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Dynamic Behaviour of the Colath-2 

J. H. Yang 

Summary 

This report deals with the determination of the dynamic 
behaviour of the Colath-2. The natural frequencies, stiffness and 
damping of the machine tool components have been found by means of 
constructing the structure of the machine tool, measurement and 
modal analysis. Especially the transfer functions between the tool 
holder and supporting bearing of the spindle are given for 
calculating approximately the relative displacement between the 
tool and workpiece under the action of the exciting force at one 
of the natural frequencies during machining. 

1. Introduction 

In high-precision cutting an important influence on the 
surface accuracy of the workpiece is the dynamic behaviour of the 
machine tool. The deviation due to forced vibrations, cutting 
forces and their variation may be reduced by eliminating or 
decreasing the excited forces, avoiding the coincidence of the 
frequencies of the exciting forces and the natural frequencies of 
the machine tool components and increasing the stiffness and 
damping of the machine tool components. For the above mentioned 
purposes, the dynamics analysis of the machine tool must be made 
first on the basis of an experiment. A convenient method for 
finding the natural frequencies I stiffness and damping of the 
machine tool components is the modal analysis technique. 

The experimental procedure for a modal analysis consists of 
the following steps, namely 
(1 ). the choice of the measuring and analysing equipment and 

method; 
(2). the construction and input of a structure geometry; 
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(3). the determination of the measurement state, the measurement 
process and storage of the frequency responses; 

(4). the computation of the resonance frequencies and associated 
damping ratios; 

(5). the generation of the animated mode shape display; 
(6). the defination of the machine tool components associated with 

the resonance frequencies. 

2. The Choice of the Measuring and Analysing Equipment and Method 

There are three methods by means of which the structure can be 
excited, i.e. (1) using a hammer, (2) using an electrodynamical 
shaker and (3) using a hydraulic shaker. A hammer has been used 
for the measurements because there are a large number of points to 
be measured and the available shakers will not fit for most of the 
points of interest. Also the devices for measuring the responses 
can not be fixed easily to all of the points. Two tips with 
different hardness were chosen for the measurements because of the 
magnitudes of the pulses. A pulse with a long duration will have a 
larger energy content than a short one. Hence, a soft tip would be 
prefered than a hard one. But a soft tip did not cover the whole 
frequency range of interest. A harder tip was used also for higher 
frequencies. 

Two transducers were used for the measurement, a force 
transducer with a sensitivity of 3.69 pC/N which was mounted in 
the hammer body and a accelerometer with a sensi ti vi ty of 1.8 
pC/ms-2 for obtaining the frequency responses. 

The signals of the accelerometer and the force transducer were 
amplified by Kistler 5007 charge amplifiers. rt is desired that 
the amplitudes of the force and response signals are as high as 
possible with respect to the input range of the equipment in order 
to minimize the noise to signal ratio, but the overload of the 
signals must be protected. A HP 5423A structure Dynamics Analyzer 
was applied for the collection, storage and analysis of the 
measurement data. 
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3. The Construction of the Structure Geometry and the 
Determination of the Points to Be Measured 

3.1. The Structure Geometry 

The structure of the 
precision lathe consists of 
several components mainly 
including a spindle, two 
carriages, a guide, a bed 
and a base. This geometry 
is depicted in Fig. 3.1 and 
the components in Fig. 3.2. 

3.2. The Determination of the 
Points to Be Measured 

Fig. 3.1 Geometry model 
of the lathe 

There are no'firm rules for the determination of the points to 
be measured. The number of the points should be chosen to be as 
small as possible, but still sufficient to animate the mode. The 
points to be measured will also depend on the accessibility to the 
points by the available devices for measuring the response or 
exciting the structure. The number of the points to be measured is 
34. Fig. 3.2 Components of the lathe 

(1) spindle 
(2) carriage 1 

(3) carriage 2 

(6) 

(4) guide 
(5) bed 
(6) base 

(1) / 

~ 

(o) 
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4. The De~e~ination of the Measurement State 

4.1. The Determination of the Frequency Range of Interest 

A preliminary examination showed that the displacement 
frequency responses will be small over the frequency of 1000 Hz 
(see Fig. 4.1). Therefore, the attention will be restricted to 

frequencies less than 1000 Hz. 

Fig. 4.1 A transfer fuction example of the lathe 
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4.2. The Measurement States 
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Table 4.1 and 4.2 show the setting for the measurement with a 
soft hammer tip and with a hard hammer tip respectively. 

In order to reduce the noise, the signals were averaged at 5 
times in the fashion of stable averaging which is generally used 
for the transfer function measurements because the devices 
measured have characteristics which are well defined functions of 
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Table 4.1 The measurement state with a soft hammer tip 

I t€ASUREIeNi : 

AVERAGE: 5 • STAB1..E 

SIGNAL : IMPACT • T..... 2. FW" ao. 00 11 

1'T1"!_ .... ~ i I nJ.CC:n : 
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Table 4.2 The measurement state with a hard hammer tip 

MEASURatENT ST ATE 

MEASUREMENT : TRANSFEH FUNCTION 
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CHAN .. RANGE AC/DC DELAY CAL fEU/V) 

* 
, ," V ,.,'" _= ~~>4~= ::IS 20C.;)CO . ... _ ... ""---

= \. D'" -= ~:I:-= ~S ~C .. ;C:':· - - '- _ ....... _--
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frcqaency ~nd are time invariant. A force window has been applied. 
Because the force signal has a very low energy density, this 
generally causes a poor signal-to-noise ratio in impact 
measurements. as a remedy the Analyzer can multiply the impulse 
signal by a "force window". The duration of an· impact is short 
compared with the time record. This window truncates most of the 
noise in the impulse time record while preserving the signal, thus 
reducing the amount of noise in the resulting transfer function. 
measurement. The exponential window for the response was omitted 
because the test structure is sufficiently damped so that the 
response signal decays to zero within the overall time record. 

The internal trigger mode allows the Analyzer to begin 
sampling at a predetermined point on either the Channel 1 or 
Channel 2 input signal. The trigger point is selected in terms of 
voltage level and slope. It is frequently satisfactory to set the 
trigger level in an appropriate fashion and to use pre-trigger 
delay to ensure that the entire desired waveform is analyzed. The 
internal triggering is most useful when the application requires 
that the data be analyzed only when the test Signals meet certain 
condi tions, such as impact testing. Pre-trigger delay is most 
often used with thansients and is useful to ensure the leading 
edge is not missed. 

As the resonance frequencies of the most important modes are 
less than 1 000 Hz, the upper limit of the frequency range is 
chosen to be 1600 Hz. 

The calibration parameters of the amplifiers and the voltage 
ranges of the Analyzer are selected in such a way that maximum 
signal-to-noise ratio is achieved without overload. 

5. The Resonance Frequencies and the Damping Ratios 

5.1. Frequency Responses 

The frequency response or transfer function is defined as the 
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ratio of the Fourier transform of the output on the transform of 
the input, namely 

H(iw)=X(iw)/F(iw) (5.1) 

The further expressions are omitted (see 3.3.4 of [1J). The 
coherence function is a measurement of the power in the output 
signal caused by the input. It will equal to 1 if there is no 
measurement noise and equal to zero if the signals are totally 
uncorrelated. Low values of the coherence function will also be 

observed when the structure is non-linear. The coherence function 
expression is omitted (see page 54 of [2J). The coherence 
functions pepicted in Fig. 5.1 and Fig. 5.2 show a good coherence 
of the Signals at most of the frequencies. 

5.2. The Resonance Frequencies and the Damping Ratios 

The resonance frequencies and the corresponding damping ratios 
are determined from the frequency responses. Modal analysis 
assumes that the structure is linear. With this assumption, the 
frequency and damping for a mode are constant over the entire 
structure. Therefore, the resonance frequencies and the damping 
ratios can be identified from any single measurement. There are 
two kinds of methods to determine the resonance frequencies and 
the damping ratios. One is the X-band method. Another is the 
X-line method. Accurate results for the resonance frequencies can 
be obtained with X-line method. Sometimes errors will accur in the 
case of coupled mode with X-band method. 

In theory model damping is constant throughout a structure and 
therefore should be the same regardless of which measurement is 
used to identify it. However, in practice damping estimates will 
vary depending upon where the measurement was made on the 
structure. In particular damping estimates taken from measurements 
near anti-nodes (large residue values) tend to be more accurate 
than estimates taken from measurements near node points (residue 
approaching zero). According to this principle, the determination 
of the damping ratios was made from several measurements to get 
more accurate results. 
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Fig. S.1 transfer function and corresponding coherence function 
when using a soft tip 
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Fig. 5 .2 Transfer function and corresponding coherence function 
when using a hard tip 
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Fig. 7. 1 '!'he displacement transfer function of the supporting 
bearing on which the accelerometer was mounted and the 
excited force acting on the toolholder was in z direction 

Fig. 
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Fig. 7.3 ThG force was in x direction and the others were as above 
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Fig. 7.4 The displacement transfer function of the toolhoder on 

which the accelerometer was mounted and the excited force 

acting on the supporting bearing was in z direction 
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Fig. 7.S The force was in y direction and the others were as above 
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The relSonance frequencies and the damping ratios are shown in 
the Table 5. 1. The frequencies less than 200 Hz were identified 
from the measurements with a soft tip. The others with hard tip. 

Table 5.1 the identified resonance frequencies and corresponding 
damping ratios 

Mode No. Frequency Damp.l.ng Mode No. Frequency Damp.l.ng 
[Hz] [%] [HzJ [%] 

1 3.12 12.48 5 712.50 1.53 
2 7.03 10.19 6 887.50 1 .15 

3 8.59 4.06 7 981.25 1.62 
4 139.84 2.26 8 1.12K 2.74 

1 200.00 2.11 9 1.24K 1 .47 

2 268.75 2.45 10 1.39K 2.36 
3 343.75 1.06 11 1.49K 2.45 
4 568.75 9.32 

6. The Animated Mode Shape Display 

The animated mode shapes at the natural frequencies were given 
in Appendix A. When the frequencies are less than 200 HZ, then 
--Mode 1: rigid body mode (the displacement in x-direction and the 

rotation about z-axis) of the lathe; 
--Mode 2: rigid body mode (the rotation about y-axis and x-axis) 

of the lathe; 
--Mode 3: rigid body mode (rotation about x-axis) of the lathe; 
--Mode 4: rotation of the guide about x-axis. 
When the frequencies are equal to or more than 200 HZ, then 
--Mode 1: rotation of the carriage 1 and 2 about z-axis; 
--Mode 2: rotation of the carriage 1 about x-axis and y-axis, and 

displacement of the carriage 2 in x and y direction; 
--Mode 3: rotation of the carriage 2 about x-axis and y-axis; 
--Mode 4: rotation of the supporting bearing about y-axis and 

z-axis; 
--Mode 5: rotation of the supporting bearing about x-axis, and 

displacement of the supporting bering in z direction; 
--Mode 6: rotation of the tool holder about x-axis and z-axis, and 
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displacement of the tool holder in z direction; 
--Mode 7: displacement of the tool holder in x and y direction. 
The modes for the frequencies over 1000 Hz were not analyzed. The 

reason is that (1) the displacements are so small that they can be 

neglected, (2) the animated mode shape to each component does not 

have any evident displacement. 

7. The Calculation of the Relative Displacement between 

The Toolholder and the Supporting of the Spindle 

Fig. 7.1 - Fig. 7.6 show the displacement transfer function 

based on that the accelerometer was put on a point of either the 

toolholder or supporting bearing respectively and a corresponding 

point was hit in three different directions with a hammer in which 

the force transducer was mounted. The transfer functions give the 

absolute displacements per unit force of either the toolholder or 
the supporting bearing in y direction. In general, the 

displacement of ~nterest is the relative displacement between the 

toolholder and spindle. Therefore, the calculation of the relative 
displacement must be made by algebraically adding up two transfer 

function values together multiplied by the excited force at some 

frequency. For example, during cutting the exciting force in y 

direction is 1 N and two transfer function values are 5.017 nm/N 
and 4.203 nm/N at the frequency of 568.75 Hz. The relative 

displacement between the toolhoder and supporting bearing is 
(5.017+4.203)x1=9.22 nm. 

s. Discusion and Conclusion 

On the results of the measurement and analysiS presented in 

the previous section we can remark as follows: 

(1). Because of the complexity of the lathe structure, it is 

difficult to choose the most sensitive point on which the 

accelerometer would be mounted. From a practical viewpoint 

the point was chosen on the supporting bearing which is 
convenient to mount the accelerometer and gain the 

displacement transfer functions for calculating the 
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relative displacement between the workpiece and the tool. The 
measurement results indicated that the frequency responses 
are better. 

(2). Some resonance frequencies varied in a small range from 
measurement to measurement. This is because the two carriages 
were often moved for hitting some measurement points well and 
thus the mass distribution of the structure was changed. 

(3). There are many coupled modes in the frequency range of 0-1600 
Hz. Mostly only one of the resonance frequencies of each of 
the coupled modes was taken because the resonance frequencies 
of each of the coupled modes belong to identical component 
which only moves in different direction. 

(4). The relative displacements gained from the displacement 
transfer functions between the toolholder and supporting 
bearing are less than those between the workpiece and tool 
because the displacement of the spindle was not be 
considered. Therefore, the displacement transfer function can 
not be usee for calculating the displacement between the 
workpiece and tool. But from given displacement transfer 
function it is showed that the stiffness between the 
supporting bearing and toolholder is perfect. 
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