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Commonly applied theories of self-excited vibrations in machine
tools are prevailingly based on frequency domain analysis of linear
models, and in most cases only focus on evaluation of stability limits
of strictly linear systems. In this way the behaviour of more stable
or more unstable systems cannot be studied and analyzed. Neither
is it possible to study certain important nonlinear effects because
of limitations connected with the classical representation of systems
only in the frequency domain. Evaluation of stability by analysing
nonlinear systems in the time domain has not been applied until
recently. The paper shows a new approach based on an
interpretation of self-excited vibration systems as nonlinear
servo-systems. With this approach linear and nonlinear systems

of any degree of stability can be studied using a combination

of frequency and time-domain methods. This can considerably
contribute to better understanding of complex phenomena

in various regimes and specific situations.
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1. Introduction

Self-excited vibrations in machine tools arise as a result of interaction
between the elastic structure of the machine and the metal cutting
process. Under certain conditions, typically at certain limiting chip
widths, the interaction becomes too strong and the tool starts to
vibrate relatively to the workpiece. The whole combined system be-
comes unstable; the amplitudes of vibration grow and may cause se-

rious damage to the tool, spindle or the whole machine. Analyses of

this phenomenon performed already fifty years ago by researchers
of the VUOSO Research Institute of Machine Tools and Machining,
namely [Tlusty 1954], [Tlusty 1955] and [Danek 1962], showed that
the stability of excited vibrations is influenced by the space orienta-
tion of the machine vibration system into the normal of the machined
surface. They also showed that chatter occurs at smaller chip widths when
the machined surface already has certain surface waviness produ-
ced by the previous cut. Later [Tobias 1995] published the “lo-
be” diagrams, expressing how a change in spindle revolutions can
influence the critical width of cut at the limit of stability. More recent
publications generally applied the main achievements of the classical
theory, based on the following assumptions:

* System stability can only be influenced by relative vibrations be-
tween the tool and the workpiece in the normal direction with re-
spect to the machined surface

A linear system is at the limit of stability when the amplitude of the
vibrations Y(t) equals the amplitude of the surface waviness Y (1)
caused by the previous cut

Since for constant values of the width of cut b the exciting cutting
force F acting on the vibration system is considered as proporti-
onal to the current depth of cut (Y(t) - Y (1)) by the specific cutting
coefficient R, the depth of cut is always in phase with the cutting
force F.

* As no phase shift, time delay or complex value of the coefficient
Ris considered, it follows that the real parts Re [Y(t)] and Re [Y,(1)]
will be equal in size and opposite in sense.

For a particular vibration system with the frequency response @, va-
lues of critical width of cut b, can be calculated relatively easily
using the well-known criterion:

bl/'mz‘l/( 2R - Re[q)]neg (1)

* These assumptions are valid for linear systems at the limit of sta-
bility and are commonly applied in most of the numerous later
publications on the subject, such as [4], [6] and [7]. Neverthe-
less, to evaluate stability through the application of criterion (1),
the method uses only the real part of the frequency characteris-
tics of the machine structure as shown in the Fig. 1, and cannot
be applied for a general analysis of system behaviour in both the
frequency and the time domains.
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Figure 1. Classical representation of the system for evaluating stability
by applying criterion (1)
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2. Interpretation of self-excited vibrations as nonlinear
feedback systems

For a more general analysis of the system’s behaviour in both the
frequency and the time domains, we have interpreted the waviness
Y (1) as the vibration Y(t) delayed in time. For turning processes this time
delay corresponds to the time T of one spindle revolution; for milling
processes it corresponds to the time interval T/n between two cutting
edges of the rotating tool. Modern Matlab/Simuling methods allow
us to apply this nonlinear feature in both the frequency and the time
domains. Then it is possible to introduce other nonlinearities, gene-
rate block diagrams of feedback systems for various cases and con-
figurations, and study the behaviour of systems with different degrees
of stability. Instead of only evaluating the chip width b, at the limit
of stability, we may for instance study complete complex open loop
characteristics and apply the Nyquist criterion of stability, applicable
for linear and quasi-linear systems. The correspondence between
the classical criterion (1) and the new Nyquist diagram is depicted in
Figure 2. The Nyquist critical point for the limit of stability coincides
with criterion (1), but the frequency response now includes the who-
le system, not only the mechanical structure.

The corresponding general block diagram for turning processes is
shown in Fig.3. The depth of cut (Y(t)- Y, (1)) is represented here in a full
complex form, not only as the parts Re [Y,, (1)] and Re [Y(t)]. The pro-
grammed depth of cut H(t) represents the input function of the system.
Coloured areas represent nonlinear blocks.
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Figure 2. Correspondence between the classic and Nyquist stability criterions
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The mean value of the input H(t) creates a particular mean value
of the cutting force and a corresponding medium displacement of
the machine structure, which does not theoretically influence the sta-
bility of a linear system. The current depth of cut h(t) is expressed by
the equation:

h(t) = H(t) = (Y (t) = Yo (1)) (2)

When the value of (Y, (f) - Y(t)) is greater than the nominal depth of
cut H(t), the tool jumps off the material and the cutting force F(f) stops
being generated. In the diagram in Figure 3 this is represented by
a nonlinear block which lets only positive h(t) values pass unchanged and
blocks the negative ones. The tool jumping off the material is a non-
linear effect limiting the amplitude of vibrations in unstable sys-
tems. The positive part of h(t) represents the current depth of cut.
Multiplication by the width of cut b produces a cross section of the
chip; subsequent multiplication by the specific cutting resistance R pro-
duces the cutting force F(t). The classical stability criterion in equati-
on (1) supposes that the R value is real, but we may also deal with
a certain time delay Z between the chip cross section b-(Y(t) — Y,(t))
and the cutting force F. Then, the depth of cut (Y1) - Y(t)) will be re-
presented in a full complex form, not only as the difference between
the real parts Re [Y, (t)] and Re [Y(t)]. The constant value of the input
H(t) creates a particular medium value of the cutting force and
a corresponding medium displacement of the machine structure,
which does not influence stability.
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Figure 3. General block diagram of a non-linear two-mode system

When the value of (Y(t) - Y, (t)) is greater than the value of H(t), the
tool jumps off the material and the cutting force F(t) stops being ge-
nerated. This is represented in Figure 3 by a nonlinear block which
lets only positive values of h(t) pass unchanged and blocks the nega-
tive ones. The tool jumping off the material is a nonlinear effect
limiting the amplitude of vibrations in unstable systems. The positive
part of h(t) represents the current depth of cut. Multiplication by the wi-
dth of cut b produces a cross section of the chip; multiplication by the
specific cutting resistance R produces the cutting force F(t). In Figure 2
possible complexity of the specific cutting coefficient R is represented
by the time delay Z.

The whole part of the diagram containing the input h(t) and out-
put F(t), in which the force F(t) is generated, is referred to as the sub-
system F. In addition to the subsystem F the block diagram in Figure
3 comprises two other subsystems: the subsystem ® and the subsys-
tem ¥. The subsystem @ represents a two-mode vibration structure
composed of the machine and tool and includes direction factors g, ,
and r, ,. These factors transform vibrations into the normal direction
of the machined surface.

Vibration in the tangential direction can be considered as a mo-
dification of the time delay T in the other block subsystem ¥, which
solves the waviness effects of previously machined surfaces and per-
forms the conversion of the vibration Y(t) into the current depth of cut
(Yt Y, 1)

The parameter p varies between one and zero and respects the
fact that in turning only a part of the machined surface may enter
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Figure 4. Frequency response of the subsystems @ and V.
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Figure 5. Resultant open loop frequency response of the system with all
three block subsystems F, @ and ¥ interconnected.

info a repeating turning cut. Figure 3 shows examples of frequency
characteristics of subsystems ® and ¥ for a two-mode vibration sys-
tem with natural frequencies of 72 Hz and 120 Hz. Tangential vib-
rations are not considered here. Figure 5 shows the resultant open
loop frequency response of the system with all three interconnected
subsystems F, ® and ¥. Parameter valuesareb = 1. 10-* m, R = 2.10?
Pa,Z =0sec, T = 0,1 sec; mode frequencies are 72 and 120 Hz. When
a slight time delay Z of 0.002 sec is considered, corresponding
to a reasonable phase shift at the frequency at the limit of stability,
characteristics from Fig. 5 turn into shapes shown in Figure 6. For the
given b value the system is no more stable.
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Figure 6. Frequency characteristic modified due to Influence of time delay
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Figure 7. Lobe characteristics for Z=0 and Z= 0.002 for a range of 30
to 5000 rev/min
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3. Special phenomena near the limit of stability

Changes in the spindle revolutions influence directly the values of
the time delay T and the form of the open loop Nyquist characteristics
shown in Figures 5 and 6. The application of the new procedures makes
it possible to plot “lobe” diagrams showing the changes in critical b, _ for
different spindle revolutions as shown in Figure 7 for both systems pre-
sented above. The system with the time delay Z shows significantly
lower b, values in its “lobe” diagram.

Analysis has shown that the critical width of cut b, depends solely on
the phase shift between the vibration Y(t) and surface waviness Y (t).
The corresponding graphical proof is shown in Figure 8;
Figure 9 depicts a detail magnified 200 times. Self excited vibrations
only occur in a certain phase shift range; in other areas they do not
exist even with the most extreme b values. The situation is illustra-
ted with 3D diagrams in Figures 10 and 11. The relation between
the phase and b remains unchanged; however, the occurrence of
stability limits varies quite unexpectedly and jumps among different
spindle revolutions.

Crtical wicth of cut

Figure 8. At any spindle revolutions, the critical width of cut depends solely on
the phase shift between the vibration and surface waviness
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Figure 9. A detail of a portion of Figure 8, magnified 200 times
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Figure 10. A 3D representation of stability limits occurrence within a selected
range of spindle revolutions
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Figure 11. Variations in phase and the corresponding critical width of cut when
spindle revolutions change

4, Time domain simulations

The criteria of stability used in the classical linear theory of self-excited
vibrations is based on a comparison of two successive vibration am-
plitudes, these being the amplitude of current vibration Y and amplitude
Y, of surface waviness.
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Figure 12. Simulation in the time-domain showing effects of shocks from
incoming surface waviness

This approach supposes that the system at the limit of stability
finds itself in a special state of steady vibrations, after subsiding all
previous transient phenomena. The criterion may be referred to as
a “steady-vibration” criterion. However, this presumption may not be
valid in real situations. Vibration and surface waviness may interfere
and combine with various process shocks. In this case a simulation in
the time domain could provide a better understanding of the nature
of the processes. The general block diagram shown in Fig. 2 can be
used without modifications for this purpose, making it even possible
to simulate the influence of specified nonlinear phenomena.

Figure 12 shows an example of a transient process simulation
for a case where the tool starts to machine wave-less material. At
the beginning the vibrations are well damped. After the time peri-
od T elapses, the system receives the first shock from incoming sur-
face waviness. According to the classical “steady-vibration” criterion
the system should be well domped; however, the time domain simu-
lation only shows very poor damping due to periodically repeating
shocks from incoming waviness.

5. Evaluating stability in time-domain simulation

Analysis and simulation of the transient phenomena of self-excited
vibrations can also be applied to quantitative and evaluation of sta-
bility limit if a suitable stability criterion was found. Various criteria
have been tested unsuccessfully, with cases of failure occurring each
time. Finally an automatic iteration procedure called the “vibration
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“Vibration integral” criterion of stability for time-
domain simulations:
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100/f . In this relation, f'is the frequency of vibrations.

(For Ts = 200/f, equivalent damping would be square root of (I,/1,)
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Figure 13. ,Vibration integral” criterion for quantitative evaluation of stability
from time/domain simulation
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integral” criterion has been developed, which has so far been success-
ful in all linear and nonlinear cases tested. The procedure is depicted
in Figure 13 and involves the following steps. The transient process is
simulated for a time longer than approximately 200 vibration waves.
The first period, during which the tool cuts clean material without
waviness, is not included in further analysis. The simulation time Ts is
then divided into two equal time periods.

During the first period the integral of absolute vibration values is
collected in one register where it creates the sum | ; during the
second period it is collected in another register where it creates the
sum |,. By iterative changes of the width of cut b we find the b, for
which I, = 1, and take it as the limit of stability. For other cases it
is also possible to evaluate the ratio I/l to obtain a quantitative
evaluation of the degree of stability. The “vibration integral” criterion
has worked well for all nonlinearities tested so far.

6. Lobe diagrams for systems with different

degrees of stability

Being able to determine the limit of stability by evaluating b, ob-
tained through simulated transient processes, we can repeat the
same procedure for different spindle revolutions and draw the lobe
diagrams for the simulated transient processes of linear or nonlinear
systems. An example of such a lobe diagram is shown in Figure 14.

Diagram stability
1

AN A A

©Boo 7666 7860 =600
otacky n [ot/min

ek oubkaistyap o]

Figure 14. Example of a lobe diagram obtained through iteration from
time-domain simulation data
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Figure 15. Lobe diagrams for systems with different degrees of stability

Moreover, with the quantitative “vibration integral” criterion, we can
choose the desired degree of system stability by selecting the ratio
(1./1,), and draw the lobe diagrams for various “safety” against insta-
bility. Figure 15 shows three lobe curves for ratios (1,/1,) equal to 1, 2
and 10. Internal system parameters for systems with different degree
of stability can be registered during the time-domain simulation.

7. Summary

A new approach to the analysis of self- excited vibrations involving
non-linear elements has been applied in the Research Centre of
Manufacturing Technology in Prague (RCMT). Interpretation of self-
-excited vibrations as non-linear feedback systems makes it possible
to apply advanced Matlab/Simulink methods and study frequency
and transient phenomena in systems with various degree of stability.
Simulation and analysis of transient responses can contribute consi-
derably to a better understanding of complex, nonlinear dynamic sys-
tems and of their behaviour in various regimes and specific situations.

List of symbols

Y  amplitude of tool vibration

Y, amplitude of surface waviness

nominal depth of cut

h(t) current depth of cut

F(t) cutting force

R specific cutting force coefficient

width of cut on limit of stability

Z  time delay between chip cross section and F

T  time delay between successive cuts

T. time of simulation

/1, degree of system stability

References

[Tlusty 1954] Tlusty, J., Spacek, M.: Self excited vibrations in machine
tools, Publication of the Czech Academy of Sciences, Prague, 1954,
[Tlusty 1955] Tlusty, J.: Procedure of machine tool frame calculation,
Czechoslovak Heavy Industry No. 1, 1955,

[Danek 1962] Danek, O., Polacek, M, Spacek, M., Tlusty, J.:
Selbsterregte Schwingungen an Werkzeug- maschinen,

VEB Verlagtechnik, Berlin, 1962

[Tobias 1955] Tobias, S. A.: Machine tool vibration,

Blackie and Son, London, 1965

Contacts

Ing. Petr Foitd, Research Center for Manufacturing Technology
Faculty of Mechanical Engineering

CTU in Prague, Czech Republic

Horska 3, 128 00 Praha 2, Czech Republic

tel.: +420 221 990 912, e-mail: p.fojtu@rcmt.cvut.cz

ANALYSIS AND SIMULATION OF NONLINEAR SELF-EXCITED VIBRATIONS IN MACHINE TOOLS | November | 2010 | 200/201




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>






    /HEB <>
    /CZE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [651.969 907.087]
>> setpagedevice


