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Abstract. Contour milling is characterized by quasi-stationary, which leads to the occurrence of a machining error caused by elastic
deflections of the machining system. Moreover, such an error cannot be eliminated by sub-adjusting the control program ‘for size”,
since it not is constant and changes along the contour in a wide range. To ensure the accuracy of contour milling, a new method of
combined control is proposed, which uses a posteriori information of machine verification measurements of the machined surface and
a priori information of modeling the material removal process. In case of single manufacturing, the allowance on the last pass is
divided into two parts, and after machining the first part, verifications are performed, then modeling and machining of the second half
according to the corrected control program. In mass manufacturing, verifications are performed on the first part, and all subsequent
ones are machined according to the adjusted control program. To obtain the necessary a posteriori information, the technology of
machine verifications on CNC-machine with a three-coordinate probe according to standard control programs is proposed, and it is
enough to perform two measurements or one, in the presence of surfaces inclined to the coordinate axes of the contour. A computer
program was created, the core of which is a mathematical model of the process, which reproduces the structural diagram of the
machining system closed behind two elastic deflections. The primary control file is loaded in G-codes with measurement data, and as
a result of the process simulation, a new control file for the CNC-machine tool is formed, which eliminates the error from elastic deflections
of machining system. Preliminary tests showed the possibility of increasing the accuracy of contour machining by more than 3 times.

Keywords: contour milling, correction of the control program, modeling of the contour milling.

1. Introduction of which create shaping trajectories, based only on the ge-

ometric conditions of the interaction of the tool surface

Milling of complex surfaces of machine parts is al-
ways accompanied by a change in a wide range of cutting
conditions along the forming trajectory, even with an ab-
solutely equidistant allowance. Such changes provoke the
emergence of a machining error caused by elastic deflec-
tions of the technological machining system (TMS) under
the action of variable cutting force. The greatest influence
of the cutting mode on the accuracy of processing is ob-
served when milling non-rigid parts, which occurs mainly
in the manufacturing technologies of aerospace parts [1].

Milling is carried out on CNC-machines using con-
trol programs designed in CAM-systems, the vast majority
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with the part. The same CAM systems that advertise “in-
telligent machining” [2] design a control program with feed
control based on the analysis of the trajectory of the tool
center recorded in G-codes, but the cutting that causes elas-
tic deflections of the TMS occurs on the periphery during
the Cutter Workpiece Engagement (CWE).

Therefore, such control cannot lead to the stabiliza-
tion of the cutting process and equalization of the machin-
ing error along the entire contour [3]. In addition, even
with the complete stabilization of the cutting according to
its main characteristic MRR (Material Removal Rate), it
is not possible to ensure a uniform error along the con-
tour, since the vector of the cutting force changes its ori-
entation, and the stiffness of the TOC is not the same
along different coordinate axes. At the same time, the
CNC-machine tool has the ability to permanently control
both the forming trajectory and the cutting mode, which
are not used in most cases.
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Thus, the problem of eliminating the forming error
caused by the elastic deflections of TMS during milling of
complex surfaces remains an urgent task, the solution of
which will allow to significantly increase the accuracy of
machining.

2. Problem status analysis

The contour surfaces of many parts, matrices and
molds are machined in final milling operations on CNC
machines. The accuracy of the contour of the milled sur-
faces is strongly influenced by the elastic deflections of the
TMS, including the cutting tool, caused by the cutting
force. Moreover, the error significantly changes along the
forming trajectory due to the variable radial cutting depth
and the change in the direction of the cutting force. Simu-
lation of tool deviation to predict deviation errors in
straight segments and corners for rough milling with slot
cutting, as well as for finishing milling of contours of parts
by determining the change in radial depth of cut provides
prediction of machining accuracy [4]. To increase the ac-
curacy of contour milling, it is suggested to reduce the ra-
dial depth during angular cutting. Such a trivial approach
to solving the problem definitely leads to a loss of produc-
tivity and cannot be considered acceptable.

Milling of round corners when machining a pocket
structure is widely used in the aerospace industry [5]. Re-
liable quantitative predictions of cutting force components
in angle milling operations are essential for determining
power requirements, geometric errors or deviations of ma-
chined components, vibration characteristics, and strength
requirements of the cutting tool. The instantaneous angle
of the CWE, when milling a circular angular structure is
derived on the basis of a detailed analysis of the geometric
ratios of the cutting tool and the corner radius of the part.
And then the instantaneous undeformed chip thickness in
the corner milling operation is derived from the presented
iteration algorithm. Based on the two models given and the
cutting coefficients selected through slot milling tests, the
predicted cutting force can be used to control the cutting
process. However, this approach does not lead to compen-
sation of contour deviations during milling.

When milling parts with low stiffness, one should
take into account not only the possibility of dynamic ef-
fects in the form of vibrations, but also the static deviation
of the trajectory of the formation due to the cutting force
[6]. The model takes into account the influence of the tool
position and dynamic movements of the workpiece along
the tool axis during peripheral milling of thin-walled work-
pieces with curved surfaces. A new dynamic model of the
tool-workpiece system is proposed to take into account the
dynamic behavior of the tool and workpiece, as well as the
effect of the CWE and tool feed direction. The interaction
between the tool and the thin-walled workpiece is simu-
lated at individual nodes along the axial depth of cut. A
method based on the scheme of structural dynamic modifi-

cation has been developed to characterize the effect of ma-
terial removal on the dynamics of the workpiece in the pro-
duction process. A model and method for predicting the
shape of the workpiece using the finite element method is
proposed. Changes in cutting conditions are taken into ac-
count, in particular, the stiffness of thin-walled work-
pieces, but the cutting process is presented without taking
into account its closedness, which can distort the forecast-
ing results.

The study of the surface location error or part geo-
metry errors that occur due to forced vibrations of the cut-
ting tool during stable milling [7] present two analytical
solutions. Analytical approaches are based on frequency
domain analysis and harmonic balance. A comparison be-
tween analytical results, time-domain simulation, and ex-
periment is included, and problems with numerical model-
ing and semi-analytical methods (eg, time-domain finite el-
ement analysis) are presented. This work provides two new
analytical solutions to calculate surface location errors or
part geometry errors that arise from forced vibrations of the
cutting tool even during stable milling. However, there are
no recommendations or practical process management ac-
tions to compensate for contour deviations in peripheral
milling.

From the analysis of the presented studies on contour
milling, it can be concluded that all of them use the cutting
force models presented in [8] for analysis. Such models
link the cutting mode and its components with the compo-
nents of the cutting force and have been confirmed by ex-
perimental testing. The error of the shape of the surface
machined by peripheral milling consists of static and dy-
namic parts. The static deflection caused by the normal
force at the free end of the end mill is determined by the
analytical dependences in which the proposed cutting force
model is applied. The total static deflection at the axial con-
tact point is calculated by the superposition of the deflec-
tions created by all elementary forces on the end mill.
However, the closedness of the dynamic TMS is not taken
into account in the proposed models, although such models
are used in the analysis of the dynamic component.

In the case of rough 2.5D milling operations, the ef-
ficiency of processing can be significantly increased by en-
suring a uniform load on the tool [9]. This is confirmed by
the fact that a uniform load has a positive effect on both
tool life and processing time. Unfortunately, conventional
contour-parallel tool paths cannot guarantee a uniform load
on the tool. Some advanced path generation techniques are
presented that can provide a constant tool load by control-
ling the cutter engagement angle. However, it is argued that
the spread of these methods of non-equidistant displace-
ment is hindered by their dependence on complex calcula-
tions. As a solution to this problem, the Fast Offset Con-
stant Entrainment Method is proposed, which takes a step
toward reducing the computational requirements.

In the machining, the cutting force causes defor-
mation of thin-walled parts and cutting tools due to their
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low rigidity [10]. Such deformation can lead to undercut-
ting of the contour and damage to the parts. It is empha-
sized that since there are various unexpected factors that
affect the cutting forces during the machining, the compen-
sation of the deformation errors caused by the cutting force
is considered to be a very difficult issue. To solve this prob-
lem, a new real-time deformation error compensation
method based on dynamic features is proposed. A dynamic
performance model is created to estimate the stiffness of
the elements, as well as the relationship between the geo-
metric information and the cutting force information in real
time. Then the deformations are calculated based on the
model of dynamic features. Finally, machining error com-
pensation for elastic deformation is implemented based on
function blocks. The algorithmic meaning of such blocks
is not presented, although the results of the machining ex-
periment show that the calculated deformation errors de-
crease with controlled deformation.

There are many machining situations where fine
tools are used to machine thin-walled tubular workpieces
[11]. Such cases are more common when machining details
of the aircraft structure. In these cases, tool deflections
caused by the cutting force as well as workpiece deflec-
tions are quite common, resulting in surface errors on ma-
chined components. The methodology of compensation of
such surface errors, caused by elastic shifts of the tool and
workpiece, during the machining of thin-walled forms by
changing the trajectory of the tool is presented. The accu-
racy with which deflections can be predicted is highly de-
pendent on the correctness of the cutting force model used.
It is argued that traditionally used mechanical cutting force
models overestimate tool and workpiece deviations in this
case, as the change in process geometry due to deviations
is not taken into account in the simulating. Thus, in this
work, a model of the cutting force is adopted, which takes
into account the change in the geometry of the process due
to the static deviations of the tool and the workpiece. Such
a force model is used to predict the surface errors of ma-
chined components caused by tool and workpiece deflection,
and then compensates for them by changing the tool path.

The given overview of the works shows that every-
one recognizes the quasi-stationary of the cutting mode
during contour milling, as a result of which the cutting
force changes and the elastic deflection distorts the desired
shape of the part. Moreover, it is impossible to compensate
for such an error by simply adjusting the size precisely be-
cause of its fluctuation along the trajectory of shape for-
mation. The error due to elastic deflection takes up a sig-
nificant part of the total machining error, especially when
milling low-rigidity parts.

The task becomes more complicated when the stiff-
ness of the machining system changes according to the
shape formation coordinate. The methods of eliminating
such errors are reduced to taking into account elastic de-
flections according to an a priori model, the accuracy of
which significantly depends on the adequacy of the
adopted model. The accuracy of the cutting force model

during milling depends on empirical data obtained experi-
mentally, which complicates the practical implementation
of the proposed methods. In addition, the models of the ma-
chining system (TMS), according to which compensatory
controls are calculated, do not take into account its
closedness, which significantly reduces their adequacy.

Thus, the problem of ensuring the accuracy of con-
tour milling and creating such a control technology that
would combine the advantages of analytical forecasting
with experimental results for a specific machining system
of a CNC machine tool remains relevant.

3. The aim and objectives of the study

The purpose of this work is to create a technology
for compensating the error from elastic deflections in the
technological machining system by means of combined
control, when the correcting transfer function is deter-
mined based on the results of on machine verification the
machined surface, and the design of the corrected trajec-
tory is determined based on the results of simulation the
milling according to its main characteristic - an analogue
of the Material Removal Rate.

To achieve the goal of the work, it is necessary to
solve the following tasks:

— to develop a mathematical model of error for-
mation from elastic deflections during contour milling;

— to develop a technology for verification the di-
mensions of the machined surface in some zones on a
CNC-machine to determine the corrective transfer function
of the control block-scheme based on a posteriori infor-
mation;

— conduct a simulation of cutting the allowance, in
the process of which obtain a posteriori information based
on measurements and design a corrected trajectory for mill-
ing the contour of the part on a CNC machine tool;

— perform experimental testing of the developed
technology.

4. The study materials and methods

The object of the study is the process of contour mil-
ling, which is performed on a CNC-machine tool. The pro-
cess of error formation is subject to certain processes that
occur during cutting in a closed machining system. In the
process of milling, a cutting force occurs, which causes an
elastic deflection of the TMS, which distorts the theoretical
trajectory. The cutting force depends on the geometric en-
gagement of the cutting tooth of the milling cutter and the
workpiece. Such an interaction determines the main char-
acteristic of the process — the Material Removal Rate, on
which the cutting force depends.

Elastic deflections of the technological machining
system cause a change in the geometric parameters of the
CWE, which, in turn, provokes a change in the cutting
force. This is the closedness of the TMS, where the forming
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process takes place, which is complicated by the change of
the cutting arc during contour milling.

In the research process, it was decided to apply com-
bined control methods that combine the advantages of
control based on a posteriori information when determin-
ing system parameters based on the results of the first pass
with control based on a priori information used in mode-
ling. During the simulation, the task of adjusting the trajec-
tory is solved, which will be implemented in the control
program of the CHPK.

5. Results of devising contour milling
programming technology

5. 1. Mathematical model of error formation
from elastic deflections of the machining system

The process of contour milling takes place in an elas-
tic machining system, which is under the influence of a
force disturbance, its provokes the occurrence of elastic
shifts along the &, and & , coordinate axes (Fig. 1). There-

fore, under the action of the cutting force, the initial tool
surface of the cutter moves by the amount of elastic dis-
placement from position 1, which is specified by the cont-
rol program, to position 2, which corresponds to its actual
location. Such shifts are determined by the F, and F)

components of the cutting force, which can be calculated
from the geometric ratios of the cutting force distribution
scheme in Fig. 1:

{Fx =FCos(ot—9+Y)

. , (1
F,=FSin(o.—¢@+Y)

where F is the cutting force on the mill tooth, o is the ang-
le of inclination of the contour of the part, ¢ is the angle
of the cutting arc, y is the angle between the tangential £,
and the radial F, components of the cutting force. It is clear

that the cutting force F' is determined by its components:

F=\F>+F}. )

Such components also depend on the angle of the
cutting arc and are determined according to empirical rela-
tionships [8]:

{Ft (©) = krbh(0) 3

F, (@) =kpbh(¢)’

where kp, , kp, are empirical coefficients of linearized de-

pendences, b is milling width, /(@) is the thickness of

the allowance layer cut by the mill tooth. Empirical coeffi-
cients are assumed to be constant for the tool-workpiece
material pair and can be estimated either mechanically
from milling tests or from relevant reference books.

Fig. 1. Contour milling scheme

For the case of contour milling, where the cutting arc
can vary over a wide range, it is advisable to determine the
cross-sectional area of the undeformed chip, which is anal-
ogous to the material removal rate (MRR) as:

Prnax

MRR =bh(@)=b j f,Sin(¢)do, “
0

where f, is the feed per tooth of the milling cutter. The

integral presented in the program is calculated numerically
at each step of the simulation. The maximum cutting angle
is determined by the formula:

o, - -0
x“ X4 | § aretan| 22 2x , (5
Oy_yA yB_Oy

where x,,y,,Xp,yp are the coordinates of the start and

Qrax = arctan[

end point of the cutting arc at the current modeling step,
0,,0, are the coordinates of the cutter center.

The procedure for determining the coordinates of
point 4 of the beginning and point B of the end of the cut-
ting arc is performed with arrays of data representing the
contour of the workpiece and the initial tool surface of the
mill. Therefore, the data arrays of workpiece coordinates
will consist of three parts. The first part is an already ma-
chined surface that will represent the surface of the part.
The second part is the cutting arc belonging to the initial
surface of the mill and the third part is the unprocessed sur-
face of the workpiece. When performing the next simula-
tion step, such operations are repeated. Thus, at each sim-
ulation step, the contour of the workpiece is gradually
transformed into the contour of the part being machined.

To determine the actual cutting thickness h(o), it is
necessary to take into account the closedness of the cutting
process for each of the controlled coordinates (Fig. 2). Ac-
cording to this scheme, an algorithm for numerical mode-
ling of the allowance removal process during contour mil-
ling was built [12].
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Fig. 2. Structural diagram of the processing system
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Next, the determined value of the cutting thickness
is used to calculate the components of the cutting force ac-
cording to formulas (3) and to determine the cutting force
according to formula (2). The cutting force is distributed in
block G according to the scheme of Fig. 2 on the compo-
nent, which will determine the elastic deflections of the
machining system and which, due to the closedness of the
system, will change the coordinates O,. and O, of the

shaping trajectory commanded by the control program.
The elastic system in accordance with the scheme of fig. 1
is represented by two stiffness k, and ky along the coordi-

nate axes without taking into account dynamic phenomena.
It should be noted that the cutting process is modeled
in this way by representing the average cutting force, since
with the presence of the angle of inclination of the cutting
blade of the mill, the value of the cutting force will change
according to the coordinate of the rotation angle of the mill.
In addition, the model does not take into account dynamic
phenomena that are necessarily present in the real process.
Such an approach can be considered sufficient for the given
task of correcting the forming trajectory, since dynamic
phenomena will affect the surface roughness due to the occur-
rence of chatter of the dynamic elastic system and will not
cause a change in the dimensions of the machined contour.

5. 2. The technology on machine verifications of
the machined surface

To obtain data on the accuracy of the machined con-
tour of the part, which will constitute a posteriori infor-
mation in the algorithm for determining the corrected tra-
jectory on the second pass, it is enough to perform several
verifications according to the schemes of Fig. 3. In fig. 3
lines 1 denote the theoretical contour, lines 2 — the actually
machined one, and lines 3 — the contour of the workpiece
with an equidistant allowance % to the theoretical contour
of the part.

If all rectilinear sections in the processed contour co-
incide with the directions of the machine tool coordinate
axes (Fig. 3, a), it is necessary to measure in the direction
of the arrows anywhere on the rectilinear sections to deter-
mine the errors:

8, =h—(x.~x,), 8, =h=(y.-»), (6

where x,., y. are command coordinates according to the
control program; x,, », — actual coordinates of the ma-
chined contour.

a b

Fig. 3. Scheme of verification of the machined con-
tour: a) — the sections coincide with the directions
of the coordinate axes; b) — a site with a slope

If there is a section with a certain slope to the coor-
dinate axis in the machining contour, then it is enough to
perform one measurement in the direction of the arrow nor-
mal to the contour and use the angle o of the slope of the
section determined from the control program:

8, =hCos(m/2—a)—(x,—x,),

a

8, =hSin(n/2-0)—(x.—x,). @)

Verifications must be performed directly on the ma-
chine, using the OMV (On Machine Verification) technol-
ogy with a conventional three-coordinate probe Renishaw
[14]. Before measuring, after installing the probe on the
machine, it must be calibrated using the vector probe ball
radius macro O9804. The probe is placed inside the cali-
brated ring at a certain height along the Z coordinate and a
macro cycle is performed. After the cycle is completed, the
defined radius of the probe ball is saved.

It is most difficult to measure the contour with an
inclination to the coordinate axes of the machine. For this,
it is recommended to use the cycle shown in fig. 4.

a4

Vo

Fig. 4. Scheme of movements of verifications of
an inclined surface

Below are the relevant loop commands.
1. TO1IMO6 Probe selection.
2. G54X-40.Y20. Launching site.
3. G43H1Z100. Offset activation 1, transition to 100 mm
(3.94 in).
4. G65P9832 Probe rotation (includes M19) or M19 for
spindle orientation.
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5. G65P9810Z-8.F3000 Protected positioning of the move-
ment to the initial position.

6. G65P9821A45.D50.T10 Surface measurement.

7. G65P9810Z100. Protected positioning.

8. G65P9833 Probe return (if available).

9. G28Z100. Initial position.

The data on the contour errors determined in this
way constitute a posteriori information of the machining
system, which will be used in the design of the corrected
trajectory.

5. 3. Simulation of cutting allowance and design-
ing the corrected trajectory

A computer simulation program was created to de-
termine a priori information about the forming process. As
an example of the formation of a corrected trajectory, a
fragment of a contour consisting of two straight lines and a
conjugate arc of a circle was chosen. This contour is ex-
tremely common when machining parts with pockets in the
aircraft industry.

Simulation is performed according to the created
mathematical model using as input data the control pro-
gram in G-codes for the CNC milling machine. During
simulation, the movement of the milling cutter is animated
along the forming trajectory and the main parameters of the
process are synchronously displayed on the screen of the
virtual oscilloscope. In fig. 5 presents the results of model-
ing the part contour milling with Steel 40 milling cutter
P6MS ©@20mm, number of teeth 6, equidistant allowance 3
mm, milling thickness 10 mm. The cutting mode is deter-
mined automatically from the control program that is
loaded at the beginning of the simulation: the spindle speed
of the cutter is 1500 rpm, the feed is 400 mm/min.

machining
trajectory

allowance 3 mm

Oscilloscope 1
140f------- 400

o

=
2l F300 o
£ 100 ]
s 80%- 2
eient - w0,
= =
£ 4 100 5
B 20f---o et o
o

r - - T 7 T
0 20 40 60 80 100
Path length, mm

Fig. 5. State of the program interface at the end of
the simulation

Synchronous with the movement of the milling cut-
ter, the oscillograms of the average cutting force are dis-
played in the virtual oscilloscope window — line 1, cutting
arcs — line 2 and feed — line 3. It can be seen that the milling
process is characterized by a change in cutting conditions
in a significant range in the section formed by the arc of a
circle: the cutting arc increases to 80 degrees, and the av-
erage cutting force reaches 400 N, while in straight sec-
tions, the cutting arc is 45 degrees, and the average cutting
force is 150 N. Therefore, such a process entails a corre-
sponding response of the elastic machining system, which
will determine the contour-variable forming errors.

The same changes are displayed in the window of
the second virtual oscilloscope (Fig. 6). It is possible to ob-
serve changes in the components of the cutting force and
the elastic shifts of the machining system caused by them
along the corresponding coordinate axes. The F, compo-
nent (line 1) causes a shift along the Y coordinate (line 2),
and the F, component (line 3) causes a shift along the X
coordinate (line 4). Regardless of the constant cutting con-
ditions along the rectilinear sections of the contour (Fig. 5),
the corresponding components and reactions of the elastic
system change (Fig. 6).

The simulation takes place for the machining system
with the coefficients of linearized dependencies introduced
into the model for the components of the cutting force when
machining the workpiece from Steel 40 and the stiffnesses
of the machining system along the coordinate axes. It is clear
that such data are a priori, used only to identify the modeled
system and, in accordance with the accepted control para-
digm of correction, are not used in further procedures.

[EH]
<

Oscilloscope 2

R -~~~
------- T & . e LT R = (1]

Deflections, mm

Force components, N

0 20 40 60 80 100
Path length, mm

Fig. 6. Components of cutting forces and elastic
shifts of the machining system

The determination of the corrected trajectory must
be performed in accordance with the combined control
with a combination of procedures using a posteriori infor-
mation and with the identification of the machining system
according to a priori information. The trajectory of the for-
mation is determined by two coordinates. However, based
on the principle of superposition, it is advisable to carry out
further consideration only on one controlled coordinate.
The obtained results will be valid for the second coordinate
as well.

So, in order for the amount of displacement x,

along the X coordinate to be equal to the given X, , you can
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use the principle of the control method based on a priori
information, the structure of which is shown in Fig. 7. The
magnitude of the transfer function of the MSx machining
system in the verification place can be determined from the
structural diagram as:

E . MSx ®)

1
>  MSx I
1
Xe Xee Xa
> )
1

Fig. 7. Structural diagram of management based
on a priori information

If take for the part of the scheme highlighted by a
dashed line the given value of the coordinate x,, =x, in

accordance with the verification schemes (see Fig. 4), then:
S,
x,—0

c X

MSx = )

Since during machining movement is performed
along the trajectory in accordance with the coordinates that
determine the trajectory of the mill center (in the reverse
scheme), during digital modeling, such a process is subor-
dinated to the array of data according to the corresponding
coordinates with a certain step. Therefore, transfer func-
tions in general should be represented by appropriate ar-
rays. In addition, taking into account the quasi-stationary
of the cutting process and formula (3) for determining force
disturbances, the array of the transfer function MSx./i] for
trajectory correction takes the form:

MSx,[i] = MSxk(i], (10)

where k[i] is an array of the correction coefficient.

Such an array can be determined based on the results
of simulation, because at each step, the maximum cutting
angle ¢ and the area, which is an analogue of the Material

Removal Rate — the volume of the removed material, are
determined by a numerical method based on the cutter
workpiece engagement. So:

k[i] =sq[i]/sq*, (11)

where S(]* is the area of the undeformed chips by the cutter

tooth in the place that corresponds to the verification coor-
dinates, sg[i] is the array of areas determined during sim-

ulation along the entire trajectory.

Similar calculations will be valid for the y coordi-
nate. Thus, the design of the corrected trajectory on the sec-
ond pass is performed numerically in accordance with the
scheme of fig. 7 according to the formulas:

x,. [i]= (Mch [7] +1)xc [7]

. (12)
Yee [i] = (MSy, [i]+1) . [1]

The calculation step is determined by the required
accuracy of the machined contour and taking into account
the step of the output arrays formed in the machine rack
during machining. In the future, to implement the corrected
program, it is desirable to design the control program of the
corrected trajectory in G-codes. For this purpose, it can use
the developed algorithms for representing the array of data
in the form of geometric primitives — a straight line, an arc
of a circle or in the form of splines.

Data for performing trajectory correction operations
in graphic form are obtained in the simulation program at
the end of the cycle. To perform such procedures, verifica-
tions of the machined surface are performed in advance in
places that meet the requirements formulated in section 5.2.
Of course, the measurements are performed virtually, and
the values calculated during simulation are used as the
measured errors.

In fig. 8 presents a fragment of trajectories high-
lighted by a dotted square in fig. 5. The machined contour
is represented by line 1, and the theoretical contour is rep-
resented by line 2. The maximum error that can be meas-
ured along the normal to the surface is 0.3 mm. The geo-
metric equidistant corresponding to the movement speci-
fied in the control program is marked by line 3, and the
actual trajectory of movement, which is distorted due to elas-
tic deflections of the machining system, is marked by line 4.

As a result of the functioning of the developed pro-
cedures, in accordance with algorithm (9)—(12), arrays of
the corrected trajectory are determined, which are pre-
sented in Fig. 8 by line 5. It is assumed that when milling
the contour along the corrected trajectory, the error caused
by elastic shifts will be compensated.

Trajectories

24 26 28 30 32 34 36 38 40 42
X-axis, mm

Fig. 8. Fragments of the trajectories of forming
and the contour of the part when simulation ma-
chining according to the original control program
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Therefore, when designing the corrected trajectory,
the program did not use data that are difficult to measure
on a real machine (stiffness along the coordinate axes) and
data that determine the power characteristics of the cutting
process.

5. 4. Approbation of the results

To confirm the obtained results, a similar program
was used to simulate the milling process of the same con-
tour, but with the control of the corrected trajectory, which
was obtained digitally at the previous stage. All raw data
of the machining system, workpiece material and tool pa-
rameters were saved as for the simulation stage when de-
signing the corrected trajectory. The program also provides
the possibility of presenting the results in the form of tra-
jectories with the possibility of enlarging the image (Fig. 9).

Trajectories
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Fig. 9. Fragments of shaping trajectories and part
contour when simulation machining according to
the adjusted control program

The test results indicate the effectiveness of the de-
veloped method: the processed contour (line 1) almost co-
incides with the theoretical contour (line 2). The maximum
error measured by the normal is 0.09 mm. The actual tra-
jectory of the cutter center (line 3), controlled by the ad-
justed program, also almost coincides with the theoretical
equidistant (line 4). In this way, the accuracy of machining
by the error from elastic deflections is increased by more
than 3 times.

6. Discussion of the proposed method of
ensuring accuracy of contour milling

A new method of designing a corrected trajectory
during contour milling has been developed, which elimi-

nates errors from elastic deflections of the machining sys-
tem. The greatest effect from the application of the work
results is expected in the machining of contour surfaces,
where the cutting process is characterized by significant
non-stationary, which provokes the occurrence of errors
from elastic deflections of the machining system, which
cannot be compensated for by simple adjustment “to size”.

The method is based on combined control, which in-
volves the use of a posteriori and a priori information at the
same time. Since elastic deflections occur in a closed elas-
tic machining system and depend on both the cutting force
and the stiffness, it is necessary to have an adequate math-
ematical model for their compensation due to trajectory
correction. The model should provide a priori information
about the cutting process, which consists in determining
the main characteristic of the cutting process — an analogue
of the allowance removal rate — volume of Material Re-
moval Rate.

This characteristic is calculated by a numerical
method based on the value of the cutting arc (4), which is
determined by a special procedure for the cutter workpiece
engagement at each step of the simulation. The procedure
requires the presentation of the contour of the workpiece
and the trajectory of the forming in the form of two-dimen-
sional digital arrays, which are formed in the developed
simulation program according to the G-codes of the control
program.

Determination of a posteriori information about the
process takes place on the basis of two or one measure-
ment, as shown in Fig. 3, which significantly reduces time,
but provides the necessary information about the corrective
transfer function of the structure in accordance with the
control scheme based on a posteriori information (8) (9).
The simulation program performs all the necessary calcu-
lations for designing the corrected trajectory and provides
the possibility of synchronous presentation of results in the
windows of virtual oscilloscopes and graphical representa-
tion of the projected trajectories (Fig. 8 and Fig. 9)

The practical application of the method in the ma-
chining of responsible parts in single production is some-
what different from the machining of a batch of parts. In
the first case, the allowance on the last pass is divided in
half and after machining the first half, appropriate verifica-
tions are performed, then simulation with automatic design
of a new control program on the last pass and finish milling
are carried out. When processing a batch of parts, such ver-
ifications are performed on the first machined part, and the
corrected program, which was designed according to the
developed method, is applied to subsequent ones.

For the approbation of the developed method, the
second program for simulating the contour milling process
according to the corrected trajectory, which was projected
in the first program, was used. The results confirmed the
reduction of the error from the elastic shifts of the machin-
ing system with all the same initial data by more than 3
times. Of course, the most adequate result of the effective-
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ness of the developed method can be obtained only exper-
imentally, which is planned to be performed during milling
of the contour of the part. However, the currently obtained
results allow us to hope for achieving the planned effect,
since all the numerical procedures of the created computer
programs correctly reflect the real process of contour milling.

7. Conclusions

1. A new method of ensuring accuracy of contour
milling on a CNC machine tool has been developed, which
consists in the application of combined control using a pos-
teriori information of on machine verifications of the ma-
chined surface and a priori information of simulation the
material removal process. In case of single production, the
allowance on the last pass is divided into two parts, and
after machining the first part, verifications are performed,
then simulating and machining of the second half accord-
ing to the adjusted control program. In mass production,

verifications are performed on the first part, and all subse-
quent ones are machined according to the adjusted control
program.

2. The proposed technology for measuring the ma-
chined contour on a machine tool with a CNC three-coor-
dinate probe according to standard control programs.
Moreover, to obtain the a posteriori information necessary
for the method, it is enough to perform two measurements
or one, if there are contour surfaces inclined to the coordi-
nate axes.

3. A mathematical model of the contour milling pro-
cess was developed, which reproduces the structural dia-
gram of the machining system, which is closed by elastic
deflections along two coordinates. The mathematical
model is the core of the created computer program, which
provides for the loading of the primary control file in G-
codes and measurement data, and as a result of the process
simulation, a new control file for the CNC machine tool is
formed, which eliminates the error from elastic deflections.

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]
[12]
[13]

[14]

Preliminary tests showed the possibility of increasing the
accuracy of machining by more than 3 times.
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3a0e3nmevyeHHs TOYHOCTI (ppe3epyBaHHs KOHTYPiB Ha BepcraTax 3 UIIK

0. B. Ilerpakos', 5. C. Pomanos!
U KII im. Izopsa Cixopcvkozo, Kuis, Yipaina

Anomauia. Ilpoyecu KoHmypHO20 (hpe3epysants Xapaxmepusyrmuvca K8a3iCmayioHapHicmio, wo npugooums 00 BUHUKHEHHS NOXU-
OKU 00pOOIEHHA KA BUKTUKAHA NPYICHUMU 3Cy8amu 00pobHoi cucmemu. [Ipuuomy maxy noxubKy He MOXNCHA YCYHYmMuU niOHANA20-
0JICEHHAM YNPAGIAIOHOL npocpamu “Ha po3mip”’, OCKIIbKU 860HA 3MIHIOEMbCSL 3a KOHMYPOM 8 WUPOKOMY dianazoHi. /s 3abe3neuents
MOYHOCMI KOHMYPHO20 (Dpe3epy8aHHsl 3anponoHO8AHULL HOBULL CHOCIO KOMOTHOBAHO20 YNPABTIHHSA, WO GUKOPUCTIOBYE ANOCEPIOPHY
iHGhopmayiio eumiprosanb 00poOAEHOT NOBePXHI | anpiopHy IHOPMayilo MOOeT08aHHs npoyecy suoaienis mamepiany. Ilpu oounuy-
HOMY SUPOOHUYMET NPUNYCK HA OCMAHHBLOMY NPOX00L OLIUMbCA HA O8I YACMUHU [ NICTs 00POONEeHHS nepuiol 6UKOHYIOMbCSL GUMIPIO-
8AHHA NOMIM MOOENIOBAHHS | 00POOIEHHS OPY20i NOIOBUHU 30 CKOPUSOBAHOI0 YNPABAI0U0I0 npoepamoro. Ilpu cepitinomy eupobdHuymsi
BUMIDIOBAHHS BUKOHYIOMbCA HA Nepuiill demani, a 6ci noO0anbuli 06pOOAAIOMbCA 3a CKOPUL08AHOIO YRPABIAIOUOI0 npocpamoio. [na
OMPUMAHHA He0OXIOHOT anocmepiopHOi 3aNPONOHOBAHA MEXHOI02IA 8UMIpIO8aHb Ha eepcmami 3 UIIK mpuxoopOuHamuum wynom 3a
CMAHOAPMHUMU YAPABTIAIOYUMU NPOSPAMAMY, NPULOMY OOCMAMHbO BUKOHAMU 084 SUMIDIOBAHHA AD0 0OHe, NPU HASAGHOCTI NOXUIUX
00 ocell KoopouHam nosepxonv koumypy. Cmeopena Komn 1omepHa npospama, s0pom aKoi € MamemMamuyHa Mooeib npoyecy, wo
8I0MBOPIOE CIMPYKMYPHY CXeMY 3AMKHEHOI 3a 080MA NPYIHCHUMU 3CY8amu 06pobHoi cucmemu. [lepedbauene 3a6aHmasicents nepeuH-
HO20 ynpagnsiowo2o Gainy ¢ G-kodax i 0aHUX UMIPIOBAHD, A 8 Pe3YAbMAmi MOOETI08aHHs NPOYecy PoPMYEmMbCsl HOBUL YNPABTAIOUL
¢hatin ona sepcmamy 3 UIIK, wo ycysae noxubky 6io npysichux 3cysis. [lonepeoni unpoOysarnms noKazam MONCIUBICIb NiOGUUYEHHS
mounocmi 00podaenHa oinbw Hidic 6 3 pasu.

Kniouogi cnosa: konmypue ghpesepysanns, KopeKkyis ynpasisaiowoi npoepamu, Mooenioeants npoyecy gpeszepysansi.
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