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PROBLEMS OF MEASURING LOW FEED RATES
OF METAL CUTTING EQUIPMENT

M. I'onogpeesa, FO. [anennuii, M. Cantomin. IlpodaemMu BUMipIOBAHHS MAJIMX HIBUKOCTelH M01a4i MeTaJI0pi3aIbHUX BePCTATIB.
CTaTTs NPHUCBAYCHA MOCTAHOBLI 33a1a4i BAOCKOHAJICHHS METO/ly BUMiPIOBAHHS MaJUX MIBUAKOCTEH IOAAYl METAIOPi3alIbHIX BEPCTATIB MPH
00poOLi (iHINIHOI 00POOKOI0 IUIIXOM 3aCTOCYBAHHS JAaTYHKIB MPSMOrO BHMIPIOBAHHS IIBHAKOCTI. MeTol po0oTH € ormsia mpobiemMu
BHUMIPIOBAHHS MaJlX IIBUIKOCTEH MMoavi mpu Jie30Biit 00poO1li 3 METOI0 OLIIHKU Ta MiHiMi3alil HeBU3HAYE€HOCTEH BUMIPIOBaHb MIBUAKOCTEH
nozaui. [Tokasana HEOOXiAHICTH BUMIPIOBAaHb Ta IOJAJBIIOrO aHAII3y HECTabOIMBHOCTI MIBUAKOCTEH MOMadYl METAIOPi3albHUX BEPCTATIB Y
niamaszoni Big 0 no 20 mwm/xB. ITokazaHo, 110 HEPIBHOMIPHICTh PyXy €JIEMEHTIB BepcTaTa MOKE OyTH HACIiIKOM BHOHMpAHHS 3a30piB y
PYXOMHX 3'€IHAHHSX Ta MOJOJAHHS CHJI TEPTS B LHMX 3a30pax. TaKo)K HABEJCHO BIUIMB CHCTEMH aJalTHBHOTO KEPYBaHHS IIPUBOIOM
BepcTaTa Ha HEPIBHOMIPHICTH IIBHAKOCTI mojadi. ONMCaHO BIUIMB HAa HEPiBHOMIPHICTh MIBMAKOCTI PI3HUX THINB IPUBOJIB, 30KpeMa:
KPOKOBHX JIBUT'YHIB, IiIpaBJliuHNX i MHEBMATHYHHUX [PHBOAIB, ACHHXPOHHHX JIBUT'YHIB 3 YaCTOTHUMH IIEPETBOPIOBAYaMH, CEPBO/IBHUIYHIB.
OnMcaHo OCHOBHI CKJIQJIOBI HEBHU3HAYEHOCTi, [0 BHHUKAIOTH IPU HENPSIMOMY METO/AI BHMIpIOBAaHHS IIBHIKOCTi, IIOB'A3aHI 3
HEBHM3HAYCHOCTSIMH BHMIPIOBAHHSI Yacy Ta IPOMJICHOr0 IUIAXY, IIOXUOKAMH [IPH allpOKCHMALLil, [0 BHHUKAIOTh IIPH PO3PaXyHKY MHTTEBOL
IIBUJIKOCTI, @ TAKOX IOXMOKaMH, IOB'I3aHUMH 3 JUCKPETHICTIO BiJUIIKIB Yacy Ta BincTaHi. PO3MIISHYTI METOIM NPSIMOrO BHMipIOBaHHS
HIBUAKOCTI mojavi. [Toka3aHo HEMOXIMBICTh BUKOPUCTAHHS JATYUKIB, 0 BUKOPUCTOBYIOTH edekT Jlonmiepa Ui BUMIPIOBaHHS MaluxX
IIBUJIKOCTEH mMozjad. 3a3HayeHo, IO ICHYIOUi KOHCTPYKIii MarHiTHUX JaTYMKIB BHMIPIOBAaHHS MHUTTEBOI IIBHIKOCTI MAlOTh 3HAYHY
HEJNiHIiIHICTB, fKa He MOXe OyTH yCyHEHa IIIIXOM KOpPETryBaHHs Pe3ylbTaTiB BUMiproBaHb. HaBeneHo 0OMeXEHHS BiIOMUX JAaTYHKIB M0N0
JIOBXMHHU IIUIIXYy Ha SKOMY MoOXe OyTM BHMMIpsSHAa LIBHAKICTh NOjaudi. BH3HA4€HO NEPCIEKTHBHMN HANMPSMOK JOCIIKEHb ILIOA0
BIIOCKOHAJICHHS] METO/ly IPSIMHUX BHMIPIOBaHb MaJIMX IIBUAKOCTEH IT0a4i METAJIOPi3abHUX BEPCTATIB.

Kniouosi cnosa: TOYHICTH OOPOOKM JI€30BUM IHCTPYMEHTOM, HEPiBHOMIPHICTh MIBHIKOCTI IOjady, JDKEpena HEepiBHOMipPHOCTI
LIBUIKOCTI, HEBU3HAYEHICTh HETIPSIMOTO BUMIPIOBAaHHS ILIBUIKOCTI, MArHITHI IaTYMKU IIBHIKOCTI

M. Holofieieva, Yu. Palennyy, M. Salyutin. Problems of measuring low feed rates of metal cutting equipment. The article is
dedicated to the problem formulation of improving the method for measuring low feed rates in metal-cutting machines during finishing
operations by using direct speed measurement sensors. The goal of the work is to review the issue of measuring low feed rates in blade
machining in order to assess and minimize the uncertainties of feed rate measurements. The necessity of measurements and subsequent
analysis of feed rate instabilities in metal-cutting machines within the range of 0 to 20 mm/min is demonstrated. It is shown that the uneven
movement of machine tool elements can be a result of clearances in movable joints and overcoming friction forces in these clearances. The
influence of the adaptive control system of the machine tool drive on the unevenness of feed rate is also presented. The effect on the
unevenness of feed rate of different types of drives is described, including stepper motors, hydraulic and pneumatic drives, asynchronous
motors with frequency converters, and servo motors. The main components of uncertainty arising from the indirect method of velocity
measurement are described, related to uncertainties in time and distance measurement, errors in approximation during instantaneous velocity
calculation, as well as errors associated with the discretization of time and distance measurements. Methods of direct feed rate measurement
are discussed. It is shown that it is not possible to use sensors utilizing the Doppler effect for measuring small feed rates. It is noted that
existing designs of magnetic velocity sensors have significant nonlinearity, which cannot be eliminated by adjusting measurement results.
Limitations of known sensors regarding the length of the path on which the feed rate can be measured are specified. A promising direction
for research on improving the method of direct measurement of small feed rates in metal cutting machines is identified.

Keywords: precision of blade tool processing, feed rate unevenness, sources of speed unevenness, uncertainty of indirect velocity
measurement, magnetic velocity sensors

1. Introduction

To achieve high machining accuracy on metalworking machines, it is important to ensure a uni-
form feed rate of the cutting tool [1, 2]. In finishing operations, the feed rate, depending on the materi-
al being processed, the size and shape of the part, the required roughness, and the condition of the cut-
ting tool, can be from several millimeters to tens of millimeters per minute [3].

Finishing operations are characterized by a decrease in the section of the cut layer, the value of
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which depends in direct proportion to the feed rate, the depth of the layer being cutted, and also de-
pends on the main angle of the cutting tool in the plan [4].

It is possible to reduce the section of the layer being cutted by increasing the cutting speed, for
example, by increasing the rotation speed of the tool during milling or the number of revolutions of the
part during turning. An increase in the spindle speed, in one and the other case, will be limited by the
structural properties of the spindle supports due to the necessity of ensuring its rigidity, as well as the
properties of the cutting tool and the properties of the material being processed.

Another way to reduce the cross section of the layer being cutted is to reduce the feed. This
method reduces the productivity of processing, but is the only alternative method in conditions of lim-
ited cutting speed, durability and strength of the cutting tool, as well as the properties of the material
being processed. Thus, the higher the required machining accuracy on a metal-cutting machine, the
usually lower the feed rate [5].

Uneven feed leads to uneven cutting forces arising during processing, and uneven amount of
metal removed by the tool per unit time, which can cause undesirable deviations in the shape and di-
mensions of the workpiece from the specified values, as well as uneven roughness of the machined
surface of the workpiece and wear of the cutting tool [6, 7].

Studies show that with a decrease in the feed rate, its unevenness increases up to the transition to
intermittent movement, in which stops and resumptions of movement of machine elements alter-
nate [8].

2. Literature review and formulation of the problem

At the speeds of movement of the caliper or machine table (from 1 to 20 mm/min), uneven
movement can occur for several reasons, primarily due to the stops of the moving element under the
action of friction, followed by the resumption of movement after sampling all the gaps in the kinemat-
ic chain of the machine. Thus, the energy of the machine drive is cyclically spent on the selection of
gaps, on overcoming the force of static friction and on overcoming inertia when accelerating the mov-
ing element of the machine [9].

Uneven movement can also be the result of uneven resistance of the guides on different sides of the
movable element of the machine. Thus, stops alternately for the selection of gaps on the guides on one and
the other side of the movable element of the machine, followed by the resumption of movement [10].

On machines with feedback, the position control and drive control system operates in the mode of
compensation for the accumulated movement errors that occur as a result of uneven movement of ma-
chine elements. Adaptive control of the machine drive, which does not take into account the factor of
uneven movement, can aggravate the situation and lead to even greater uneven movement [11].

The uneven movement of the moving elements of the machine can also be associated with the
uneven operation of the machine drive. In this case, the sources of uneven movement depend on the
type of operation. Currently, various motors are used in mechanical engineering in such operation, as
stepping, hydraulic or pneumatic, asynchronous motors and servomotors [12].

The uneven rotation of stepper motors is determined by their design and principle of operation. The
angle of rotation of stepper motors is determined by their design. The minimum angle of rotation of most
stepper motors used in the machine tool industry is from 0.9° to 1.8°. Specialized stepper motors can
have a minimum rotation angle of 0.18° to 0.36°. The uneven rotation of stepper motors, especially at
low speeds, can lead to the effect of “resonant jitter”, which is a consequence of the discreteness of the
angle of rotation of the motor and the discreteness of the machine control system [13, 14].

The uneven movement of machines with hydraulic or pneumatic drive occurs, as a rule, due to
pulsations in the pressure of the hydraulic fluid or compressed air. Pressure pulsations in the hydraulic
fluid can be caused by the operation of the piston system or the vanes of the hydraulic pump. Also,
pressure pulsation can be affected by resonant phenomena that occur in the hydraulic system of the
machine due to a mismatch between the capacity of the system and the frequency of fluid supply or
due to incorrect settings and clogging of the elements of the hydraulic system [15].

Using the asynchronous motors in feed drives with frequency converters or AC drives allows you
to adjust the feed rate of the machine, however, especially at low speeds, asynchronous motors exhibit
the effect of “sliding” of the rotor, which leads to uneven operation of the feed drive [16].

Servo motors have a fairly stable speed, however, and they are not completely devoid of the
problem of feed unevenness due to the dynamic features of the feedback system, as well as due to the
inaccuracy and discreteness of the electronic control [17].
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Probably, there are other factors that affect the uneven movement of machine elements, therefore,
in order to determine the factors that significantly affect the uneven feed of metal-cutting machines
and, accordingly, the quality of machining parts, it is necessary to control such parameters as feed
speed, deviation of the actual position of machine elements from given, acceleration of movement,
vibration.

3. The purpose of the work and research tasks

Studying and analyzing of the speed of movement of machine elements will allow you to estab-
lish the causes of uneven speed, which arise due to problems with the drive mechanism or other ele-
ments of the machine. By frequency analysis of speed unevenness, it is possible to determine, for ex-
ample, an imbalance of rotating elements or identify problems with lubrication of rubbing surfaces.

4. The main content of the work

The problem of measuring speed is that the speed of movement can vary from 0 to 1.0 ... 20.0
mm/min, and to obtain a statistically reliable result of changing such a speed, the measurement uncer-
tainty should be no more than 0.1 mm/min.

The main obstacles to measuring such low speeds are the resolution of measuring instruments.
Instruments such as encoders that are used to measure passed distance have a limited resolution, which
is the minimum value they can measure. This obstacle becomes especially significant when measuring
small displacements. In addition, the mechanical system of sensors cannot instantly respond to a
change in speed, which leads to the accumulation of measurement errors [18].

The most common way to measure feed rate is the indirect method, which measures the distance
traveled by the tool per unit of time, or the time it takes the tool to travel a given distance. In one and
the other case, as a result, an average speed is obtained either for a certain period of time, or for a cer-
tain section of the tool movement.

Determining the instantaneous feed rate of the tool V; at any point of the tool path L, with indirect
measurements, is complicated by the fact that it can only be determined by establishing the depend-
ence of the travel speed on the position of the tool V=1(L) (see Fig. 1).

V4

Vi V=f(L)
Vi

N =1iN_ =2 N =3i N =4!N=5iL
Fig. 1. Determination of instantaneous speed by indirect measurement method

To establish the dependence V =f(L), it is necessary to determine the average speed Vy on each of
the sections N — 1, 2, 3, 4 and 5, to approximate the obtained average speeds with a polynomial, then
the instantaneous speed V; is determined by interpolation. The degree of the polynomial will signifi-
cantly depend on the nature of the movement, and in the presence of random vibrations, random jerky
movement of the tool, a polynomial of any degree will only approximately reflect the real change in
the speed of the tool and thus introduce additional uncertainty into the measurement results.

When measuring the speed of movement by an indirect method, it is also necessary to take into
account the fact that it is practically impossible to simultaneously fix the time reading and reading the
value of the linear displacement sensor. This is due to the fact that the time is counted by a timer that
has a certain time measurement step, and at the moment the linear sensor passes a given distance, the
time received from the timer will, depending on the speed, be greater than or equal to real time. A sim-
ilar situation arises in the case of measuring speed by counting the past distance in a given time.

Thus, the uncertainty of measuring the feed rate by the indirect method will include:

— the measurement uncertainty of the distance traveled per unit of time;

— uncertainty of time measurement;

—errors in the approximation of the results of changes in average speeds in the sections;
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— the error associated with the mismatch between the moment of counting time and the moment
of counting the distance traveled,

— the error associated with the quantization of time and distance measurements.

5. Conclusions

The listed difficulties of measuring the instantaneous speed of movement of the cutting tool can
be eliminated by using sensors, the output signal of which will be proportional to the speed of move-
ment, without separate measurement of time and passed distance. Known sensors whose output signal
is based on the Doppler Effect can be considered as direct measurement sensors, since only the fre-
quency is taken into account in the calculation of the speed. However, at speeds from 0 to 1.0 ... 20.0
mm/min, the Doppler Effect of any light or sound waves is practically impossible to measure due to
the resolution of these sensors [19].

Known magnetic sensors for direct measurement of instantaneous velocities, built on the princi-
ple of magnetic induction that occurs when a conductor moves in a magnetic field. The sensitivity of
such sensors reaches 1.2 mV-min/mm, which may be sufficient to study the uneven movement of the
cutting tool [20]. However, the experience of using such sensors has shown that the inhomogeneity of
the magnetic field of these sensors leads to a significant non-linearity of the measurement results
throughout the measurement of the speed of movement of the caliper or machine bed. In addition, the
design of known sensors limits the length of the machine tool element's travel path on which the ve-
locity measurement is possible to half of the feed stroke length.

The non-linearity of magnetic speed sensors can only be compensated for by additional meas-
urement of the path traveled by the tool, and this, in turn, leads to additional uncertainties.

The creation of magnetic sensors for measuring instantaneous speed with a linear characteristic
over the entire length of the machine feed is a promising task for the purpose of researching ways to
improve the accuracy of metalworking machine tools.
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