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Abstract. Recognizing the practical need to control the cutting process, leading firms in the high-tech market began to offer software
products that, in the automatic mode, were said to be able to calculate the optimal cutting mode. Currently, the most advanced
technology is called iMachining, which means intelligent Machining. The article presents an analysis of the control, automatically
designed in the iMachining Solid CAM module, for machining a test part, the contour of which is formed by two straight circular
arcs of a circle. It is shown that when designing control, geometric criteria are used that are associated with the path of shaping, so
stabilization of the cutting process is not achieved. A control design method is proposed based on the results of simulation the
Material Removal Rate (MRR), which allows stabilizing the cutting process.
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Introduction

Different CAM systems are widely used to create control programs for CNC machines. The practical use of such
systems has revealed that they do not take into account the characteristics of the cutting process, especially when
machining the complex surfaces of machine parts. The purpose of the cutting mode was entirely entrusted to the
programmer-technologist, who assigned the mode from his own experience or the recommendations of the
manufacturer of the tools. However, changing the cutting conditions along the shaping trajectory provokes certain
conflicts, the solution of which in practice was to assign a mode to the worst-case calculation for the entire trajectory.
Thus, the ability of the CNC machine to permanently control any cutting mode parameters was not used at all, leading
to a significant loss of productivity.

Therefore, the scientific and technical problems of creating automation systems for the preparation of control
programs that automatically solve not only the geometric problem of designing trajectories of shaping, but also the
control of the cutting process remains relevant.

Problem status analysis

Recognizing the practical need to control the cutting process, leading firms in the high-tech market began to offer
software products that, in the automatic mode, were said to be able to calculate the optimal cutting mode.

It is known that the control of the cutting mode must be carried out by the following algorithm: first stabilization,
then optimization and, if necessary, the correction of the trajectory in the last, clear passage [1]. However, the first
attempts to stabilize the cutting mode were realized by the geometric criterion. Thus, Delcam patented a Vortex
strategy, which is based on the use of special trochoidal trajectories, whereby a constant cutting angle of the cutter with
the workpiece is maintained in the cutting process [2]. It is argued that this ensures the stabilization of cutting
conditions, although it is known from the cutting theory, that there is no proportional relationship between the cutting
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force and the cutting angle [3], so the stabilization of the cutting angle cannot lead to stabilization of the main
characteristics of the cutting process — force and power. In addition, high-speed machining (HSM) trajectory trajectories
have distorted them. Therefore, an additional program called Machine DNA Profiler was created, which, as a result of
dynamic tests on specific equipment, gives the necessary conditions for using such control. All this significantly
complicates the practical use of the proposed technology [3].

Earlier, company CGTech (USA) developed a software product called Vericut. The main problem addressed by
this development is the verification of G-code control programs when simulated in a virtual machine environment for
error detection, tool collisions, and more. The package also has an OptiPath module that is able to optimize the cutting
mode by adjusting the feed according to the principle: the higher the Material Removal Rate (MRR), the less feed you
use [4]. However, no algorithms for such control or MRR determination are provided, and data on the effectiveness of
such optimization is clearly insufficient for its practical evaluation.

At the moment, the most common technology is called iMachining, which means intellectual Machining. This
technology is implemented in SolidCAM and Siemens NX software.

It is noted that SolidCAM is the only CAM system that does not need to invent or choose the cutting mode.
Unique trajectories (unlike the trochoidal ones used by Vortex technology) form complex polymorphic spirals, which is
said to maximize contact time of the tool with the workpiece and reduce idle time [5]. In addition, it is claimed that the
technology master-module iMachining automatically optimizes the cutting mode, taking into account the material of the
workpiece, the cutting process and the machine-tool.

Thus, it is proposed to reduce the range of uncertainty when considering the stiffness of a particular technological
machining system by choosing one of 8 possible levels, which adapts design machining to the real conditions. This is
how it is proposed to overcome standard problems with spindle and workpiece and tool stiffness, to avoid excessive
vibration [6]. The practical use of iMachining technology can increase productivity, although the degree of efficiency
will depend on the specific conditions of production [7].

Objective

Efficiency and capabilities analysis of iMachining technology for stabilization, optimization of the cutting mode
in contour milling with end mills.

Statement of the main material

Some of the declared properties of the iMachining technology were analyzed using a computer experiment of
machining a test piece, the contour of which consists of two straight lines and arc circles. Since technology (like all of
the above) uses the control method based on a priori information , the essence of the experiment was to compare the
design results with those obtained in the simulation process [8]. The simulation is performed by numerical methods and
determines the main characteristic of the milling process — Material Removal Rate (MRR).

For the experiment, a trial version of Solid CAM with iMachining [9] was used, with the help of which a control
program for milling the contour of the part 1 with a milling cutter 2 was designed (Fig. 1, a) and the corresponding
G-codes were generated (Fig. 1, b).
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Fig. 1. Design results in iMachining Solid CAM: a — simulation interface; b — G-code of control program

115



ISSN 2521-1943. Mechanics and Advanced Technologies #2 (89), 2020

The following initial data were selected: workpiece — material Steel30, radius of the contour of the workpiece
25 mm, allowance 1.5mm, thickness 10mm, end mill @30 mm, 6 teeth, tilt blade 30°, solid A20 Solid carbide. All
further design activities were performed on interactive mode.

An analysis of the automatic designed G-code of control program shows that the system has selected HSM mode.
The spindle speed is 1559 rpm, and the feed at the plan sections is 2053 mm/min (see frames 128 and 138), and when
machining the cylindrical surface, feed is reduced to 922.59 mm/min and 927.48 mm/min. Moreover, the beginning of
the feed change corresponds to the coordinate of the shape-forming trajectory, when the center of the mill enters the arc
of the circle, and the end of the change — the point when it exits the arc machining.

To analyze the conformity of cutting process control to the stabilization principle by the criterion of material
removal rate (MRR), modeling was performed. The simulation was performed numerically in a specially created
program, the interface of which is shown in Fig. 2.
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Fig. 2. Simulation program interface

The simulation inputs specified in the left-hand side windows correspond exactly to the input of the milling
process that was used to prepare the control program in Solid CAM. When modeling in the graphical window, the
motion of the mill 1, which cuts the allowance 2 on the workpiece 3, is reproduced. Due to the numerical algorithm for
determining the intersection of the digital array of the workpiece contour and the milling cutter [8], the points of
beginning (point A) and end (point B) of cutting arc are determined at each step of simulation.

The feed graphs — line 4, the cutting angle — line 5 and the circumferential component of the cutting force — line 6
appears on the virtual oscilloscope. The cutting angle and feed are measured behind the left axis (the feed value is
increased by 10 times), and the circumferential component of the cutting force — along the right axis. All graphs are tied
to the movement of the cutter along the shape-forming path — the horizontal axis of the oscilloscope.

The circumferential component of the cutting force is determined numerically by an algorithm that functions
according to two nested cycles. In the internal cycle, the area ds; of cutting is determined on a separate section of the
cutting tooth of the mill:

_ F i Sindo;
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where Fiin — feed (mm/min), dp; — cutting angle at the tooth site, #,, — spindle speed (rpm), z,, — number of cutter teeth.
The transition from the external cycle to the internal cycle is performed by the condition:
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80, <at,, @)
where a. — cutting angle, and the elementary cutting angle in a separate area of tooth is calculated by the formula:
8¢; = o, —(ihtanB)/R,,, (3)

where 4 — step of movement along the width B of the milling, f —angle of inclination of the mill groove, R,, — radius of
the mill, 7 — iteration number in the cycle (0 <i < k), where k = B/h.

The circumferential component of the cutting force is calculated by the empirical formula [10]:

k o
B, =Cp (8s) . )
i=0

where CP, o — empirical coefficient and exponent.

Thanks to this algorithm, the program provides the ability to determine the “instantaneous” value of the cutting
force on each cutter tooth (Fig. 3, @). To display such an oscillogram on the oscilloscope screen, the interface has a
special option — “Oscilloscope 2” (see Fig. 2). In addition, the created program allows performing modeling both with a
constant feed and with a feed that changes according to a special control law. The control law is loaded before starting
the simulation when the “With control” option is selected on the program interface.

Fig. 3, b shows the integrated simulation results at a constant feed of 700mm/min in the form of oscillograms:
line 1 — feed, line 2 — cutting angle, line 3 — circumferential component of the cutting force.
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Fig. 3. Simulation results for continuous feed: @ — oscillograms in time, b — integral characteristics in the cycle

The results show that changes in cutting conditions that provoke an appropriate reaction of power characteristics
do not coincide with the geometric features by which the control file is designed in iMachining technology. Changing
the processing conditions occurs when the center of the cutter moves much earlier than the points of conjugation of the
arc with the lines (Fig. 3, b). And as follows from the iMachining control program in G-codes (see Fig. 1, b), it is these
points that are accepted as reference points in the design of the feed.

After saving the simulation file and calculations according to the formula:

SF() = [CPP(I)] , (%)
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feed control circumferential component of the cutting force,
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although the law of variation of the cutting angle remains the same as in the previous case.

To compare the results of control, according to the control program in G-codes (see Fig.1, b), it is necessary to
generate a feed control file similar in format, which was automatically designed by the iMachining module of the
SolidCAM program.The control program assumes an abrupt decrease in the feed rate in frame 134 (see Fig. 1, b) from
2053 mm/min to 922 mm/min and then also a step increase. It is clear that the machine drives will execute such
commands according to their dynamic characteristics. To determine the actual change in feed on the machine, you can
imagine the drive model in the form of an aperiodic element of the first order:

W (s)= ==

CTs+1]
where k —is a gain, 7' — is the time constant, s — is the Laplace operator.
The response of such a drive to a stepped control signal is represented by a transition characteristic of the feed
change F(f):

(6)

F(t)zAF{l—e_;], ™

where AF — is the feed jump.
Moving along the shaping trajectory is determined by the integral dependence:

L(t) :_[F(z)dz. 3

The joint solution of equations (7) and (8) gives the dependence of the feed rate change in the function of the
coordinate 1 of displacement along the shape-forming trajectory. The solution is conveniently performed numerically;
the results are presented in Fig. 5. A step change in feed in the G-code control file occurs at points A and B, and the
actual change, taking into account the dynamics of the drive at T = 0.03sec, is indicated by line 1. The simulation results
in the created program with this control are shown in Fig. 6, where the same designations of the graphs are adopted.
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However, this solution, although it allows you to take into account real conditions, involves an iterative search of
the level based on the results of real machining on CNC machine-tool.

Conclusions

1. The analysis showed that iMachining technology implements the principle of control by a priori information.
The module automatically designs feed control using geometrical criteria related to the path of shaping. During
optimization, it is proposed to adapt the calculation to real conditions by selecting the stiffness of the technological
machining system by choosing one of the levels with further verification of the results in practice.

2. Using the example of designing a control program for machining a test part, it is shown that the approach used
in iMachining does not stabilize the cutting process. It is proposed to perform stabilization according to the main
characteristic of the cutting process — Material Removal Rate (MRR). This characteristic is obtained as a result of
simulation the machining process by a numerical method according to the developed algorithm.
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AHanu3 Texnosoruu iMachining 111 KoHTYypHOTO (ppe3epoBanus

10. B. Ilerpakos, A. B. Murosu4

Aunnomayus. Ilpusnaeas npakmuuecKkylo HeoOXO0OUMOCMb KOHMPONA npoyecca pesKu, eedyuyue Qupmvl HA DbIHKE BbICOKUX
mexHono2ull Hayanu npeonazams npocpammuvle HpOOYKMbl, KOMOpble, KAK COOOWAnoch, 6 aGMOMamuyeckom pedlcume Moy
paccuumams ONMUMAIbHLLIL pexcum pesku. Bom nouemy eosnuxia neodxooumocms oyeHku dPHekmueHoCmu NPUMEHeHUs MAaKux
unnogayull Ha npakmuke. B nacmoswee eépems naubonee npoosumymas mexnono2us Hazviéaemcs iMachining, umo o3nauaem
uUHmMenIeKmyansuylo 06pabomky. B cmamve npedcmasnen ananuz ynpagienus, agmomMamuyecKu cnpoeKmuposanHozo 8 Mooyie
iMachining Solid CAM, ona obpabomxu mecmogoil Oemanu, KOHMYpP KOMOPOU 00pa3oean O08YM CONPSNCEHHLIMU OY20ll
oxpyachocmu npameimu. Tlokazano, umo npu npoeKmMuposanuy ynpagieHus UCHOIb3YIOMCs 2eoMempuieckue Kpumepuu, Cesa3anHble
¢ mpaexmopueti (popmoobpazosanus, NOIMoOMy cmabunuzayus npoyecca pesanus He oocmueaemcs. Ilpednazaemcs memoo
NPOEKMUPOBAHUs YRPABNEHUS NO PE3YIbIMAMAM MOOEIUPOBAHUS. CKOPOCIU CPE3AHUS NPUNYCKA, YMO NO3605Aem CMAdUIU3UPO6ams
npoyecc pe3anus.

Kniouesuwie cnosa: ynpasnenue pezanuem, iMachining, cmabunusayus MRR, konmypnoe gpeseposanue na cmanxax ¢ 911V

AHnauni3 TexnoJorii iMachining s KOHTYpHOro (ppesepyBaHHs

1O. B. [lerpakos, A. B. Murosuu

Anomauia. Busnarouu npaxmuyHy HeoOXIOHICMb YNPAGNIHHA NPOYeCOM DI3aHHA, NPOGIOHI ipMu HA PUHKY GUCOKUX MEXHONO2I
noyanu nPoNoHy8amu NPOSPAMHI NPOOYKMU, AAKi, K NOBIOOMAANOCH, 8 AGMOMAMUYHOMY PEACUMI MOTU PO3PAXYBAMU ONMUMATLHUTL
pedcum pizanns. Oce oMy GUHUKIA HeOOXIOHICMb OYIHKU eeKmUBHOCI 3aCMOCY8an s MAaKux iHHosayil Ha npakmuyi. B oanuil
uac HaubibW NPOCYHYyma mexnonozis Hazusacmuocs iMachining, wo osnauae inmenekmyanvry o6pooky. ¥ cmammi npedcmaegnenuii
AHANI3 YAPABNIHHS, A8MOMAMUYHO CHPOEeKmMo8ano2o 6 mooyai iMachining Solid CAM, ons 06pobku mecmosoi demarni, KOHMyp AKOI
ymeopenuii 080Ma CROAyHeHUMU 0Y20i0 Koaa npamumu. I[lokazano, wjo npu npoekmy6awni YNPAGNIHHA GUKOPUCTHOBYIOMbCS
2eomempuyHi Kpumepii, nog'szami 3 mpackmopico opmMoymeopenHs, momy cmabinizayis npoyecy pi3anHs He 00CSA2aAECMbCsL.

119



ISSN 2521-1943. Mechanics and Advanced Technologies #2 (89), 2020

IIpononyembvcs memoO npoekmyeanHs YRpAeiinHA 3a pe3yIbmamamit MOOeno8aHHs WEUOKOCMI 3pi3anHs NPUNYcKy, wo 00360Is€
cmabinizysamu npoyec pi3anua.
Knruoei cnosa: ynpasninus pisanusam, iMachining, cmabinizayis MRR, konmyphe ¢ppezepysannsn na eepcmamax 3 411y
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