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Abstract The article describes the experimental installation developed on the basis
of Hermle C22 processing centre. The information and measuring system for data
processing and analysis has been developed. The paper discloses the mechanism for
obtaining a complete set of data on dynamic processes flowing in the elastic system
of the installation given. The recommendations on positioning strain gauges and
vibration acceleration sensors are outlined. A specific application area for the
experimental installation has been proposed.
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1 Introduction

The most important characteristic of a metal-cutting machine is its productivity. The
main factor limiting the productivity growth is self-excited vibration of the sup-
porting system, which causes the machine to lose stability during the cutting pro-
cess. The increase of productivity can also be achieved by the use of modern
technologies, one of which is high-speed machining (HSM).

HSM is understood as a processing technology, in which a small cross section is
obtained at a high cutting speed and with a minute feed. The main advantages are
high quality of the treated surface, which, in turn, entails the decrease in finishing
operations and small cutting forces that allow for processing of non-rigid parts and
increase the tool life.
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1.1 Relevance

At present, the urgent task of aerospace industrial enterprises is to increase the
efficiency of part manufacturing from aluminium alloys, aimed at rational use of
available equipment and tooling through the search for optimal parameters of
mechanical processing. The most frequent reason for lower productivity and
unsatisfactory quality of treated surfaces is vibration of the main machine mecha-
nisms, which involves the change in the movement trajectory of a cutting tool,
resulting in greater depth of microroughness, characterizing the surface roughness.
The insufficient productivity of metal-cutting tools as well as low quality of the
treated surface due to vibrations, occurring during processing, results in the need for
using additional methods of experimental research. When implementing HSM,
physical simulation is one of the most advisable auxiliary means for investigating
the dynamic properties of a machine.

High cutting speeds are accompanied by active development of various physical
and mechanical processes in the cutting zone and dynamic processes in the elastic
system of a machine [1]. Due to insufficient knowledge of these processes, the
relevant tasks are: experimental and calculated determination of dynamic charac-
teristics and parameters of dynamic quality of metal-cutting machines, the devel-
opment of methods and systems of technical diagnostics, the provision of required
parameters of productivity and metal consumption at the design stage [2].

1.2 Task Definition

As a rule, the productivity of metal-cutting machines is limited by their vibration
resistance, the evaluation of which requires the knowledge of dynamic character-
istics of the supporting system and the machine as a whole. The main difficulty in
modelling supporting systems consists in the construction of an adequate model,
allowing for using the similarity coefficients to transfer the results obtained with a
physical model.

Obtaining a full range of information on the cutting process during high-speed
machining will allow for more precise definition of optimal mode parameters and
conditions of cutting. The possibility to vary the rigidity of the clamping device in
the automatic mode by means of CNC machines which will not only improve the
surface quality of the treated part, but also shorten the time of its machining by
using previously inaccessible, higher cutting speeds and, accordingly, spindle
rotation frequencies. Also, the reduced vibration during processing will favourably
impact the tool life and service life of the main working machine parts. The
introduction of zero-point systems will reduce the auxiliary processing time by
reducing the time of workpiece reinstallation and due to the possibility of housing
and installing of a workpiece in the device outside the machine.
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Of all factors, affecting the operation of a metal-cutting machine, the following
ones must be singled out as informative, namely cutting forces and vibrations of the
elastic system due to multiple causes and application points of physical quantities.
To obtain sufficient and reliable data on the cutting process, it is necessary to
develop the experimental installation that will reproduce the cutting process in
specified conditions and reflect the information about the process parameters in the
form, convenient for analysis.

2 Experimental Installation

In a simplified way, the structure of the experimental installation can be represented
as a system of data collection, i.e. the set of tools automatically implementing the
collection of data on physical parameter values at given points of the object of study
from analogue or digital signal sources, as well as initial processing, accumulation
and transfer of data.

Of all factors, affecting the operation of a metal-cutting machine, the following
ones must be singled out as informative, namely cutting forces and vibrations of the
elastic system due to multiple causes and application points of physical quantities.

The experimental installation is developed on the basis of the Hermle C22
processing centre. Figure 1 presents the general view of the experimental
installation.

Fig. 1 The experimental installation based on the general-purpose milling machine Hermle C22:
1 a general-purpose milling machine Hermle C22, 2 a spindle unit, 3 a piezoelectric accelerometer,
4 a workpiece, 5 a mandrel with a thermo clamp, 6 a tool, 7 a strain-gauge sensor, 8 a piezoelectric
accelerometer, 9 a piezoelectric accelerometer, 10 a bed plate, 11 a zero-point system, 12 a
strain-gauge sensor, 13 a strain-gauge sensor, 14 a piezoelectric accelerometer
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Owing to high rigidity and stability, the machines of the Hermle C22 series
provide high-performance milling, maximum processing reliability and excellent
precision. The layout of the Hermle C22 processing centre is represented in Fig. 2.

High dynamics of this machine is achieved due to acceleration of idling up to
30 m/min, axial acceleration up to 8 m/s2, the optimized masses of supports along
the axes X/Y and the slide along the axis Z. The monolithic non-metal frame makes
it possible to elevate the damping bed.

The motor spindle of the given processing centre possesses the following
characteristics: 30,000 rev/min/38 kWt/33 Nm/HSK-40. The diagram of power and
torque versus rotation frequency for a given spindle is presented in Fig. 3.

A workpiece is fixed in the vice, which, in turn, is installed in the zero-point
system (ZPS). The ZPS represents the system for quick change of devices. To
reduce the vibrations, occurring during processing, it is possible to use ZPS as a
damper with adjustable parameters.

Fig. 2 The layout of Hermle
C22
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The use of balls as clamping elements allows the force to be transferred to the
clamping elements by the three-point principle. The optimal, symmetrical force
distribution eliminates the shearing loads on the balls. Also, the balls are freely
located in their channel. With each cycle of clamping, they occupy a new position,
which allows for increasing the life of clamping elements due to more uniform wear
[3].

3 The Information and Measuring System
for Investigating the Cutting Process

To investigate the cutting process, the information and measuring system is
developed, the block diagram of which is presented in Fig. 4.

The system of sensors (A1…A4 and T1…T3) accepts the measured values and
generates the output electrical signals, u1…u7, depending on measured values x1(t)
…x7(t) and aggregate interference. The principle of sensor operation, its con-
struction and ultimate sensitivity are determined by interaction of the sensor ele-
ment with the object. The output analogue signals of various sensors can have
significantly different voltage levels and various frequency ranges [4].

For measuring the cutting forces, the system of strain-gauge sensors is used
which helps to measure the degree of deformation, caused by the action of cutting
forces. The operation of a strain-gauge sensor is determined by a strain gauge and
the resistance of which varies depending upon its deformation. The strain-gauge

Fig. 3 The diagram of the dependence of power and torque upon the frequency of spindle rotation
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sensors, used in the experimental installation, are composed of strain-gauges
MT-EA-06-3.18AD-120, connected in the bridge circuit.

The strain-gauge sensors, installed on clamp spindles of ball screws, are used to
measure the components of cutting forces along the X and Y axes, and the one
mounted on the front spindle support performs the same along the axis Z.

In the initial state, the bridge consisting of strain gauges is balanced. When the
resistance of the strain gauge is changed, the bridge gets unbalanced and the
potential difference (voltage) appears, proportional to the changing degree of
strain-gauge deformation. To eliminate the errors in measuring cutting forces
caused by temperature deformations of the front support of the spindle unit, the
strain-gauge sensor requires the use of the bridge circuit for mounting strain gauges
with temperature compensation.

In Fig. 5, R—constant resistance, Rg1—an active strain gauge, Rg2—a com-
pensating strain gauge. The output of strain-gauge bridge circuits is represented as
units of deformation (le), or the output voltage (mV/V or lV/V) with respect to
voltage of the bridge power supply. These values are correlated according to the
following formula:

e0 ¼ ðE=4Þ � KS � e0 ð1Þ

where KS—K-factor; e0—deformation; E—power supply of the bridge; e0—output
voltage.

If the bridge power supply E ¼ 1V and the K-factor KS ¼ 2, then

2e0 ¼ e0 ð2Þ

Thus, the strain output will be two times greater than the output bridge voltage
[5].

Fig. 4 The block diagram of the information and measuring system: O the object of research; O1

a spindle unit; O2 a half nut; O3 a half nut; O4 a bed plate; T1, T2, T3 strain gauges based on
MT-EA-06-3.18AD-120; A1, A2, A3 piezoelectric accelerometers 356A34; A4 a piezoelectric
accelerometer 356A61; I1, I2, I3, I4 electronic integrators A5970AD; M1, M2, M3 measurement
modules ZET 7111; SA a signal amplifier AP5200-8-19; ADC an analogue-digital converter
LTR24; Com a switch; ZET 7174
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The signal from a strain-gauge sensor is fed into the measurement module ZET
7111 Tensometer-CAN. The measuring module converts the input signal (voltage)
into a measured value and transmits the results in the digital form. The combination
of ZET 7111 modules constitute the measuring network based on intelligent sen-
sors, which is interlinked with the help of ZET 7174, connected to the PC via the
USB interface.

To assess multiple vibration processes, occurring during cutting, electrome-
chanical sensors is mounted on the outer ring of the spindle’s front support, on
clamp spindles of ball-screw gears of feed drives and on the bed plate.

The use of piezoelectric accelerometers, converting mechanical vibrations into
electrical signals, allows for conducting high-precision measurements and analysis
of mechanical vibrations with the help of measuring instruments. The line of the
sensor action is determined with respect to axes of the support (for example, in the
axial or radial direction). The measured value is the radial or axial vibration
component of the outer bearing ring. The default parameter is the average quadratic
value of vibration velocity, (lm/s) [5]. The comparison of metrological and oper-
ational properties of vibration velocity sensors and accelerometers shows that they
are higher in accelerometers for almost all parameters. Therefore, to measure
vibration velocity, accelerometers are most often used with subsequent integration
of the signal [6].

The measurement of vibrations on a clamp spindle is carried out along the X,
Y and Z axes, using the accelerometer 356A34. The presence of three independent
sensitive elements provides the simultaneous measurement of vibrations and shock
interactions in three orthogonal directions. The measurement of vibration velocity
on the bed plate is performed using an accelerometer 356A61.

Three-component devices are used to determine the volumetric phase portrait of
vibration velocities on the object at the fixing point. These devices combine high
values of inherent frequency, shock resistance and axial sensitivity with a built-in
preamplifier and low inherent noise. Most preamplifiers provide not only the
impedance conversion, but also the amplification and shaping of the electric signal
delivered by the accelerometer.

Fig. 5 The bridge pattern of
strain-gauge connection
MT-EA-06-3.18AD-120 with
temperature compensation
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Piezoelectric vibration sensors have a significant increase in the
amplitude-frequency response at their own resonant frequency. The resonant level
can exceed the one of the operational area by more than 50 dB. In the presence of
input effects on the sensor by components with frequencies close to resonant ones,
or under impacts, high-amplitude signals are generated by increasing the
amplitude-frequency characteristic at the resonance. This increase causes an over-
load of the input amplifier, at which it gets saturated, which disturbs the proper
feedback operation of this amplifier [6].

All electromechanical sensors are connected to the amplifier AP5200-8-19 to
increase the reliability of functioning and expand the dynamic range of the mea-
sured parameters. Electronic integrators act as an intermediate link between the
accelerometer and the amplifier. Their use allows us to obtain the signals of
vibration velocity and displacement, converted from those of accelerometers, which
transmit a signal, proportional to acceleration. The amplifier has a calibrated and
adjustable gain factor, and amplifies the signal to the level required for measuring,
analysing or recording equipment. In turn, the amplifier is connected to a corre-
sponding analogue-digital converter, which compares the input quantity with a
certain base value (usually, with a reference voltage).

The input of the ADC is supplied with rated analogue voltage un(t), previously
amplified to the required level and having the limited spectrum in the
high-frequency range to reduce the sampling error [4].

In this case, a sigma-delta ADC LTR24 is used. The choice of the sigma-delta
ADC is determined by high accuracy due to extremely low level of inherent noise.
This ADC represents a feedback system, based on the fact that the input voltage is
compared with the one accumulated by the integrator. Depending upon comparison
results, the pulses of positive or negative polarity are supplied to the integrator
input. As a result, the combination of single pulses is obtained at the comparator
output [7, 8].

4 Practical Significance

Together with the server part, equipped with specialized software, the system of
data collection constitutes the information and measuring system (IMS). On the
basis of IMS, various automated control systems can be created, providing the
opportunity for analysing complete information about the state of the technological
process, obtained using sensors, by means of an external server (Fig. 6). The
automation of registration, processing and storage of measuring information leads
to increased accuracy and reliability of experimental data.

The recommendations are developed on the rational application area for various
methods of experimental investigation of the bearing system of metal-cutting
machine tools (using the vibrator, immediately when cutting, with the use of
physical simulation).
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The recommendations are developed on practical application of the basic ele-
ments of heavy milling machines, manufactured from polymer concrete and
obtained from rolled steel by welding.

5 Conclusions

The developed experimental installation makes it possible to conduct the following
studies in conditions, as close as possible to those of industrial operation of
metal-cutting equipment [9]:

1. The force sensor and the accelerometer, connected with the analyzer, allow for
simultaneous measurement of dynamic driving force and resulting mechanical
vibrations of the structure under investigation.

2. To investigate the change in cutting forces depending on the change of cutting
speed; to assess the degree of vibration depending on the depth of cutting and
the frequency of spindle rotation; to assess the degree of vibration and cutting
force, depending on the trajectory of the tool movement; to determine the
optimal technological processing modes for various materials.

3. To investigate the dynamic processes in the processing centre at high fre-
quencies of spindle rotation, to evaluate the damping capacity of ZPS,
depending on the material of clamping elements. The use of ZPS in the pre-
sented experimental installation helps to further evaluate the effect of various
installation modules on the dynamic properties of a machine and its vibration
resistance.

Fig. 6 The structure of the technological process management
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4. To use the present information and measuring system for adaptive control of the
technological machining process, as to increase the productivity and quality of
the treated surface through rational management of the system of automation for
industrial physical processes and related processes, integrated into the unified
information space.

5. The information and measuring system presents the experimental data on
dynamic cutting forces, suitable for numerical simulation of dynamic
metal-cutting during milling in a broad range of cutting speeds, feed rates,
depths of cutting, amplitudes and frequencies of external vibration.
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