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Abstract. It is shown that the turning of the contour shaped surfaces of parts is mainly carried out according to the cycles of rough
turning G71, G72, G73 with a finishing pass according to the cycle G70. In any case, the cutting process is quasi-stationary, which
determines the need to control the cutting mode to stabilize and optimize the process. It is proposed to use a special program for
designing the control program of a CNC machine tool, which, based on a priori information about the technological machining system,
performs the simulation of the process. During simulation, in the process of solving the optimization problem according to the criterion
of maximum Material Removal Rate, all components of the cutting mode are automatically deter-mined: depth, feed and spindle speed.
The results are presented in the form of control files, according to which a control program in G-codes can be compiled to optimize
the process. In addition, it is additionally possible to obtain a prediction about the actually machined contour, taking into account the
elastic deformation during the cutting process, and data on the correction of the trajectory of the shaping movement in the last pass.

Keywords: contour turning, cutting control, modeling, cutting process optimization.

Introduction

To process machined parts of round cross section on
CNC lathes, control programs are used in which special cyc-
les for removing the rough allowance are used [1, 2]. De-
spite the convenience of programming such machining, the
problems caused by the quasi-stationary conditions of con-
tour cutting remain unresolved, which leads to a loss in
productivity and quality of machining. When machining
parts, it is necessary to strive to per-form three sequential
actions: stabilization of cutting conditions, optimization of
the process, and, if necessary, correction of the shaping tra-
jectory on the last pass [3].

However, even when CAM systems are used to pre-
pare CNC control programs, the issues of assigning a cut-
ting mode and its optimization remain unresolved. Re-
cently, leading companies in the high-tech market have be-
gun to offer software products that, as stated, are able to
automatically calculate the optimal cutting mode. Such
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technologies, developed by various companies, offer a so-
lution based on the analysis of the shaping motion path for
milling operations, which is not adequate to the interaction
of the tool with the workpiece [4], and for turning, there is
still no automated assignment of the optimal cutting mode
in known CAM systems. Therefore, it remains relevant to
create technologies for optimal control of the cutting mode
during turning contouring of shaped parts on CNC Lathe
Machine.

Problem status analysis

When programming turning contouring operations
on CNC lathes, it is recommended to use the G71, G72,
and G73 rough contouring canned cycles followed by the
G70 finishing cycle.

Fig. 1 shows an example of a control program for the
Fanuc G71 cycle for roughing the contour of a part. Pro-
gramming the machining of the contour in a cycle elimi-
nates the need to set the movement separately for each
pass, automatically provides for a stop at a given depth of
the finishing allowance and provides the same trajectories
of reverse idle moves. The main parameters of the cycle are
the geometric data of the machined contour, which are
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linked to the assigned depth of cut. The machining effi-
ciency is determined by the cutting mode, which contains
three components: depth of cut, feed and spindle speed. All
these parameters are not automatically offered in the CAM
system, but are assigned by the technologist, which often
leads to errors and losses.

-

GO X32.Z3.
G71U2.R0.2
G71P100 Q150 U0.3

F0.15

N100 G1 X10 Z0
N110 G1Z-8
N120 G1 X20 Z-18
N130 G1 X30
N140 G1Z-25
N150 G1 X32.

Fig. 1. Cycle Fanuc G71

The cutting process during contouring is character-
ized by a change in cutting conditions on the passes, and
on the finishing pass, the resulting allowance causes signif-
icant changes in the depth of cut [5]. All this makes it nec-
essary to permanently control the process in order to stabi-
lize it and further optimize it. Thus, the control program
using cycles must be supplemented with cutting data that
achieves these goals. Such parameters for contouring pro-
cesses are still determined based on experience or trial and
error modeling scenarios in order to obtain the most con-
venient result for real implementation [6].

It is known that the efficiency of roughing is deter-
mined by the parameter Material Removal Rate (MRR),
which can be taken as a criterion for the optimality of the
process. However, it is proposed to search for the necessary
mathematical model of the process by statistical methods
[7]. Once experiments are planned, performance indicators
such as surface roughness of test specimens and MRR are
calculated using existing formulas.

The effect of parameters on MRR and surface rough-
ness is determined using analysis of variance (ANOVA)
and process parameter interactions are also taken into ac-
count for significance. An attempt to optimize machining
parameters with several goals, namely, maximizing MRR
and minimizing surface roughness, is difficult to consider
effective for machining parts on CNC machine tools, since
the surface roughness parameter is always set by the de-
signer and it makes no sense to exceed it. Therefore, ensur-
ing the required roughness should be considered a limitation.

The main perturbation in the contouring of shaped
surfaces is a significant change in the cutting conditions
along the shaping trajectory. Therefore, the stabilization of
the process according to the MRR criterion is of paramount
importance. It is known that in order to stabilize the cutting
process when machining such surfaces, it is recommended
to use processing methods that are characterized by the in-
formation used for designing control: a priori, streaming or
a posteriori [3]. Control by streaming or a posteriori infor-

mation requires the creation of special control systems,
which makes it difficult to use them in practice. When con-
trolling by a priori information, programming with MRR
stabilization is possible, however, the design of such con-
trol is possible only with preliminary modeling of the ma-
chining process. It is proposed to determine the machining
parameters, such as the depth of cut, feed rate and spindle
speed, through the use of a genetic algorithm [8]. However,
such an approach, still aimed at searching for analytical de-
pendencies, cannot be considered rational. Using an algo-
rithm to compare the results of experimental and theoreti-
cal measurement of cutting force in a turning operation can
still improve the accuracy of determining the regression
model of cutting force.

Determination of the main characteristics of the pro-
cess of turning shaped surfaces for the design of control
actions, which are the components of the cutting mode, is
possible when modeling the process. It is proposed to use
approaches based on the representation of the interaction
of a tool and a workpiece using geometric primitives that
describe any surface with two parameters: diameter and an-
gle of inclination of the tangent to the longitudinal axis [9].
Analytical dependencies are proposed that determine the
position of the current point corresponding to the position
of the cutter nose when machining the most common ele-
mentary surfaces. However, this approach cannot take into
account the interaction parameters of the cutting edge
along its entire length, which significantly reduces its ade-
quacy.

Thus, the problem of assigning a cutting mode when
programming cycles for turning shaped surfaces remains
relevant.

Objective

To develop a programming technique for standard
cycles of turning shaped surfaces with the determination of
the optimal cutting mode and possible correction of the
shaping trajectory at the finishing pass.

Statement of the main material

The problem of optimizing the turning process was
formulated as a single-criterion task with an objective func-
tion f =FS — max , where F is the feed, S is the spindle

speed. The solution is performed by searching for the max-
imum on the phase plane “longitudinal feed - spindle
speed”, which is determined by the coordinates of the ver-
tex of the area of admissible values formed by the intersec-
tion of restrictions on roughness, tool life, allowable cut-
ting power or feed force [10].

When programming turning cycles, the first thing to
do is assign a depth of cut, which will determine the dis-
tance between passes. As the analysis showed, such an im-
portant process parameter is assigned by the technologist-
programmer intuitively or by trial and error, which leads to
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loss of productivity or unacceptable equipment overloads.
To solve this important problem, a special algorithm was
developed, which provides for the search for the optimal
depth of cut according to the criterion of the maximum Ma-

terial Removal Rate of the allowance MRR = F,,H —

— max, where F , is the optimal feed, determined by

opt
the method described in [10]. The algorithm is based on
calculating the MRR under the conditions of solving the
optimization problem when changing the cutting depth
from 0.1 mm to 10 mm with a step of 0.1 mm. The depth
of cut that delivers the maximum MRR is automatically
adopted.

Determination of the main characteristics of the pro-
cess of turning shaped surfaces is carried out with digital
modeling of the process, where all the characteristics nec-
essary to solve the problem are determined by numerical
methods.

Simulation involves the preparation of digital arrays
of workpiece contours F, (x,z; ), motion paths in the cut-

ting process F, (x,z;) in accordance with the selected
turning cycle (G71, G72 or G73), digital array F, (x,z;)

of the part contour. To perform the simulation of the fin-
ishing pass using the G70 cycle, a digital array of
F, (x,z;) equidistant to the part contour is prepared. The

simulation process is based on the solution of the geometric
problem of the intersection of the tool surface with the sur-
face of the workpiece 1, which is given by the generatrix
in the form of a digital array (Fig. 2, a). As a result of the
interaction of two digital arrays, a new array of the work-
piece contour with a given step is created using a special
algorithm, which is represented by digital array 2. In this
case, the cutting tool blade moves along path 3.
Simulation of geometric interaction is performed
with automatic search for the coordinates of the point 4 of
the intersection of the cutting edge of the tool with the con-
tour of the workpiece (Fig. 2, a). Here, the workpiece con-
tour (z,, )j,(xw )j and the tool edge (z,)., (x,), are rep-

resented by digital arrays conventionally shown as circles
in the diagram. The algorithm, the block diagram of which

3 (ZW)j
(z)i

<

(xw)j

(x1)i

a

is shown in Fig. 2, b, allows determining the coordinates
x,,z, ofanew workpiece contour at each simulation step.

Thus, the simulation is performed by a numerical
method with a predetermined step (0.1 mm), provides for
the calculation of the actual cutting depth H and the appeal
to the procedures for solving the optimization problem: de-
termining the values of the feed and the spindle speed at
each step. The calculation of the actual depth of cut is per-
formed by a special procedure for comparing the digital ar-
rays of the current trajectory of the tool edge and the con-
tour of the workpiece formed in the previous pass, taking
into account the side cutting-edge angle. The determination
of the feed rate is carried out according to the procedure
described in [10] and allows calculating the feed allowable
by the roughness parameter Rz at each simulation step.
The cutter moves along the trajectories formed at the pre-
vious stages of the optimization module.

As aresult, at each simulation step, it becomes pos-
sible to calculate the cutting depth H and the height of the
surface ridge, which represents the deterministic compo-
nent Rz of the surface roughness. This approach allows to
calculate the MRR at each simulation step:

MRR = (H - Rz/2)Feed,, (1)

where H is the depth of cut, Rz is the roughness parameter,
Feed,, is the feed per revolution of the spindle.

In addition, the simulation process provides for the
calculation of the cutting force using a linearized depend-
ence of the horizontal component F,_ of the cutting force,

the position of which in the X0Z coordinate system is de-
termined by the chip flow angle #. The module of this com-
ponent:

F,, = MMRkj, )

where k; is the coefficient of the linearized dependence

of the cutting force on the depth [10], since when machin-
ing with feed control, which is used when performing cy-
cles, its value is kept constant.

The components of the cutting force, which exert a

5= leu); =) P+l -

b

Fig. 2. Scheme (a) and algorithm (b) of geometric simulation
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Fig. 3. Cutting process: a — elastic machining system, b — functional diagram

force perturbation on the elastic machining system in the
direction of the X and Z axes, are determined by the formu-
las, obtained from the geometric relationships of Fig. 3, a:

F.=F_Sin(¢-n), F.=F,Cos(¢—-m) 3)

where ¢ is the side cutting-edge angle.

The components of the cutting force act in a closed
elastic machining system (Fig. 3, b) and cause a shaping
error caused by elastic deformations along the normal to
the contour:

A=4,Sina, +9,Coso.,,

“4)

where 8, 0, are deformations of the elastic system in the
direction of the corresponding axes, o, is the angle of in-

clination of the contour.

In the first approximation, without taking into ac-
count the dynamic properties of the processing system and
the rigidity of the workpiece, the elastic system of the ma-
chine in the direction of the X axis can be calculated by the
formulas:
when installing the workpiece in the chuck

— ktX ksX
esX — >
ki +kox

when installing the workpiece in the chuck and center of

kox ko kioy 5)

tailstock X = .
Koy +kox +higx

When calculating in the direction of the Z axis in for-
mulas (5), the corresponding indices change. In this way:

8x=Ec/VVes > 6z=Fz/VVesZ' (6)

All designations in formulas (5) and (6) coincide
with the designations in Fig. 3.

It should be noted that the cutting process seems to
be carried out in a closed elastic machining system, which
must be taken into account when modelling it.

Simulation

An application program was created to simulate
turning cycles and prepare a control CNC program with au-
tomatic assignment of the cutting mode. It beat imple-
mented the basic concept of control of the process of turn-
ing, outlined above. The processed contour of the part and
workpiece is specified by the coordinates of the points of
the vertices of the sections in the tables “Part contour” and
“Workpiece contour” (Fig. 4). The “Form” column speci-
fies the section type (1 — straight line, 2 — circular arc). If
an arc of a circle is specified, then the radius is specified in
the “R” column. All these data are initially contained in the
drawing, or in the listing of the control program designed
in any CAM system.

= A
2 vl Scale X

circular arc R=100mm

/

=10 x|

straight line

z
Part contour Workpiece contour
Ne | Form |Z, mm IX, mm|R_ mm IiI Ne |Z, mim X mm ﬂ
T 160 0 160 0
2 | 160 20 = |]2 160 860 |

Apply

To go I Exit | Help |

Fig. 4. Main interface
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Next, the type of roughing cycle is selected and the
technological parameters of the process are entered. To
simulate the machining of such a part, the G71 cycle and
the following parameters are selected: allowance for fin-
ishing 0.5 mm, Rz roughing 20 um, Rz finishing 1 um,
tool nose radius 0.5 mm, side cutting-edge angle 85 degree,
end cutting-edge angle 15 degree, tool life 20 min. It is also
necessary to enter into the program the data of the machine
on which the part will be processed: CNC machine lathe
ST 20 HAAS (Power 14.9 kW, Max spindle speed
4000 rpm, Z-axis Max feed m/min). To predict the pro-
cessing accuracy, it is necessary to set the stiffness data of
the spindle and caliper along the X and Z axes: spindle
20000 N/mm, tool turret 18000 N/mm.

By default, the maximum allowable deformation of
the technological system is taken, according to which the
program calculates the maximum allowable feed force.
Next, you need to select the method of installing the work-
piece (Chuck or Chuck and Center), the material of the part
(Steel 30 GOST) and the tool (TSK10 GOST).

As can be seen, the components of the cutting mode
are not assigned in the initial data, the depth, cutting speed
and feed allowable for a given roughness in roughing are
calculated automatically at the beginning of the simulation
according to special procedures [10]. The number of
roughing passes is calculated by the formula:

n= trunc[(xwmax =X pmin —Hf)/Hr] @)

where x.

wmax 15 the maximum coordinate of the workpiece,

X is the minimum coordinate of the contour of the

pmin
part, H , is the allowance for finishing, #, is the depth of

cut in roughing. Since the number of rough passes must be
an integer, the value found in the algorithms is refined for
the G71 rough cycle:

i (Xyymax —Xpmin —H ;) >0.25H, n, then n:=n+1 (8)

Therefore, on the first pass (Fig. 5, a) the cutting
depth may differ from the optimal one.

After the end of the roughing cycle G71, the work-
piece has the shape shown in Fig. 5, b. It is clear that such
a shape provokes significant changes in the depth of cut on
the G70 finishing cycle (Fig. 6, a) with the corresponding
reaction of the elastic machining system. Since the optimi-
zation procedure is invoked at each step in the simulation,
such variations cause the corresponding response of the op-
timization module in the form of a change in the spindle
speed. The feed with this regulation remains constant, the
value of which is determined by a numerical procedure to
ensure a given roughness of the finished part contour along
the entire contour.
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Fig. 5. Simulation steps: a — first pass of cycle G71, b — end of roughing
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Fig. 6. Simulation steps: a — after execution of cycle G70, b — tool paths and workpiece contour
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The program provides for the calculation at each step
of the simulation of elastic deformation and correction of
the shaping trajectory to compensate for the contour shape
error using a priori information about the technological ma-
chining system. Given that the real cutting process is car-
ried out in a closed technological system (see Fig. 3, b), a
special procedure for calculating the cutting force, compo-
nents and elastic deformations is performed 5 times with
the solution refined at each modelling step. The correction
of the shaping trajectory is calculated according to the al-
gorithm described in [10].

During the simulation, an intermediate control file is
generated containing geometric information about the
shaping trajectories, as well as the calculated values of feed
and spindle speed obtained from the solution of the optimi-
zation problem at each step.

Conclusions

1. When programming cycles for contour turning of
shaped parts on CNC machines, it must be taken into ac-
count that in any cycle the cutting process is quasi-station-
ary, which requires permanent control of the cutting mode
in order to stabilize, optimize and, if necessary, correct it.
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MoaenoBaHHS TOKAPHUX HHMKJIB Ha TOKapHuX BepcraTax 3 UHIIK

FO.B. IleTpakoB, k.M. Ezenayka

Anomauia. Ilokasano, wo moxapna 06po6Ka KOHMYPHUX (ACOHHUX NOBEPXOHb Oemanell NePesaNcHo UKOHYEMbCA 3d YUKIAMU YOp-
Hoeozo mouinua G71, G72, G73 3 uucmogum npoxoodom no yuxay G70. ¥V 6y0v-axomy 6unaoky npoyec pizaHHs € K8azicmayioHapHuM,
Wo U3HAYAE HeOOXIOHICMb YIPABTIHHA PEHCUMOM Pi3aHHA 01a cmabinisayii ma onmumisayii npoyecy. Ilpononyemscs 014 npoekmy-
8anHs Kepyrouoi npoepamu eéepcmama 3 YI1Y suxopucmosysamu cneyianrvHy npospamy, axa Ha 6a3i anpiopHoi ingpopmayii npo mex-
HoNo2IuHY 00pOOHY cucmemy 8UKOHYE MoOenogants npoyecy. 11i0 yac modentogantsa 6 npoyeci po3e si3anusa 3a0aui onmumizayii 3a
Kpumepiem MaKCumymy npoOyKmMueHOCMI, a6MOMAMUYHO 6U3HAYAIOMbCA 6CT CKIAO0BI pedCUMy PI3aHHA: eTUOUHA, NOOAYd ma Weuo-
Kicmb pizanna. Pesynbmamu npeocmasnsaiome y 6uensioi Qaiinie ynpaeuins, 3a AKUMU MOdice OYmu CKaadena Kepyoua npoepama 6
G-xo0ax, wjo 3abesneyye onmumizayiio npoyecy. Kpim mozo, 000amko60 MO*CIUBO OMPUMAMU NPOSHO3 HPO PeanbHO 06podIeHul
KOHMYP 3 YPAXYBAHHAM NPYICHOI Oepopmayii  npoyeci pisans i 0ai oo Kopekyii mpackmopii popmomeopuoeo pyxy Ha ocmam-
HbOMY NPOXOOI.

Kntouosi cnosa: mokapna xoumypha 06pooxra, KepysanHs pizantsam, MOOETIO8AHHI, ONMUMI3AYIsL npoyecy pi3anisl.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


