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ABSTRACT
Myhovych A.V. Optimeation of the contour millingmachining on CNC
machines.
Dissertation for the degree of Doctor of Philosophy in speciaBty- Applied
Mechanics- Nat i onal Technical Uni versity

Polytechnic Instituted, Kyiv, 2025.

The dissertation is devoted to the optimisation of the contour milling process o
CNC machines with regard to technological and design constraints. A mathematic
model describing the interaction of the tool and workpiece, as well as methods ft
controlling the cutting mode, are proposed, which allow determining the optima
parameters taking into account all the necessary constraints and stabilising t
parameters of the cutting process.

The developed software automates the selection of optimal parameter
increasing productivity while maintaining process stability. Experimental studies hav
confirmed the effectiveness of the approach, providing a significant reduction i
machining time even with complex contours.

This thesis consists of four chapters, in which the main results of the thesis a

presented and substantiated.

The introduction presents a general description of the study, substantiates
relevance, and reveals the connection with scientific programmes, plans and topi
The aim and objectives of the work are formulated, the object and subject of the stu
are defined, the scientific novelty and practical significance of the results obtained a
presented. The personal contribution of the applicant is highlighted separately, as w
as information on testing, publications, structure and scope of the work.

The first chapter provides a detailed analysis of the contour milling process,
which is used to form complex geometric surfaces in various industries.

The methods of controlling the cutting process based on a priori, current and

posteriori data are analysed. Methods for stabilising cutting characteristics, such
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material removal rate (MRR), cutting force and cutting power, are considered, an
their advantages and limitations are presented. An analysis of modern CAM syster
and their modules that automate the process of contour milling, such as iMachinin
Dynamic Motion, and others, is carried out. Their limitations in stabilising and
optimising the cutting process have been identified, which substantiates the need
further research.

Based on the literature review, the aim and objectives of the study aimed :
optimising the process of contour milling on CNC machines are formulated.

The secondchapter describes the mathematical apparatus and algorithms for
creating digital arrays that describe the shaping trajectories, contours of the workpie
and part and are a prerequisite for further modelling the contour milling process.

The paper presents the developed mathematical model of the contour millin
process, which allows modelling key cutting characteristics, in particular, materia
removal rate (MRR) and cutting forces.

An application program that automates calculations and visualises the conto
milling process is proposed. The programme makes it possible to predict cuttin
characteristics, analyse the effectiveness of different modes and generate data
further stabilisation of the cutting process in terms of material removal rate (MRR) an
optimisation of the machining process.

In the third chapter, we develop a cutting mode control algorithm that ensures
the stabilisation of the contour milling process on CNC machines according to th
material removal rate (MRR) criterion. The algorithm provides for feed control, which
makes it possible to create stable cutting conditi®ased onthe algorithm, an
application program has been created that generatesi&control programs with the
ability to discretise and adapt to machining conditions.

The article presents the modelling of the contour milling process using variou
control strategies, including SolidCAM and the more advanced iMachining module
which also controls the feed according to the developed algorithm.

The results of experimental studies on a HAAS-TURI CNC machine with a

multi-component strain gauge have shown the effectiveness of the new approach
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controlling the contour milling process. Compared to the SolidCAM program and ths
iIMachining system, the developed feed control strategy, focused on stabilising tf
material removal rate (MRR), significantly reduces the operation time.

Chapter 4 presents the results of optimising the contour milling process on
CNC machines. The optimisation problem is formulated, which involves minimising
the machining time while observing technological and design constraints. Th
developed mathematical model describing the relationships between the compone
of the cutting mode and its impact on various parameters of the machining process ¢
the quality of the surface is presented.

The developed application program that automates the process of selecting t
optimal cutting mode is presented.

The results of experimental studies have confirmed the adequacy of th
mathematical model of the formulated optimisation problem. It is proved that the ne\
optimised control has significantly reduced the cycle of the contour milling proces:
compared to SolidCAM, iMachining and material removal rate (MRR) control
solutions. The possibility of practical implementation of the developed approach fo
prediction and selection of optimal cutting modes is demonstrated.

Keywords: contour milling, end milling, CNC machine programmin@GNC
program, mathematical model, cuttimyodes feed rate, cutting speed, machining
processesgcutting process simulatigroptimization of cutting parametersurface

roughness.
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sflsddz'" LOy"' ¥ sy Mz, ‘ ydWwittse j d3sH dzv
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sfdmikzsls! MY HoBRO IsdfOdd 6Jsdilstedydzdn
HEeOd3d €' dz. 1 0 tedm. 2.1 d&OosjHjd of'
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tdmMzdz8 § | BB Iste” Y82S sdelszte Iz

1" H yofm odStsdzOdzdzy SC8BOdZH GO1, GO02
B Y bsuElO®RI W dktsdz dz' 2de' H' v deSd kO’ ¢
5OCdh L Od8PY dzsfls j 2

eX[i] =x,+hiCoda)
Ly[i] =y, +hisifa) (2.1)

H K yal C St H d dzOIs i QeSO st tizL, 6 OF Iz dz€ Iz .

1 o' WAz s dzPB o dgts dz' Wz AVEHEQ Sttt OF 5o k¢ ks

a =arctan’e_ YA (2.2)

Xg - X5
He Bl CtstcHd dzOIsd €' dzyw H' dzw dz€ ( ;
i SLcORzazf S sdgDd Olsd MeinaH B EZ iSO
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| max = round;%/(XA - XB)2 + (yA - yB)2 @”‘8 (2.3)

ztBilso stedlsd ®&OMdod kO Clste' 2 H dw
CsteHddzOkd ~ 7 yjdstekz. I dSswedhmsseky yd

@O twdf. 2.1, &sydO ssydmddlsd ¢ sstHddo
GO03):

X%, =X, ° COCo4g)
[ Yo=Y, ° COCodg)’ &4

1 &ZOC ¢ +e Hddv C seOuwary GO&OdH dz0G60 3.

X X
g arctanm (25)

Hj Xc=(Xe+Xa)/2; Ye=(yatys)/2; CO=R?- (AB/2) , AB=/(x,- X,)’

+(YA' YB)Zl
[Oomdead H' dzvdsS$ HEe odL dzOyOs Is: fw L
CtststoH d dzOIsd vy j delsHedzw Hez' GHf tse@ Hedgds H ' dzw dz$ d
= arctaM (2.6)
Xa~ X
eX[i] =x, +RCo4/ , +d)
L Y[i] =y, +RSi{j , +d) (2.7)

HOHR-CtesC o9LHBS9)Y LicOrkzdisottsets § kzls(
i BLcORHEsUzlz " Is! MWinsd 5 EZdise d

imaxzround%rctany yc- O8/0’
¢¢ X~ X

- OO0

(2.8)
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EftcOo dzv & yts°’
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. stststeH d dzOIs d
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bfwOodvs ys' fsceOdd. AtjLjtokso Odade® G
foW BsCbklsdts’ LOcCsksoaCd 2 LO HEfsEsEES
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o jd¥ SOy '~ kOC' &OMded {mCOLOd o
CststH ddOls [83ledm. 2. 3, B)

X gl 3 P ¥

v N x;
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Y
Q) B )
tdmizdzs ¢ j 228z sOlsq axmH J-iird b) EQEHEBOAM;

BlsteO' Clsste” ™ L O Mftes’ CIssg83dzd disd yd =

) Ste' o dgv dzdz" i LEd SOk 'O  HQded BE O £ Is iz
ftoescifOdglAds o jteHy & °° CttejClsdzy WhkdeS y' sdzkz
[ dzv o d¢ sdzOdedzy dgsH j dzt 0 Odedzy ftetsyJ Mz €
Mseatstedlsd ydWtese® d&OMded btytss, it sfd
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glso tstej dzdzv dz3Ofd o Ky, Y)sdzlskztelz HJ IsOdz" (

exd[i] = X[i] - R,Sina,
L Yd[i] =Y[i] - R Cosz, (2.9)

HRn-60OH"' EMU¥Cidzjls. dizOn iz S tsdzsz oz .
vO LOGXwsa®)dwS( jSo' HdMlsOdzs dzd 2 ¢ 5
Wstocditslzls o stej dadav :
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eXw[i] = Xd[i] + HSina,

'Ywi] =Yd[i] + HCosa, ° (2.10)

HHiftedf 2MmS .
10 thdtss' toLttsBdj ddr Oketstdlsd' o
ftescteOBEz o MJ tojHds o ddzis s o OrlAE ‘c &Sis diftdc 5 ¢ t6 © A3z
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Step of aray. mm EE i

End mill
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tdmMzdzBudzB j &% j 20 fosctcOd3d &BsH | dflp O dzdz™

[y, Mboattjdedz?" ydWtetsoadr ddBOMde' o Istc
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tojyHdp’ L Odzdzy (fsHOYjJE® SO/ OBB YOMslsss
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o' L Odedz? dzO Sy desdBz Jj sOf " dBsHj &2 o Odzdzy

(yE)i B (Y[i])i
() - (XTi1)”

: )' ° arctan (2.11)

HJUX, Y[ TSttstcHd dzOIsd to' oadetso ' HHOdzxAR' I[st
xe>X[[], L0 cftetslsddzj ydesdzz o OH S 2.

sO0Cd?2 " HR"H HO' Lditsékz dO ¢y dsdkkz .
tc' L Odzdzgv LO fJOttOli3j stcORE sQ zIs@zh fidBFE d € de
-~ OOCIsjtedMmisd s O3], L sCtc] A3O h dMRR) Q' Mfisdf dztse
tc' L Odzdz™ .

Il dL dzOyj dzd2™ o QHzZO tizlg IS 'dzdzetsD Is O r{IRBR)AY  ( s dzlz * Is
LO L Odzj )y detsmlsw d&3q , slsted &3O dzd &3 L OdzOdz' L
LOGetslssaCd, WwWABKESNOsWEIEZteds ' Is! M § tod
stcO’ CIstste’ ‘& jJCo' HdMIsOdzls@) (de@ B J &2 W oz H ¢



61

fdzsh O KOS’ W' cbtcd AEDB, o 828 O Rtz ' 5WIs d |
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SAlc:DA2 = SOAlAz +Socp = 2
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1" H yofp sBttsBSCd ftow diszR¥D,2 &z B § t5 dzs k
HiS o dded € dzj dzdzv dzj ®f @ dz@nsjtaddfipis *© (Id f13 ) .
dzj o dL 2O j desfyls® L OMssmek Is! W § 6O d dzts

MRR=S,; .. =R,(1- Codj ))f,, (2.14)

hs o' HYiBB9 ' HO 9 HBd 2 Witedzkz dz Hdzw ¢ 1
H' dz2vdzeC d SCtsdalskztclz.

[Me &z ¢d ftesyjm WicjLjtczoOdzdzr L © Mo ts
o' L Odedz?" HBY dz2 dz' hj By dzt 90lsd L O fjtejH
"o dHS " s dztgQ@flst O Rz Iz

vsOCd?2 ' HR'"H HBLOOBA o d LREOYYSE MmO d
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F,, =C:(MRR)", (2.15)
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ftoj HMOo dzj dAr o tesBElS' |
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(MRR) f ' H YOf) Ctdsktdscts WijL jtckooQdRizist
WtejLd 'L LOC®BGD B, ©lod @dzdz? .
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®pesa
Time= 426 s

tdmzdzs udzB j oW j 2 ftescteOdzd BsHJ dzg 9 Odzd

L LOEOd d2 2 YOMmbdde Odcettedls®Br &sH  d
'Ef jtejHOs 5! v Codlsktel L OcsksoaCd, wW&do2
ftedfemClk (7H&RP . twdfm. 2.

2.3 [ Hj d5 ot dzd@®dzdgd difdte d S s dzbs k2 te dzts Bz

s s dzls Iz tc dzj Wtcj L j tolz o Odadzw L O2 BBO 9 Oy dz
s jteOy' 2 ®BtesBSd HjlOdj?2, L6StkjBO L
Qo' Oy  2dz0 IsO Oolstsdzse ' dz dzO {f tc tsods] jinddfitpch o
ftesyjmkz dzgjte' HSt MYtedyuddzy® dzjBOYOdz Wo.
© dznls @@ tsizls dzO0 o ' Is At ftsh CsH Y j dadgv h &
Zlso stej dats”’ fso jton dz' . | sdzso dets¥ f tod yd dats 8
off dzde O O teBwtsBdk MdMmisjdkkz v yofm {§t
o' L Odedgy, Wtttz yd L ORBECdkzlskz MmMdmlsj Bz oL
[85].

[ SH j dz8 9 Odzdaw mMddz tc' L Odadgv ' H' GO’
MlsOB ' dz desls® fesyimkz O siflsdd L Oy' =~ te,
sfjttOy’ 2 C(tdskztocdzcets WtojL jtclzo Odadav , H J
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LOdzjydets ' H ktcO' Chiste' ' Whttdsklse stej dzdz” .
off dzdo @ dzgO wWC' Mils! Ekottojdes’™ o jten dza |,
L dzOyJ dzdzv H dzw f sCtcOh j dzdgw MlsOB ' dz' dztsfls”’
ZOdzj ¥ dzdr EkZdiisce BB S d, GMBddJets ' H
BOlsjtc' OkOB] 'L EBOds* ystehlsC' Mmilss [ 85] .

[ SLESBC O &Olj BOdyudks’ @BsHjd , w60
e’ L Odzgdlz?v IO M ZOH B9 ° LO tmw did, ‘ ¢
Csdzlsztcdzsets Wt jL j tolzo Odzdaw . s 0O dtsH j dz
tc' L Odzdz" , h s sfdeso s HdzvW o dBBtck ffisd

flsOB' & degsfls' fosyjmkz O wCsMmls' ©BEEB dj

2.3.1 [Olj &30Isdydz® BsHJj dz2 odL dzOyJ dz

[ Olsj d@30Isd ydz© dBtsH § dz! ftosyjmMkz WttjL jttlz:
FtcOrlzo Odzdzv d3 d3d -~ Odz' MIsdydzsets "  HaBBHE H
odL dzZOyj dzdzv G jtsd3d Istedydedr § OtcOd3j Iste’ o dzj +
HisSo Y d dz' ABGE  te' L Odzdzv . l osf tsdglz* Is! fmw
My " o929  Hdztsh j dzdgw o3 8- J adgd dz®C OO QztizC ISR G €
oLHBSo )Y ! so[85]. CtststeH d dzOIs(d
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tdmMzddE &g B3O Hd&zY o dL dzZOyJ dzdzg?v G j tsd3d Isted yd
L O¢ ts1485Jp €
10 Mrd & Uﬁw&wmmm®&mmm%¢ WE§ OdBOT Yyt
fs hdteddz -dg'° dzOdedd¥, B2, 3 4. [JLO oL O
HEcd td85] O dzdzw

J max= afccos% , (2.16)
HRn-6OH "' Iz fMHWeagdiedd dzO tc' L O dzdzv .
10 ttsLetstelsy L s5dz0 B BjhrRGe Gdr' Hz' 1 s yE
tc' L Odzdz™ .
] sdztsy Jdgdz? L EB' 98 d2O tLetstlsy L d3 dzdls
G, O t'LOd d SttskCd odL EPUYUPEBOEIL ol OF
" d ted d83]:

b =0 +/,i -/ madRn/t9(b), (2.17)
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HJl,7T Skls d&" % L Eehyvwas]d déldasiordd?; G kls diOn
C"dz €' Mls+ LEBY' 9.
10 tedmkzdeC 2 2.7 SO 9" HiNlsOdz  Ioy,devb: W to
alpdzv o dL dzZOYJ dzdzy Mddzd ' L Odzdzv I[sO
Wstedidz dzd ydmj dz dese s ' dzlsj G ez o Odadav . v OC (g
Bklsddz@yjidzO w ¢ MEzBO MddkziftbHGSd' Blsi OdzOsig
dzO J dzj 3] dzls Ot DO o " H Ik A@u o d-[85f s MW
k

I:y :é. a. CP(a1) £|CO$ +j zj -g- b)’ (2.18)
P oi=t
z n k

F.=8 aC.(a)Bsin +/,j-g- b) (2.19)

j i

Hgop KT j o8 tod ydz© St W' y' & idistlo NsfaizQ) Shirjdfta
H' dzv dzy' L BBOh ftsd dz@ ; J dzd d3d dzls @16 dzt$ to J w dz'dDY
' L Odz datsZi §C tas &S dls ' to' niO dizdSe' e ts d3is Sz d
WicjL jtozo Odadz” .

10 dzOo jHjdatse dedyud Wttdzdztss o dL dzOyC
H' dzv dzy ' :

a = f,Siy,, (2.20)

Hf-f SHOYUO dzOGit&trls WHeja df ;te' L Odzdz? k& o' H

skl dRsodas, L HBMsOkdy 55 Ikisydy Miss ,
COH Rk jLd. uvskdkz ojdduyddd CkksO HEcd

L Odzy 1 dIs o " H CklsOt jPodstetislS 2 O dgdiyj L f .t d
eSLEAZYHO  Is! MW 9 L Odz] ydesMmiIs® 9" H:

f_f

t_i, (2.21)

Hif T f sHOYO ¢ adida@dOsIsO 5B j tols Odadzy W
Ctsj W' apls'Odzls C ks Wdak®d2QR1 8) SO (2.19) L O
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L O slstse € (. rdzw " Hodh jdzdzg" OHJ S o Olsdatsfls
ZtcOrlzo Odzdz" ' 6 O &R J -

[MEC  dz2 € LOftestf sdatse Odzed 2 f'HR" H fj
BjlssH 8, HdY odStdOdzdz? toSL tcORLdN ' o W E K
shdetseo s ftedC zOHdets™ ftosetcORd dBEsH | dzt 9 O
O shdtse ' OdzOdz' L lzlz fHsa WD Y&PY oW dgIN®Odz" H j
Wistediszdzd Hdzv odL dzOyd dedz?y MS zOHtso dn~ Md oz
f OcOd3j Iste* @ [ 85] .

pdzétstedlsds LOBj LY jyk" B H j dzt o O dzdzW Wt
LEMmlste’ yday L " HidzZsdydzedadsd L O MlsckzSlskztetss

L 4
{indds to' L Odzdzw /cd/
v
fm: =fm+dfi

T

{ 5L tc O DR ¢k

—
1 x£: v 0O¢
7 b[i]<0 T
fip: =fih, B1: =B fi: =fi -dfi
v v
fip: =fip -dfi t 5L to O FHipzs|S
4% Fylil, (23
t sL tc O FHizs ¢ uO¢C 1
Fylil, (23 ¢
1 fip<o Y 9%
fip: =0;
B1: = B1+dB
|
1 ' v O¢C
B1>B |
Y

tdmMzdgE 9 dz2 stcd Isdz B H J dzt o GBEgdzw M d dzd



69

sO0Cd2 " HR' ' H misL gisdzy tz¥ c®dzdztiz? H Olsd o {
WtejL jtozo Odzdgy wC L a3 dzz 6 dzd B d d4f5]: to* L O dzdzw

H,=H- d]Sir{/), (2.22)
Hjifiojdzdyuddz® Bdlklw.

J Odze sted Is d3' fted?2 dgv Is’ zOIsd dzfp! ¢ ° fts
LO Mis! Gctejy! Cda, W' o difistck(ldIstfste d&zte DEA L
diitCtetsC¢ L Bfid&zE8 ks odL dzOyO' bfJo; fip Tt€ tzustg C
hts odL dzOyoO* a3d ¥ bl ®OLfits @ Fkzdzl * o s tod H Y SO
e’ L Odzdzy dzBi Gt qddS L, cOr 2 dzC 2 HBBo Yy dded € tots

pdzestedIlsd3z ftoj HMIsOo dzv * tesL OR 2dzC w
LEzMmlste ydese s WtcjL jtolzo Odadz™ . b 2O dzts ¢ * ydz'
MEZOHBsoadr Mddozd ' L Odedzy fted S lzlsdsdiz
BSH | dzt 9 Odgdzg? BRdzs Mlseo stej des  tod € dzOH dzglz
ZO tedMOWdtEkdR.Hd HOd , s oadL dOyoOs Is!
99BHYWIS! MW E o "  HfBeo Hdzdr o' CdzOr ' dzlsj toW
odBdtcOsIs! Mw L odfOHOE ysets Mfdmeékz E o
9 lszOdz deség s tshyddzsctcoW O. J tej L zdz' Is0O
smMyddzsctcOW 0 {(fmskzftse ts LOWoOdzv s Isi fw G t
L Odzj 3 detsfls” ' H CklO fftotttslslz, L odC o
fsotsteslsk WicjLrd. 10 "OOCIsjtetsd3 L d3' ded ¢t
o' L Odzdzy  tod , LWiadnjlatg’ tolzdnj gty dz@ f fpif tefjls j 6 G Ols
[85].
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2320 68BOY' W tjLbd SOI' 8 BSH, d¥ o

[MsOlstsydzj "  HiIso jtoHy j dedzg? lsted di30dzd = |
J Sy jtod 3 dals Iz . Il Hf s9" " HdZ d Sy Jjtcd dzgj dals c
LOectslssaCd L fmils ©dz' 50 C¢' dzyjots WtjL 5
Ti Al Cr N, Iseo jteaHS jfpld d3ORC ybsSs.dted MY " tcOdz'
1 OcslssoaC O BEdZO L OCt' §f dzj dzO dzgO@ TMls ts dz005 Is te ¢
3C dg kj y!' ¢ts° W BEF HBM (tdfm. 2.1

e —

JaroroBka [
 3aroroka (5

sted CsRY sdzj delsdz’ HJdzOBsBj sted ydz® HObY
HBM ClipX BM40, " "HO' HdOdzdr HB 1s L 9o
Hdzw L Ofdmk Mded@dz o. [SMYjteddsjdesd ¢ tots
dmisj css® v 1 s JiCentigresf 3§ tablg. §tetso 5H d dzd W
L Ocsbise YPMmlstslstse B | t6Is@OUzdzts B4/2We] dissj/102ge] y ts
hJieddz® ' cdadeddz® VYtjL jtkzo Odzdz ¢ OtsOdzls
to' L Odz’Cdedfsdlgh Odsd Hdzvw f jtcjo' € d OHJ S o Olsdat
Ozetstedlsdzsz WtejL jtolzo Oy dzO Isdrm X4 t6d ydc
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(v fste odew dede? Glted 35Oded s j S jted d3j
sBdHO O yYdWtttses' WO2dd Bkdd L OsOdksOyj dz
L3 ded jSMYjtedd) desOd dzdt GhMyddsccOd d
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1l tod sO¢ d A BRZOdz" f zdzv y* WA OB ftsdzs Is dzj
LOdzdh O¥ Is+ MW daj L d3' dzded o3 H dzWj € i Jj e 3] diziz
HOded n . stc' &3 Istscts, ' HYf s9 ' H dzts HtS toj >
fjtojlater ' Is! Mw dzO YBsRESC QLG dis d i@ O =S
Mddzd to' L Odgdz?" Hdzw Hotn Bjtls' 8 WitjL d.

¢ zOdz' L slstcd 3O dzd ~ tcjLizdz sOIs"' 9 fts
Sy jteddsj des Oz ded = ° sjttjlsdydes § totsc dat
o' Ldedr tojy ddBOR, hts o y' dzsdsz " HIse j toH
4 toj Hdg L dzOyJ dzdzw MC dzOHts9 d n fnd dzd o L
BtsH j dz¥ 9 O dzdz™ f so dz Mmiss LB' GO Is! fw, h ts
J B tod ydetsc suplt®] W C M iKkisdd§ Gts sz zOF (2. 18)

t sLttsB dzj dzZO ZsH j dz LOBJ LY Jyk" dets o d 2
Csdzsztcdzgsets Wtej L j tolzo Odadav , otcORrtsoalzs yd
f OO Isted . 1 OQoHWwCd ' dalsj ¢teOy diBisH jndzy O fy dad
OdzOdz' L zo OlIsd Mmddzd to' L Odzdz?y o ' Ldzdr EH
Edz' o jtemOdz' dz' Mils! Hdzv hPhdesitsets M jClstcO® L

l d¢ sted fls O©dzdz” fted ¢ dzZOH dzts G s f tots G tc Od3C
BtsH j dz¥ 9 Ols ftesygd id tc' L Odzdzv L o dMsCt
M jyd% ' ydedn bk®se, ROOClsjteddn Hddv G
" deflstczdzj dzZlsd Hdzv 9" LEOdZ LOY' T tjLizd O
SO dzOH O Is! sy dzde " Mis! s jteOlsdo dzsets € 5t

tdLizdz sOIsd " HIlso jtoHy ke Is!  jtemf jSCIlsdoe

L dzOykh*® mMis! Hdzv Sflsddi LOYy' ' bindtsdzse' y
ssydz Mis! * w¢C*' fMmls! BtesBSCd * Ctodlsdydzd d3
HsMdz" HYy jdg@ ° oHBMSBdzOdzj dzdg? Isj - desdzsG " 2

[Isy i, tesL tesB dzj dzO@ 30O Is jtedz Q@ ISOflagzR s ditgis|ts gzt
Wtej L J tolzo Odzdz HiSL © 5dzw ° BsH j dzs 9 Olsd ftots
Gjtsdgj Istc’ ’ L Oétslstsa € (. glsotstej dets ff tod € dzO

Wicj L jtolzo Odzdzy L 1icOD tzdz® dzeztizes g dedz€] dzj dzdzv
Cdefmistelz d3j dzls O. 1 Of totsf sdztso Odzd?2 Odzetsted Is d3
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Hazw Mo tstej dzdzy HJdzOB yYdes®  BsHj dz  ftesyj
f Hiso joHy jdzs SRl o%Isjtededds d3sHj dzé o Odadz™ c

2.4 [BHjd& oOddzy ftsyjmkz € tdbsktd

z 5B tcj Odz' L o Olsd tesL tetsB dzj dziz $z0OIs § &30
hodHCsMIs® 9 dH Odzj dzdzv BOIjte’ Oz ( MRR)
OzestcdIsdsd Witstedslzo Odzdz? ydhWwteseoda d3OMdo " o,
wesils' ftocdC d&zOHE L OMissmize Odadzy y*' * ° i tc
® Ht'LE o, f 5° HdzOdzd - HZzGts® ¢ s dzO. 1 O
s rdzdztse " ydzge Ma j BBz, WwWECO 9" HESBOY O' Iste(
ftew dstsdz’ dz' 2 dzgd d3d H ' dzv dz€ O3 , L 0" H dzOdzd d3q
L OGtslstsa Yy LOdzdh O Is' mw  (j S o " HI]INYs®Eas dats =
ftotsctc O3 (ted M. 2. 14, B) , MW stcditseo Odz" 2
CotstcHd d&zOIsd hdzwr ' & twkrbk yjdzstelz WteiiB Is
Hdzw WtjLrd [ 20 dds, weCO ftedL dzOyd dzO H dzw
f syoOlkSt ot Istsoh Jdetss 10 dgd3. h deadzHHgHE®M IsLtg B
tsB J tols200dfdpy tsB/ mno, O ftsHOYP MlsOdktse dls: 45

20, 25 35 X %
' ooy ~ 010000
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o
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it d Mk dzsiCs RdzlsliAte H j Is Odz’ HOze s w s @ & g dz& 8 © @zd4
Bilsj CMmis 2§ tcOo dzw[&Ljyts’ f tetsc tc ©Odzd
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1G  Hdzs 'L twoLsBdz dzd 3 OdzG sted Isd3tsd3 B |
sfdmEze sy wC IstcO' Cltste’ 8 Wistcddtskzlse stcj dada
HO' LBselz odCtsdzzo Olsd 1 tso datsy’ dzdzj B H
1 OoHWwWECEd ydmjdzt desdse " HEtsSHEZ fteSEtcORZO da
B dzOMIs® Hiteilsddzk & ¥ ydWwttse st d@sHj dzdzs
ftesyim VWotediskzlsostej dzdgv © HJdzOd3 y' .

d-smutation =10] x|

-Load data initial
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Ck I
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End mill
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{ Mk dsCwdls JIEY j 2 § esc @i &sH | dz

rdzv o' HMilsj y J dedgy yYyOMEz dBBtsHJ dzs 9 Odzdz” ,
sted o Odzts fyls s jteOy' " dalsj W j2f & Mlsc
9' LEZOdz detséts o  Hlsoatstej dedgv Htosyj mkz WtejL j
sfyd dzscteol ' thdssd §O0LO®R]sted, L 5Ctej diC
Mjtej HdY MddzO t' L Odedz”, WE¢' toSLEGORBO kYIS
RBsH J dzdzs | ] fted ¢ dzOH ° (tedm. 2.15) sSBtctsB
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CstedmMlszo Oy tslsted i3z ° LBk LBJjtejGlsd tist
o dH Q@QuEgEDIs j 6 Oz ( MRR) , hs f Cdzt ytso s
JWJjSlsdodetsimils® ' L Odeda?]. 9 §tsHOdzz hda JIsOf

Il Ry J 1 sR
1. [ SLtesBdzj dzs dZOIsj d3ZOIs d ydzd 2 Of Ot Ols
ygdWwtwseodnas dBOMdoe o, WL sfdmkzs Is! stc©@" CIs

SO HjkOd . £ &OMded * fittjHEzdss sy
WtojL jtoko Odzdz®, LOBjLY jukY yd boyds 6]
oLO" d3gsH' = " demlstelzdzi dzZlsO SO L Oelsse ¢ (.

2. dwlsotstcj dets O BOIsd ydzz BsH J dz i tots
WECO HtsLotsdzw' disH jdzt 9 Olsd Bhdaso dz' =~ OtcOC |k
9 dHOdzj dgdzv BOIjtc' Oz ( MRR) [sO Mmddzd t' L

ygWteseodas BOMdoaOr * LOBjLYjykz® dzOH " 2 dziz
3. (LB dzj dzts RsH J dz¥ , LHOIdzz f jtej HB
ZO B ~Odz’ MIsdydesdsz " H-tSH " . tdLizd SOIs

d S MY J ted d3j dals Odz! dzd B L dzOyJ dzdz” d3q s © ]
ftotse dztsL zo Odadzw .

4., (LB dz] ds fted ¢ ZOHdzE (totsctcORBLE, v
o' LEOd L E° ftosyjm Wisted3kzo Odzda” Csdzs zto bz
nOtcOCIsjtedmisdSd t' L Odadav , sy’ dz¥ 9 Olsd J W J
Mlseo tstet 9 Olsd H Odzg H dzw f sHOdz h BGE 1S ftots'
ftosy STpslag Z tcdzs e 5 WiO] 1o jj leids@dzgd2F L vy 1 s.
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tf1rwf 3
guds wf wy ¢Awe zIrRrsfuwvw IRrofrrrc |
Vit fArdu sfruvuvtrf4d Atrarctuvlérrc

1 Of e Sdetso Ocdets detso bz Cwdeyjfy' ¢ Isjn detsc
WtojL jtokzo Odzdz?, WSO oCd yoO' Mlstiz@bsizist]

MisOB ' dz' detsfls’ sBttsB ¢ d. [ Mdzts o ts8 AV
ftosctcOBEHORG s HBBLoatsdY ' MisOB' dz[8R]z 9o Olsc
G-C BH
CAD = CAM —] jteflOls

> [ SHj dzf ob| BHBC sHY ] j teilsOls

t dmzidsGsczCIsztcO® " HesYRo ¢ d o detss

sdzs ysoddzs Ctsdf sdzj dzlstsdz MstekzSCIskzted
HiSL o 5SdzW ° odL dZ2OyOlsd tMmdztso dide qiHAW Gdsj' Is to d
BOIjtc' Odzz ( MRR) . 10 tsMmdatsoe tejLEzdz sOIs’
BOMdoe, hts fitjlsoatstes ' Is! Mw dzO detsoz Ef tc O«
fteSGtcOWRO MdgOdE stz Odzj k¢ tcOo dz' dzdgw N dzv - tsd
Yyomlstsisd tsB jtolsOdedzy " ddeH j dzvw 9" HY ts9 ' Hdafs

3.1 1t Clkzo Odzdzy dzso s’ kY tcOo dz

l " Hftse Hdzs HEE ' Mdgkzt Yy’ Isj m dztsdztse ' 1
vyl s, ftcj HMMIsOo dzj dz H Odz ‘ C'dzyj odads ted
oS¢ sdzOdzdzy Y jtcOyY"' ’  osdwtsBdadydrms EZditse C
f oS ORMBSHDA G dzjsBr "  Hdzs oL WIsd LO odn~ " H
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dzs oltsf tc Foydsw’ o tcOBPSHIOES s tsoe L@B j LY jykz!
sBtetsBCd B SCtdskztez |

10 tdftsCOLOdts WttOedzj dzlsd W 0O2 dziz, L
BsHj dz8 9 Odzdz ftosyjfmMkz Codskztcdesets Wioj L j tol
BsH J dz¥ 9 Odzdzy L CtesCtsd3 0, 05 B3 oL HBSO Y K
Mlssof ydqe¢ WO2dzk & offflsifissmisl dzQdgfHsizode MRtz
tctsL tOR 59 Odz f'"H YO dsHj dz¥ 9 Odzda" . [ dzw
Htso ' HCtso d dRf] HHOAdR s Odz! " dr L tcOn 2 dab " ¢
h qted dzz GettsEEe L dzOyj dzdzv h gizf 3O s f s (MBRRLZ] H
LOfdMOdzy k& WO2dB2. o© 5 tOL ' o d3gj dzgh j
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822.000 OBGepTu WnNuHAEnNs
1699 KinbkicTb

[oBxuHa xe ye MRR
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GO@ G54 G9@ X46.5 Y-100. S822 MO3 GO3 X84.35 Y-44.186 R16. F540.

G43 H6 7100. GO3 X84.5 Y-42. R16. F450.

$822 GOl X84.5 Y-25. F387.
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coddzstsots’ COdzOoCd WtjL d.

19" HfMd BB d&d N J ddz? dzO BESipydgOidz@zizo ditgC
w g

OQJ\ -

| :ge F,, max
gesir(/ yc,b

f

o

5 . (4.3)

{ BB NI BBOL M 3Od dtsf BisH pdlsfldsswic) L j1
Z Y ddznj dz 9 jtomMsOIsO &BO" LOBjJLY Judlsd
iWiChdodztsets to' L Odedgv, foslsdfisswyd kO
[dlsls* 9d2 StbMizdR Bk @B ' 0,8% | BU O«
20 Ctsyjdz L kB ' Bisdidizods’ dibs Gnw I Cdz Mz 3O H S
IsOdzc j dzy’® Odz' des’ Mmddzd Hdzw C sy detsets L kB O:

M=R.FR, (4.4)

HRMIGOHY BHEGISOde j dzy’ Odzr dz@ MddzO t6° L O
F=0,7*Fy,.

l jdzdyd dz0 Steblsdzscts Bsdsj delskz © Oy dzd o O
fslsky dzsflsP ( &) bPdedz &5 L ZOSBHGIS! MW L HE
YOofmistsisd tsBj tols Odadz” :
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(4.5)

HBIYOmk®slgj@sls' o hfddigeyW (e &) jW¥jcClh
] " HilsOoadohd (4.4) o® (4.5) disydO lstsdde

_2pSR.O0/F N

- 60000

o' Hih(d i tody " Wis"teHifiplsidfdzts(o 4 s B ¥ d dfgslsidzO s B d3
BOS Md BOdz dzz f tsls Pmaz' fyls: h f o dzH j dzv

(4.6)

1

o

& eo00®@.p &
a?pRC b Sir{/ )07 9 -

St=

(4.7)

{ Bd3J Y J @zday d L dzO WsjtadpydssC * Mise. § tso j ton dzf

t 4 Odzr dzd 2 ftosW " ' dz fsoJten dz , MW stc d3ts
MS dZzOH O Is Mw L H o tshH jHdndaxly' dedismo OigsdzQ H weldizn
GJj B3 sted ydzats, sO odfOHCtSO 5 hts L Odzj ¥
Isj mdetsdztse ' ydaets® tsBtetsB dzé 9 Odz! des’ MmdMmlsj d3d,
L detsh | ded@vdz! iz = ' dzfils oz 03] aldfsd@d 48] Qy j'fedgtd ~fp € dzO
ftctse dztsL Iz o Odzdaw odfOHSC B dn M zOH s d = L
sBd3 Y4 dzdzg" ©® L OHOY' sfisdds' L Oy" ’ dzdh j H
Rz v OCd?2 f'"HR" H By J E fjtmfjSisde
Flsostcj des’ o jtende ' ' H YyoOfm oftctseo OHY j dz
tc’ L O8Fdzy [

ltodL dzOyjdedz" ¢cBjLO® BteOY 2dedr e toj y dd3
odf OHSC o dn M zOHs9 d A dZzO0 Eklsetstcj dzz N tstc
fJtcj HBOYBY.Okizlst Mlse stes Bsy dzd o * Mls! L Of
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o dcdzv H SicEBEd W Y S s Odzts o[@9%sm "' "1 d Myt IS @zts 'Lk
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sty jdz Lk WttjLd LOddhO' Mot IstcO' Cls
ojJ dzd yddzz f tsHfPyY' 1 @O s 6 dMBC N § dqudHnisd
stesar 8" HO dzOBEz9o O W tstedzd , Bd&zdL ! C5° HiIS
OftesCMddiZzo OlIsd Stdzsdz, H' OB Istc WE Gt HTESH
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ftso jtcnm dz f ' H Yy oMm Wtej L J tolzo OdedeV , tetsL to
M 99" Hdatsh j dz' . A My " 99" HdtsALljdzdz"B.9 ° HIY
fsCOLOdts sBtesBSCEZ {ftso | tcn tSdz L tel L dztss ¢

tdmzdzE&® =n 4 BO® o dL dzOyj dzdz? H jIsj tcd3 dztso Odats’
Hizg'
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we o fewdid?2 o Hte' LsC, & N ful-GZedfdd &HIPJ L
v0OCJ] fHtwdflzhjddgw fted2dawisdzedds L OQaHWwC(d
Hijlsjtod3' dztso OdzO® MG dzOH sRzO W @& MisIS dstits? * Y ‘tsfg v
s z2C dztf’ dgdrcdzO® o dL dzOydisdAB € Htsoyddzz o H

AB=0C- OA- BC, (4.8)

Hf 9" HOE, QA ECAitsY dzO L dzO21Isd w C:
oc=4(00) - (OC) =y(R.+R,) - (. /2F

OA=R,,

BC=/(0,8) - (0.C) =R - (f,/2) ;

1 " HMd

Rz=(R.+R,f - (f./2f - R- (R V- (.12,  (49)

HJRMcOHY BRf tcOHEzZfM Ctedoe dL dzd .

t dmMzdzts & - 4 a3@PL dzOyJj dzdzv HjIsjted3 deso Odets™ Y Of
HEZzG
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¢ ZOdzs ¢ * ydzd 2 f'HR"H odSstcdMmistsalz’ Is! M
M ZOH o 5° Rzl EHAGES'dr HEZGCOR, dM4Q2, fRE§ O
odL dZOYO' Is! Mw WCABHtSo Yy ddzO o  Hte' L €O

AB=-OC+OA- BC, (4.10)

H 9 ' HOE, QAIE GC:

oc=y(00) - (0Cf =|(R.- R.f - (f./2),
OA=R,

BC=/(0,B) - (OCF =(R.) - (f./2F ;
1 9 HMd

Rz=-y(R.- RS- (f./2F +R- (R - (/2.  (a11)

t dmMzdzE@ =4 BO o L dzOyJ CGatias® H Y GeifitshoiistAafisdpls ©  dac
H' dgCdsdzlsiztclz

VL 9adfOHSCE Hftewds™ H' dzvwdzCd tBtotsB dzt 9 O
h stefyls RIs IEO'T sH 5! Mw, W CAB( (z@R)j dzdz o ' H G’
AB=AC- BC,

L

(4.12)
Hf 9 HAG'BCSC d
AC=R_,
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BC=4AC?- (OC) =R - (f,/2)
o Hind:

Rz=R - R - (f./2) (4.13)

ltetso" ahd Odze jBtEO yYda f jtojlso stej dadzy W
odL d2Oydisd § sHDylz hdsO o 'zHBf s H O i J o datso
Hijlbjtod3 dztso Odets’ MRIZOHBots™ N stefisC smis'

i HzZV BSfikzCdts’™ H' dvdSd Stsdskztek:

Q

(4.14)

. 4R +R.)-R:-(R+R)
\/Rm AR, +R)

°°?B
1-000

i HiZW ko' cdgzlsts™ H'  dzv dzgC d Ctsdzlskztclz:

o ~2
4R -R)+R:- (R-R,) O
firy =2 ana‘( g, 4.1
J £ 2R-R) O (@19
i HbY fwdts® H' dwdeCd Stdidsktck:
frrz =2y2R,R, - RZ, (4.16)
Ai HBLoGd® ofmlsOdse dlsdRzisdziR] t§ dzdz 7 def
stcO’ Clststc’ Wistediszls o stej dzdgv LOBjJ LY Jykzs
fse jton dz'

ft ¢ ftg, . (4.17)
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dnJ BO, WwWCO odittedmissolz’ Is! Mw H dgudaBts L
taf 4 AtcjLBkz LOLOdyO?2 ttsL cdzv HO¥ Isf10l, 102]¢ €
wWeCO " HHO'Is! Mmw off dzd e Iz dets tc 3O &1 dz®° € M ez
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HJFnT destc 3O dz! dzO0 € s tsdzj(dplsl @ o i txl Oz’ Is B d
ftod S P dfissteyy sfwOoCd, o WE i isdlze:
Sdze O BOIsj o' Oz} O IdEfdsticdgjdsiplstzls Odzj oy © 5
" dzfmilstolz d3j dzls O©.

[ dzv o tcOrlzo Odzdzy 6 9 d dzls 5 ffftde] BodgdL~dzCyQ dddtp
Cdzj eyt T s jtoy tpg@eBesmd sy o] ¥ pCisdoe dzd? H
85% o' H L S[@3103dy e clsOCtsdk odfOHSE it
tcsL OOz Olsd M

_p(0,8D)"
1= (4.21)

 dzv Wy dz4.2) L Of dmMOGeh d oM’ ¢ sdzfnls Od
Slstcd BEGAHZ/BE). | " Hf B9 Hdzs otcOntsolzd yd L OHO
ZO o' Haddzj dzdzv W tstedzd, w g Bsy 20 L 9 d WL (
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d=k i ¢d
= (0,8D)4 max . (4.22)
1 " HiMsOY¥ gt dzz H dzv RnBOR\EHIS|tg dddglizY di3ts 5B |
Hdzv fsHOyYy dzO L kB

1
f _ée dmax(O’SD)43pE gk

' ®asin(j J'C b1°032 (4.23)

( € MY dzlz O lss@ B 2 di dzdzv
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