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Control of grinding polygonal surfaces
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Abstract. Grinding of non-round surfaces, in particular polygonal surfaces of dies, is characterized by substantial non stationary. At
different sections of the profile, the change in the main characteristic (Material Removal Rate — MRR) process reaches tens of times.
To stabilize the grinding process, it is recommended to control the spindle speed of the workpiece CNC grinding machine. Created
software that allows to design the control program on the basis of mathematical model of the system. The determination of MRR is
realized automatically in the simulation of the grinding process which uses the algorithm developed for solving problems in
geometric interaction of the workpiece and the wheel. In forming the control program is possible takes into account the limitations
on the maximum circumferential force of cutting, and the maximum allowable acceleration of the machine spindle. Practice has
shown that full stabilization is not obtained, even though the performance is increased more than 2 times, while ensuring the quality
of the surface. The developed block diagram of the grinding process can serve as a basis for further improvement in the solution of
dynamic problems.
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Introduction

In various areas of engineering are widely used items of a non-circular shape, which have high hardness, high
accuracy and a low surface roughness. Therefore, the finish machining of such surfaces is performed on CNC grinding
machines (Fig.1, a). The grinding of polygonal surface of the cutting die 1 is realized by wheel 2 with cutting speed
and movement of the forming along the axis X synchronously with the rotation of the workpiece axis C (Fig.1, b). It is
also known that the grinding process of such surfaces is essentially non-stationary, making it difficult to ensure the
required quality at acceptable performance. The most highly non-stationary of the grinding process is evident in the
processing of polygonal surfaces of dies and molds.

Fig. 1. Working area grinding CNC machine company Studer (a) and grinding the hex stamp (b)
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Modern grinding CNC machines are provided with software that allows to perform the entire cycle of grinding,
separating allowance for areas of assignment for each section a specific value of the cross-feed. However, the existing
system, for example StuderPunch, though, and allows to design a control program for grinding of polygons, but do not
offer specific recommendations on the choice of the values of feeds and of switch points needed to perform optimum
grinding cycle. Data management frequency of spindle rotation of the workpiece to stabilize the grinding process
according to its main characteristic — speed of cutting allowance (MRR — Material Removal Rate) is absent.

The analysis shows that the main reason for this approach to the design of control programs, is the lack of
adequate mathematical models of grinding processes non-circular surfaces. Existing models calculate are based that the
most important characteristics are determinates on analytical equation [8, 9, 10] and do not reflect the process of cutting
removal allowance on a non-circular polygonal surface. To calculate the cutting force when grinding though, and it is
proposed to use a model based on the determination of the geometric trajectories of the cutting grains, but also not taken
into account peculiarities of processing a non-circular surface and, furthermore, the need for experimental determination
of the three (or more) coefficients of the model hinders its practical applications [11].

Aware of the need to control the process in order stabilizing its characteristics, proposes solutions associated with
the use of adaptive systems that always leads to complication of the machine [12]. All in all, today should be considered
the most effective method of control which is based on a priori information using a digital process model [1]. This
method is simple to realization on the grinding machine by CNC-program. Therefore, the problem of creation of means
automation of designing of the control program by ensuring the stability of the cutting conditions on the main criterion
is actual.

Objective

The aim of this study is the creation of adequate mathematical model of the grinding of non-circular surfaces and
the automation system programming of grinding CNC machines for grinding operation of polygonal surfaces, which
allows to stabilize the process according to the criterion of MRR.

Statement of the main material

Mathematical model of grinding process is developed based on the block diagram (fig. 2) that is built using
systematic approach for single degree-of-freedom system. In Diagram used the following designations for signals which
are applied to the structure: D,, — diameter of wheel, w, — velocity of rotation, R, (goz) — forming movement on X-

axe, R, ((oz) — contour of workpiece, V, (H Z) — crossing feed, ¢, — angle of spindle rotation, /7, — depth of cutting, s

is the Laplace operator.

In consequence of the cutting process and the cutting forces occurring elastic deformation of the technological
processing system, which leads to the fact that the actual cutting depth differs from the setpoint in the CNC-program. In
addition, due to the accumulation of elastic strain there is a lag effect with one layer of seam allowance, which was cut

in a single revolution of the workpiece is perceived at the next turnover as increasing the desired depth of cut. This

effect appears in the mathematical model using delayed link with the transmission function e, where 7 is time of

one revolution. Actual cutting depth will change the shape of the workpiece that must be considered when modeling the
next turn.

To solve the problem of determining the MRR in the block geometric interaction, using a technique based on the
representation of the contour of the workpiece in the form of a wireframe and digital model ( R, ((p_,) on fig. 3). At each
time step of the simulation using the cyclic algorithm calculated the coordinates of the start and end points of the cutting
arc. The result the cutting angle is determined as:

& =arctan22 2% _arctan 2v—Ye €))
xw - xb xw - xa
Iz ¢Z
@ 1/s >
Dw |
Ri(¢)
Geometric
R:(¢) Cutting Py
interaction | QO force >
Va(H)
—> s
Elastic system | ¢
Fig. 2. Block diagram represented of the grinding process Fig. 3. Geometric interaction
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where y,, y, — the coordinates of the wheel center, x,, y, — coordinates of the start point ¢ of the cutting arc, x,,
y, — coordinates of the end point b of the cutting arc.

As the main characteristics, which is estimated as the intensity of the cutting process and surface quality of detail
is the material removal rate (MRR). At the simulation stage in accordance with the block diagram it is necessary to
calculate analogue, which does not depend on the mode of grinding is determined by the geometric interaction of wheel
and workpiece. Therefore the MRR analog is calculated by the formula [1]:

0=05(R,) )

where R, —is radius of wheel.

For the calculation of MRR is sufficient analogue to multiply the width (height or length) of the grinding and the
speed of movement of the periphery of the tool surface to be processed of the circuit (dimension of the velocity — rad/s),
the result is a traditional dimension mm?/s the speed of cutting allowance:

MRR = Obaw., 3)

where b — is height of workpiece, @, — is velocity of rotation.

For simulation of grinding process was created an application software which structure and the algorithm
corresponds to the block diagram in Fig.2. Given the characteristics of the programming cycle control grinding
machines, in particular the firm “Studer” [5], it is possible to switch of cross-feed in appropriate quantities of allowance.
Whole allowance is divided into three parts: up to 0.2mm, feed of 0.03 mm/s; 0,2mm to 0.05mm, feed of 0.015 mm/s
and then to zero — feed 0.005 mm/s. Law of supply control is downloaded as a text file with the button “Ok” in the
interface window “Download file control cross-feed” (fig.4).
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Fig. 4. Interface of the created software

In the simulation, which is triggered when you click "process", in animation window shows the motion of the
workpiece 1 with an allowance of 2 and grinding wheel 3, which represents removal of allowance. In the window of the
oscilloscope 1 displays the characteristics of the process: line 4 — peripheral cutting force, line 5 — cross-feed, line 6 —
spindle speed. On the oscilloscope the time of switch of cross-feed is observed (line 5 for rotation angle 2400 grad.).

The peripheral cutting force is calculated according to the formula [7]:

F, =C,(MRR)*, 4)

where C, and o — is an empirical coefficient and the exponent.
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It is seen that the cutting process is essentially non-stationary: cutting force changes to each face in the range
from 10 N to 110 N. This provokes changes in the surface roughness of the face may cause changes in the structure of
the material and even the appearance of cracks in hardened parts. Obviously, such a machining process is in need of
stabilization. In accordance with the cutting data for the entire cycle of grinding ends 27s.

The actual change in the MRR and peripheral cutting force over the entire cycle of grinding can be saved to a file
when you click “Ok” in the window “To save simulation file” on Interface (fig.4). The saved file contains a digital array
of large dimension, so to design a control file was created by an application software interface which is shown in Fig.5.
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Fig. 5. Stages of creation of a control file

After downloading the file formed in the simulation, it graphically appears in the output window interface
application software — line 1 on Fig.5. Because the entire grinding cycle is present, the stages of which are characterized
by different intensity, for future designing, it should select the site with the highest values of peripheral cutting forces.
The boundaries of the area are written in the corresponding windows interface, and this digital data array for subsequent
analysis and transformation appears in the same window (see arrow 2 on Fig.5). The next stage designing consist in
creation the control file — arrow 3 on Fig.5.

Smoothing of the original file in the selected range is performed by the iteration method using the interpolation
polynomial of Lagrange. This tests on the maximum allowable acceleration so the number of iterations is determined by
the performance of the specified conditions.

The results of the transformations are shown in the interface window: line 4 — schedule created control spindle
speed, line 5 — schedule acceleration, line 6 — schedule of cutting force reference. It is seen that the control law is

smooth, and acceleration never exceeds the limits 500rad /s>, which is recorded in the window of software interface.
These conditions allow to implement the control on the CNC machine. When the moment of inertia of the spindle

I= 0.08kgm2 this mode of operation requires the maximum torque 7, =0.08-500=40Nm , which is provided by a

drive motor. For stable operation in this mode for a long period of time, it is desirable to perform a thermal calculation
of engine.

Because the control file is different from the discrete and continuous optimal, there is a need to monitor its
operation according to the simulation results and, if necessary, return to the program the design of optimal control law
to correct the number of switching points and the magnitudes of the corresponding coordinates.

In Fig.6 shows the interface of the simulation software, while downloading the created control file. The designed
control law is designated line 1, and the corresponding graph of the changes of the circumferential force of the cutting
line 2. It is seen that the designed control law does not provide a complete stabilization process due to restrictions, but
allows to reduce the cycle time of grinding in 2.25 times (up to 12s). The maximum value of the cutting force does not
exceed the maximum cutting forces when cutting without control spindle speed (compare with Fig.4).
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Fig. 6. Stages of creation of a control file

Conclusions
1. Grinding of non-round surfaces, in particular polygonal surfaces of dies, is characterized by substantial non
stationary. At different sections of the profile, the change in the main characteristic (Material Removal Rate) process
reaches tens of times. This causes the appearance of various defects and causes the cutting mode to be reduced. The
existing CAM systems of CNC grinding machines do not provide for the design of a control program for stabilizing the
cutting conditions.
2. The design of the spindle speed control program must be carried out on the basis of simulation of the cut-off process
using the results of solving the task of geometric interaction within the framework of the created block diagram of the
process. The developed block diagram can serve as a basis for solving dynamical problems when adding an even one-
mass model to the elastic system.
3. The created application software allows automatized the design of the spindle speed control program taking into
account the limitations on the maximum permissible acceleration and power of the spindle drive motor. Practice showed
the effectiveness of the developed methodology, which allowed to increase the productivity more than 2 times when
grinding the hexagonal stamp with assure the quality requirements.

anaBJIeHne IH.III/lq)OBa.]'lLHLIMI/I MOJIMTOHAJBbHBIMH MOBEPXHOCTAMU
IO.B. IlerpaxoB

Annomayusn. [lnuposanus HeKpy2abix nO8EPXHOCHEN, 8 YACMHOCIU NOIULOHATLHBIX NOBEPXHOCMEN WMAMNOS, XAPAKMepU3yemcs
cywecmeenHoll Hecmayuonapnocmolo. Ha pasnuynelx yuacmkax npouns, usmeHneHnue ocHosHol xapaxkmepucmuku (Material
Removal Rate — MRR) oocmucaem Oecsmxos pas. s cmabunuzayuu npoyecca wiiu@osanus, pPeKOMeHOYemcs YNpaeisimb
ckopocmbio winundens sazomoeku cmanka ¢ YITY. Cozdano npoepammmnoe obecneuenue, KOmMopoe no3goisem paspabomamo
npocpamMmy ynpasieHus Ha OCcHoge mamemamuyeckol modenu cucmemsl. Onpedenenue MRR ebinonnsemcs agmomamuyecku npu
MOOeauposanuu  npoyecca Wauosanus 2oe UCHOAb3YEMCA PA3pAOOMAHHBIYL ANOPUMM DEWeHUs 3a0aui 2e0MempudecKo2o
83aumooeticmeuss 3a20moséku u Kpyea. Ilpu gopmuposanuu npoepammvl YNpaeneHus 603MONCHO YUUMbIEAMb O0ZPAHUYEHUE HA
MAKCUMATLHOE OKPYHCHOE YCUNUE PE3AHUS U MAKCUMATILHO OONYCIMUMOe YCKOpeHue wnuroens cmanka. Ilpakmuka noxkasana, 4mo
nOHAsA cmabunuzayus He 0Oecnevusaemcs, Xoms Npou3B00UMeNbHOCHb Yeeruuulacs 6onee yem 6 2 pasa, 8 mo epems Kak
obecneueno mpebyemoe Kawecmeo nogepxnocmu. Paspabomannas 6nok-cxema npoyecca wnu@o8anuus MONCem CLysicumy 0CHOBOU
0711 OanvHelwe20 CO8EPUIEHCINBOB8ANUS 8 PeUleHUU OUHAMUYECKUX 3A0aY.

Kniouesvle cnosa: winughosanue nonuconanvhvlx nogepxnocmeti, MoOeIuposanue, wiugosanvhvit cmanok ¢ 411y, cmaburuzayus
MRR.

KonTpoas nutigyBaHHS MOJTIrOHAJIbHUX MOBEPXOHb
IO.B. IlerpaxoB

Anomauia. [llnighyeanna Hekpyeiux NOBEPXOHb, 30KpeMd NONICOHANbHUX NOBEPXOHb WIMAMNIE, XAPAKMEPUZVEMBCA CYMIMEBOIO
necmayionapricmio. Ha pisnux oinenuysax npoginto, 3smina ocnosroi xapaxmepucmuxu (Material Removal Rate — MRR) oocmueae
decamkis pas. /na cmabinizayii npoyecy winighysants, pekoMeHOyEMbCa YAPAGIAMU WEUOKICIIO WNUHOELS 3d20MOBKU 6epCcmama 3
YIIK. Cmeopeno npocpamue 3abe3neueHis, Kompe 00360JE CHPOEKMYS8amu YNpaesisiowy Npocpamy Ha OCHOGI MamemMamuyHol
mooeni cucmemu. Busnauenns MRR @ukonyemvcsi agmomamuyHo npu mMoOento8anui npoyecy wiaigyyeanis, 0e sUKOPUCMO8YEMbCsL
PO3POONeHUIl ANeOPUMM SUPIUEHHS 3a0ayl 2eoMempudnol 63aemodii 3azomosku i kpyea. Ilpu gopmyeanni npoepamu ynpaeninms
MOJCIUBO  YPAX08YBAMU OOMENCEHHA HA MAKCUMANbHE OKPYXCHE 3YCUNIA PI3AHHA | MAKCUMATbHO OONYCmuMe HNPUCKOPEHHS
wnunoens eepcmama. Ilpaxmuxa nokaszana, wo nosna cmabinizayis He 3a0e3neuyemvcs, Xoua npoOyKMueHicms 30iNbULYEMbCA
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binvw nivic y 2 pasu, npu 3abes3nevenni skocmi 06podaenns noeepxui oemari. Pospobiena 61ok-cxema npoyecy winigpysanms modice

CIIy2y8amu 0CHOB0I0 OJiA NOOANbULO20 B0OCKOHALEHHA NPU PO36 A3AHHI OUHAMIYHUX 3a0aY.

Knrouosi cnosa: winighysanis noniconanbHux no8epxors, Mooento8ants, ulnigpysanvruii gepcmam 3 YIIK, cmabinizayis MRR.
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