and dynamic Modal Testing * export of
ioad data updated

* experimental determinationwith the system data
FEM- of frequency response functions for further
rnoduIe and modal properties FEM-calcu-

* comparison with calculated lations  and
modal data comparison

of updated
rnodai
properties
witbl test
data

-3-



,9

t

9

8

!8

3.2 Finite Element IModelling

To improve theinsight in especially thedymrnicp ropertiesof structures which are
involved in the rniHing process, Finite Element models were generated of a labcmatmy
model of a bridge type miHing machine (Fig. 2a), two milling machines of the machine
tool manufacturer (e.g. Fig. 2b) and three different workplaces of the machine tool
user. The model generation was supported by IGES files of the several structures gen-
erated from CAD data.

3.3 Finite Element Simulation and Modal Test

As a basis for the description of vibration effects occuming during the operation of a
machine tool, it is desirable to create a FE-model of the machine which describes its
dynamic behavior e.g. in terms of the modal properties (eigenvalues, eigenvectors).
The reliability of this model can be verified by comparing the results of a calculation of
these properties with the results of a corresponding moda~ test. Fig. 2 shows two differ-
ent structures this procedure was applied @ A scaled laboratory model which has the
general features of a bridge type milling machine and a real machine of the same type.

The results of a modal test of the machines and their comparison with calculation
results (e.g. Fig. 3) show the following characteristics:

* As usual for structures of such complexity, a lot more modes were calculated
than measured in the frequency range inspected in each case.

* Measured and calculated mode shapes did not appear in the same order, after
an attachment using the modal assurance criterion /2/, the corresponding
eigenfre.qmmcies differed considerably. For some measured modes, a pairing
with modes of the simulation was not possible.

* Almost all of the measured modes (e.g. Fig. 3) show, that the roHer bearings
which enable translatmy motions of the milling head and the whole bridge are
the softest elements of the structures. The stiffness and damping characteristics
of these roller packs have a considerable influence on the vibration behavior
of the whole machines /71.

The different subs’mctures m! a machine tool (bridge, column, table etc.) are usually
tasted or welded structures of relatively simple geometries. FE-models of’ these parts
can be assumed to reflect the dynamic behavior with a sufficient accuracy. Problems
arise with the nmdelling of the roller bearings. Very few is known about the stiffness
and damping characteristics of these elements, which makes an estimation of the cor-
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r) 1st Mode: Frq.; 103 Hz, Damping:  0.95% b) .5~.h Mode: Freq.: 101 Hz, Damping: 2.4%

I

) .2fid Mode: Freq.: 13.5 Hz, Damping:  4.4%
1

d) 2A Mode: Freq.: 14617z, Damping:  1.7%%

Fig. 3: Two Mode Shapes of the Model oJf a .&idge-l’”pe Milling  Machine:
Le@ Side: Results of a Modal Test, Right Side: Corresponding FE- Restdts

responding parameters uncertain. To calculate these parameters of interest for an
improved FE-model using measured modal properties of a machine is the task of a
software package developed using MATL4B.

3.4 Deve@mmmt  of an Updating  Algorithm

The demand for more reliable Finite Element Models for the description of a elasto-
meckmical  structure’s dynamic properties led to the development of a variety of
updating strategies /6/. Most methods presume a linear system behavior and a known
structure of the model  Locations of the major errors in the model are also assumed to
be known, otherwise their localization /51 requires attention before the updating. The
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aim is to adapt certain parameters of the model to reflect corresponding test data more
accurately.
To be useful for practical applications, the properties of the test data available require
consideration. In general, such a test data set yiekis immmplete information about the
dynamic characteristics: Usually mdy a small part of a structure’s eigenfrequencies  are
excitedmeasured  during the test. Ii most cases, the number of degrees of freedom test
data are available for is much smaller than the number of degrees of freedom of a cor-
respcmciing analytical model  Even the measurement at points of special interest might
be impossible, because th~se points are e.g. inaccessible. Test data are always polluted
with random errors. A careful check for systematic errors should precede all updating
activities. An estimation whether the data contain sui%cknt information for a reason-
able adjustment of the parameters of interest at all should also be made.
Methods using measured time-domain data directly are in the minority, A transforma-
tion into the frequency domain yields frequency response functions, a starting point for
a variety of updating algorithms, see e.g. /8/, Using measured modal data (eigenfre-
quencies,  eigenvectors, clampings) and comparing them with the results of a corre-
sponding FE-calculation is the basis of a further group of strategies. These methods
usually assume, that a pairing of experimental and measured modal data is possib~e
before the start of the updating process. However, experience shows, that this pairing
very often not possible (see ako 3.3), especially if the investigated systems have a
complex geometry.
Considering the boundary condition mentioned above, an updating algor;thm which
based on the insertion of measured complex modal data into the eigenvalue problem of
a corresponding Finite Element model 19/, llOf after an expansion of the measured
eigenvectors using the system matrices of the FE-model. The updating software reads
measured modal data and the system matrices of a corresponding FE-model, performs
an updating of the parameters which are assumed to be inaccurate, and writes the
updated system matrices and modal properties out for further use in the FEM and
Modal Analysis modules of DOGMA.

3.5 Expert  System Devdqymmt

Not all of the problems in machine tool fault diagnosis can be solved by means of sim-
ulation with a theoretical analytical model. The justiilcation for introducing an expert
system module into DOGMA is that some of the krmvledge required may not be
expressed in terms of e.g. a Finite Element Model. Examples of this type of knowledge
are rnathematicai  models, parameter interdependencies  and parameter constraints. In
addition, experts call repeatedly their experience, intuition and common sense during
the design and diagnosis process. The purpose of the two expert system modules
ESDES (Expert System for Design) and ESDIAG (Expert System for Diagnosis) is to
incorporate such factors into DOGMA.
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determinet hecauseof malfunctions in anypmcessthrough the analysis of process
parameters that can be observed andrecorded.  These data arenorrnally  inthe formof
measured units, but canalsotakethefcmn of descriptive vaIues such as fast, short or
large. An Expert System performs a similar task often using a production rule-based
representation, which defines the relationship between the parameters and a goal-
directed inference engine. As most modern Expert Systems contain a knowledge base
consisting of several intemelated rules that facilitate both forward- and backward-
chaining either to or from a predefine goal, these systems are particularly suited to the
modelling of diagnostic tasks.

‘m For the particular application being considered here, fault diagnosis in machining pro-
cesses, a study of the general facts and rules that can be used in an Expert System for
Diagnosis was carried out. Such rules typically define the optimum relationships
between machining process (e.g warkpiece and cutter materials, type of finishing),
machining conditions (e.g. type of machine, type of milling) and machining parame-
ters (e.g. cutting speed, cutting depth, cutter dimensions). Once the facts and rules nec-
essary to define the machining process are gathered together, there remains the task of
formulating this information into a format suitable for use in an ExDert Svstem envi-. L .

ronrnent.
A major problem that regularly occurs in the machining process is chatter. This phe-
nomenon leads to a reduction of the accuracy or even to a unacceptably damaged
workpiece. In order to lay the basis for the development of the Expert System to solve
this problem, machining tests were carried out using several types of cutting material,
~workpiece material and types of cut. From these tests, machining experts were able to
define minimum and maximum cutting speeds and feed rates and to make recomrnen-
daticms about the mosi suitable type of milling for each combination of cutter material,
workpiece material and type of cut. ‘This information, coupled with rules relating cut-
ting parameters, cutter geometry, cutter holder, securing system and milling machine,
facilitated the development of the knowledge base to a total of 74 rules defining the
optimal cutting conditions. In addition 40 other functions have been defined that allow
several constraints and factors that are incorporated in the rule-base to be constantly
updated as the machining parameters change.
ESDIAG is MS-Windows based and allows the user to input all necessary information
of the machining process that is currently taking place in terms of cutter material,
workpiece material, type of cut, Iype of the cutter holder etc. supported by list boxes,
dialog boxes, option buttons, sliders etc. Once all of this information has been input by
the user ESJ3L4G is able to define all of the machining parameters relating to the bot-
tom, corner or waH-miHing process, and gene~ates warnings about any possible source
of current faults. Furthermore, ESDIAG is akde to write data about frequencies that
wiH occur during the process investigated to a file which can be read by the FE-module
of DOGMA for simulation purposes.
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4 Results

During the project, the partners developed an integrated hard- and software environ-
ment and procedures for the investigation and improvement of machine tools with
emphasis cm dynamic aspects. The software of this computer-aided environment con-
sists of standard software tools for the JFinik-Ekment Method, Experimental Modal
Analysis and the Expert System Technology, extended by self-developed interfaces for
the exchange of the respective data and routines for the updating of Finite-Element
Models using comespcmding Modal Test data. The corresponding hardware consists of
several workstations and K’s and the equipment for the Modal Analysis.
This environment was applied to investigate and optimize the design of milling
machines as well as the milling process itselfi Using design data (drawings, CAD-data)
of a laboratory model of a machine tool, two bridge-type milling machines and three
workplaces with corresponding f~xtures, Finite Element models of these structures
were created and their dynamic behavior was simulated. An experimental Modal Anal-
ysis of these structures was performed. The FE-models were updated using corre-
sponding test data. The improved F&models can be used to predict dynamic effects
occurring during the milling process.
The measurements and simulations performed led to an improved understanding of the
dynamic effects occurring in connection with machine tools. Several design modifica-
tions of machines were already performed as a result of the investigations during
DOGMA. In addition to that, the machine tool manufacturer and the machine tool user
in the project received a detailed overview of the possibilities of dynamic investiga-
tions using FEM and Modal Testing.
Furthermore, Expert Systems for the design and the diagnosis of machine tools were
developed using a standard Expert System shell: Data and rules for the design of
machine tools and the diagnosis of the milling process were collected and structured in
a way suitable for an Expert System.
The machine tool manufacturer performed tests and evaluation of the Expert System
for design in terms of functionality, usability and validity of results. Based on the feed-
back from the user tests, improvements and enhancements of the software were per-
formed. The application reduces significantly the time required for the calculations
necessary for new or modified designs.
Tests of the Expert System for Diagnosis were based cm actual milling processes,
where vibrations were visibly appearing on workplaces being machined. The relevant
parameters were defined using an ESDES session. ESDES correctly identified several
parameters that needed to be adjusted and, when adjusted, resuhed in the elimination
of vibrations from the workplaces (e.g. Fig. 5).
The Expert System for Design as well as the Expert System for Diagnosis can also be
used independently of the other software modules of DOGMA and are available for
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machine tod manufacturers and users customized according to the respective require-
ments.

Fig. 5: km ofa workpkce  nmchinea’ wing a) a cmwnfimdly  created  milling program

b) the advice  cfthe Expert System  for diagnosis

5 Conclusions

The successful performance of the tasks, !he knowledge achieved and the economical
benefits resulting from DOGMA show, that the objectives of the project were reason-
ably defined and the consortium was well arranged to perform the corresponding work:
.A manufacturer and a user of a certain type of machines usually share common prob-
lems and subsequently the interest in the optimization of these machines and the
related operation processes. The combination of their knowledge, experience and sur-

= vey on the market enables them to determine methods and technologies which presum-
ably solve these problems. The formation of a consortium with additional partners who
are specialists on these fields (e.g. consulting companies or research institutions)
proved to be an efficient way to improve the products as well as the processes.

6 AcknowIedgmenk

DOGTV9% was funded by the Brite/Eurarn 11 program (contract no.: BR13U-CT9 1-0566,
project. no.: BE-4273 (DOGMA)) of the European Union with Nlr. H. Pero, Mr. 1%.
Giordano and Mr. J.-M. Drapier as responsible officers. We wish to express our sincere
thanks to all our partners in this project. The discussions with Mr. E. Elbraechter are

-11-



gratefulljj acknowledged. Special thanks to D. Maus for her valuable ccmtributicms
to the devekpment  of the model updating routines.

7 References

/1/ Allemang, R. J., Brown, D. L.:

Experimental Modal Analysis and Dynamic Component Synthesis
Vol. V- Universal File Formats
AFWAL-TR-87-3069 (1%37)

/21 Ewins, D. J.:

Modal Testing: Theory and Practice
Research Studies Press Ltd. Letchwmth (1986)

/3/ Irnrqym,  M., Ewins, D. J.:

.An Investigation into Mode Shape Expansion Techniques
Proc. IMAC XI, WI. 1 pp, 168-175 (1993)

/4/ Iruarrizaga,  L., N“ordrnann, R.:

DOGMA - An advanced computer-based method for the Design and Optimiza-
tion of Global Machining Aspects
13ritefl%ram 11 proposal no.: 4273 (1991)

!5/ Lallement,  G., Piranda,  J.:

Localization Methods for Parametric Updating of Finite Element Models in
Elastodynarnics
Proc. IMAC VIII Vol. 1, pp 34’7-375 (1993)

}61 Mottershead,  J. E., FriswelI, M. L:

Model Updating in Structural Dynamics: A Survey
Journal of Sound and Vibration 167 (2) pp. 347-375

Einfh2sse auf das .Whwingungsverhalten von Maschinenstrukturen  durch Rol-
lenumlaufschuh-Ftihngen
Doctor Thesis. University ofKaiserslautern(1995)

!$/ %f%sser,  W. J., Ixmegun, M., Ewim, D. Jo:

Direct Use of Measured JFRF-Data to Update Finite Element Models
17th Int. Seminar of Modal Analysis KU Lcmven Belgium (1992)

-12-



D
B
I
8
9

R
9

/9/ Wittig, H., Nordmann, FL:

An Algorithm to Update Finite EIement Models Using Incomplete Modal Test
Data
Proc. FEMSA ’95, Stellenbosch (1995)

Zur Identification da- Parameter Iinearer elastomechanischer  Systeme mit Hilfe
gemessener  modaler Grd3en
Doctor Thesis. University of Kaiserslautern (will be published in 1996)

)111 Ziehl, A., Schmidt, M.:

Zusammenspiel  von CAD, FIWl md experirnenteller Modalanalyse
Proc. Deutschsprachige  MSC Anwenderkcmferenz  (1995)

/121 ZiehI, A.:

Beredmung  des dynamischen Struktw-verhakens  von Portalfriismaschinen
Doctor Thesis. University of Kaiserslautern ( 1995)

-13-


