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DYNAMIC ANALYSIS OF A DRIVE TRAIN OF A WIND TURBINE WITH
FAULT CAUSED BY TOOTH CRACKING

Michael TODOROV
Department of Aeronautics, Technical University of Sofia, Bulgaria
e-mail: michael.todorov@tu-sofia.bg

Abstract: Planetary gear systems are widely used in wind power systems because of the advantages of compact design,
large carrying capacity, and high transmission efficiency. Despite these advantages, the several conditions under which
such gears are typically used may lead to failure. Tooth cracking is frequently encountered failure mode. The damage of
teeth (tooth crack) is modeled for a wind turbine drive train. The drive train has got a three-stage gearbox that contains two
high-speed parallel gear stages and a low-speed planetary gear stage. The proposed dynamic model of a wind turbine also
includes a rotor and an electric generator. The model consists of 10 bodies and has got 11 degrees of freedom. The aero-
dynamic and generator torques are applied as external loads. The influence of tooth crack on the gear mesh stiffness is
scrutinized. Healthy drive train dynamic response and response of drive train containing tooth crack are compared.

Keywords: crack, gear mesh stiffness, drive train, wind turbine, dynamic analysis

1.INTRODUCTION .

Drive Train

The wind energy application has been growing GG.:

rapidly for the last few years. In the last ten years the Rotor Blades

global installed capacity of wind energy has in- Mechanical Brake
creased 20 times. This trend is expected to continue o

in Europe. However, the increase of the wind turbine Hydraulic System

sizes leads to component failures and an increase of Other

operation and maintenance costs and subsequently, ;':::;:‘SC;"‘:::

the cost of energy. Therefore, there is a need for the T T T T,

i try t th ind t i t1 t ) Downtime per faiure (days)

%ndus v ~O redl'lce' : N Wmd- urblr}e den ime and .0 fig. 2 Downtime of turbine subsystems [22]
increase its reliability. An investigation of dynamic

behavior of wind turbine can potentially help for de- Figure 3 illustrates the gearbox damage distribu-

tecting incipient failures early, thereby reducing the ¢4, published by NREL database [22, 23, 36].
reasons for catastrophic failures. T

Figures 1 and 2 illustrate the failure statistics L e
published by Wissenschatliches Mess- und Evalu-
ierungs- programm (WMEP) database from 1993 to
2006 [22, 23, 36].
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fig. 3 Gearbox damage distribution [23]

Other [E—— From the figures it can be seen that the electrical
Elctrical Control systems had highest failure rate, but the gearboxes
Blectrcal System ' caused longest downtime per failure. The gearbox
° ot 2 Caiweoviervear 0s damage distributions show that both bearing and gear

fig. 1 Reliability of turbine subsystems [22] faults are concentrated in the parallel section.
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Design calculations for a wind turbine are based
on simulation of mechanical loads on the turbine
components caused by external forces. The external
forces are the wind, the electricity grid and sea waves
for offshore applications.

The multi-body simulation techniques are used to
analyse the loads on internal components of drive
trains. All drive train components are treated as rigid
bodies. The linkages in the multi-body model, rep-
resenting the bearing and tooth flexibilities, are
modelled with a springs acting in the plane of action
[7,9, 12,13, 24-26].

It is also used a flexible model in which the drive
train components are modelled as finite element
models instead of rigid bodies. This model adds a
possibility of calculating stress and deformation in
the drive train components at the same time. Any
addition to the model leads to additional information
about dynamics of the drive train but makes the
modelling and the simulation more complicated [1,
11, 18].

The modern wind turbines have a planetary
gearbox. Studies on the vibrations in a planetary gear
system have been done in [1, 3, 5, 15, 16]. The tooth
meshes are modelled as a linear spring with stiffness
that is a time function. For this reason the vibration
equations of a planetary gear system are differential
equations with periodic coefficients, [15, 16, 28].

The applications of these modelling techniques on
different drive trains of wind turbines are presented in
[1,9-12, 18-21, 24-26]. References [29, 30] present
the numerical investigations for the given wind tur-
bine in this paper, where the meshes stiffness are
modelled as constant springs. In this case the differ-
ential equations, which describe the torsional vibra-
tions of the wind turbine, have constant coefficients.
In [31, 32, 34], a dynamic model of wind turbine is
proposed, where the mesh stiffness is modelled as a
time function, and the aerodynamic and electro-
magnetic torques are constants. In Ref. [33], the same
dynamical model is proposed, but the aecrodynamic
and electromagnetic torques are modelled as time
functions.

References [2, 4, 28, 35, 37, 38] present the ef-
fects of tooth damages and the wearing on the gear
dynamics. Typical gear failures are: broken tooth,
cracked tooth, worn tooth, pitting, spalling and chip-
ping. Several approaches are proposed in these ref-

erences to understand the influence of local damages
on the dynamic behaviour of gearbox.

2. DYNAMIC MODEL OF WIND TURBINE

The wind turbine consists of a rotor, a drive train
and a generator (Fig.4).

Safety coupling

Gearbox Generator

Nﬁccelle

Rotor

High-speed shaft
Gearbox
suspension
Low-speed shaft
Main bearing

Tower

fig.4 Schematic sketch of wind turbine

The drive train has a gearbox with three stages.
The gear stages include two high-speed parallel gear
stages and a low-speed planetary gear stage (three
identical planets with spur teeth, sun and fixed ring
wheel) (Fig.5).

fig. 5 Sketch of gearbox: h-hull, c-carrier, p1,2,3-planets,
s-sun, gl,2,3-gears




Bwarapcko cricanue 3a HHKEHEPHO MIPOeKTUpaHe, Opoit 24, okroMspu 2014r.

The dynamic multi-body model is shown in Fig.6.
It consists of a rotor with 3 rigid blades, a low-speed
elastic shaft, a gearbox with 3 gear stages, a
high-speed elastic shaft and a generator rotor. Thus,
the model consists of 10 bodies and 11 DOF’s.

Rotor Low-speed shafi ~ Carrier ~ Gearbox hull Planet 1 Sun High-speed shaft

jear 3/ Generator rotor

C- hull support stiffness
C,,- ring-planet stiffness
Cps- planet-sun stiffness
Cy12- gear 1-gear 2 stiffness

C,p3- gear 2-gear 3 stiffness

C, - low-speed shaft torsional stiffness
C; - medial shaft torsional stiffness

Gear 1

Planet 2

Medial shaft Planet 3

C; - hight-speed shaft torsional stiffness

Fig. 6 Dynamical model of wind turbine

The differential equations, describing the tor-
sional vibrations of the wind turbine, are

Mg +[C-a’C, lq=T
where q is the degrees of freedom vector

A=l b 4 b be be b b b b b
and M is the inertia matrix, C is the stiffness matrix,
and C,, is the centripetal stiffness matrix. The angles
éi (i=h,c,r,pl,p2,p3,s,g1,g2,23,gn) are the rotational
angles of the ring (gearbox hull), carrier, rotor (hub),
planet 1, planet 2, planet 3, sun, gear 1, gear 2, gear 3
and the generator rotor (Fig. 6). The vector of the
external forces, T, caused by the wind and the elec-
tricity grid, is
T=0 0 7

e 0000000 T,[
The non-zero numbers of inertia matrix M, stiff-

ness matrix C, and C, can be seen in [31, 32].

Gear Mesh Stiffness

e Healthy (perfect) gears

The gear contact forces between wheels are
modelled by linear spring acting in the plane of action
along the contact line (normal to the tooth surface),
[3-5, 15, 16]. The stiffness gear is defined as a normal
distributed tooth force in a normal plane causing the
deformation of one or more engaging tooth pairs,
over a distance of 1 um, normal to an involute profile
in a normal plane, [6]. This deformation is a result
from the bending of the teeth in contact between the

two gear wheels, the first of which is fixed and the
other is loaded. The stiffness varies in the time and
can be expressed in a time Fourier series form, [14,
15]. Each mesh stiffness is presented by
c,(t)=C, +C,

where C, and C, ~are mean and time-varying

components of the stiffness. The variation part is pe-
riodic with frequency Q, = z,o; (z, is the number of

teeth on the gears, , is mean angular velocity of the
gear shafts) and it is expressed in Fourier series as

Cg,v = 2CgVS i (as sinsQ;t + b, cossQit)
s=1

where

a, = 2 sin[sn(a - 2p)]sin(s1'cs)
ST

b, = —icos[sn(s - 2p) sin(sns)
STC

Without loss of generality, it can be accepted that

p =0 (p is the phasing between planets) [15]. In

practice, three or four Fourier terms reasonably ap-
proximate the stiffness variation.

The rectangular waves are often used to ap-
proximate the mesh stiffness between 2 pairs of teeth
in contact [3, 5, 16]. In this study, the Cgl_v are speci-

fied as rectangular waves with variational amplitudes
and periods.

The rotating frequency of the carrier, sun, planets,
and mesh frequency for the planetary gear stage can
be calculated by

Q. =w/27
QS = a)ﬁ' (Z\ + Zr )/ZS
Q,= (a)szs —wc(zs +z, ))/zp
Q. =.2,

mesh

e Tooth Crack Defect Modelling

It has been established [4] that gear tooth failure
will induce amplitude and phase changes in vibration,
which in turn can be represented by magnitude and
phase changes in gear mesh stiffness. The
tooth-crack-induced variations of mesh stiffness used
for this simulation is shown in Fig.7.

An amplitude modulation of the gear mesh signal
is excepted from this crack-induced change. The new
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mesh signal, resulting from crack defect modelling
can be expressed by

C,, (0=C, (1d(1)

where d(?) is the modulating function.

Stiffness (N/m)

6.5

Time .(sec)

fig.7 Photo of tooth cracking and effect on mesh stiffness

As a result of this amplitude modulation, an ex-
citing force is appeared, and the frequency content of
the response is also affected [4, 5].

Assuming a localized tooth crack on only one sun
tooth, the defect frequency is written as

Q,=3Q,-9,)

3. RESULTS

All calculations are accomplished by using the
codes of MATLAB.

The drive train data can be seen in [30, 31]. It is
assumed that the aerodynamic torque and electro-
magnetic torque are 7, =-7, = 15000 Nm. The

aero gen

rotor is turned with angular velocity o =18 tr/min. It
is also assumed that there is a cracked tooth of the sun
of the planetary gear stage. The rates of degradation
of stiffness are 25% and 50% respectively. Figure 8
presents the time series of torsional vibrations of the
wind drive train hull. The vibration signal of the
gearbox hull can be easily measured, and thus to be
made some conclusions about the state of the gear-
box.

In Fig. 8b and c, the influence of cracked tooth of
the sun of the planetary gear stage on the vibration
signals is shown for the both degradation values. It is
seen that the greater is the degradation of the stiff-

ness, the obvious periodical impulses caused by the
cracked tooth are appeared. This carries diagnostic
information that is important for extracting features
of tooth defects.

T T T
— perfect gear teeth

08— -4+ —— -0 — L - —d__

¢, [rad]

¢, [rad]

¢, [rad]

"20 20.5 21 21.5 22 225 23 235 24
Time (sec)
fig. 8 Hull torsional vibration. From top: healthy case; sun
cracked tooth with degradation of stiffness are 25% and
50% respectively
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4. CONCLUSION

In this paper, a detailed multi-body model of the
wind turbine with a complex drive train was devel-
oped to examining the gearbox dynamics in the
presence of defect such tooth cracking. This defect
was modelled by an amplitude fall of the sun-planet
gear mesh stiffness. The time series of rotation angle
of the drive train hull was presented. The teeth crack
effect on the gear mesh stiffness leads to an increase
of impulses corresponding to the mesh of defected
tooth. This information is very useful in a condi-
tion-monitoring system and can detect defect during
early stage of failure in wind turbine gearbox.
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METOIUKA 3A OITUMHU3ALINSI HA ABTOMOBHJIHA JIKAHTA
C METOJA HA KPAUHUTE EJIEMEHTHU - YACT 11

Ilerko HEJASAJIKOB
KaTteapa ,,MalMHHN eJIEMEHTH U HEMETalIHH KOHCTPYKIKK”, MarnHocTpouTeneH paKkynrer,
Texunuecku YHusepcutetr — Codusi, bbarapus
e-mail: nedpetko@tu-sofia.bg

Pesiome: B paGotata e omucana MeToiuKa 3a U3CIeBaHE U ONTUMU3MPAHE Ha apaMeTpy Ha aBTOMOOMIIHA JKAHTa 4ypes3
YHCJIEH eKCIIEPUMEHT U CHHTE3HpaHe Ha MaTeMaTH4YeH MoJiel. MaTeMaTH4HHUAT MOJIEN € Ch3JlaJicH Ha Oa3ara Ha pe3yi-
TaTUTE OT CHUMYJIALIMOHEH MOJEJN M YUCJIEH €KCIIEPHUMEHT ¢ To3M Mojei. CumynanuoHHUAT Mozen e cb3aaneH B MKE
(CAE/FEM) codtyepHO NpHIOKEHHUE M MOJEIMPAa U3MECHEHUETO HAa KOHCTPYKTHBHH NapaMeTPH Ha M3/EJIUETO - aBTO-
MOOWIIHA JKaHTa, U30paHy KaTo ynpasisBally (pakTopy 3a ONTHMHU3ALMOHHATA 33a1a4ad. UHCIEHUAT eKCIePUMEHT € U3-
OpaH KaTo HEMbIHO (PaKTOPEH EKCHEPHMEHT MOPay ChIIECTBYBAIINTE KOHCTPYKTHBHH OIPaHUYCHHS U TOJIEMHAT Opoi
OITMTH OTTOBAPSIIN Ha KOHCTPYKTUBHUTE BapHaHTH. MaTeMaTHYHHUST MOJIEN € [IeJIEBO HACOYEH 32 ThPCEHE HA ONTUMAIIHH
MAacoBO - HHEPLMOHHH MOKA3aTeNIN Ha U3/ICJINETO, PH 331a/ICHN YCIOBHS 3a SIKOCTHO - 1e(OPMALIMOHHUTE U MOJIJTHUTE
XapaKTepUCTHKU Ha u3zaenuero. OnpeseneHu ca GakTopHUTE U (YHKIMOHATHUTE OTPAHMYCHUS U CHOTBETHO CIPSIMO TSX
ca ONpEeeNeHN OrpaHHYMTENIHUTE 00JacTH U 00JACTUTE Ha ChILECTBYBaHe Ha u3nenuero. Ha Ga3ara Ha yucneHus exc-
MEPUMEHT ¥ MATEMaTHYHHAT MOJEJ ¢ JeUHHpaHa ONTUMAaHAa KOH(QHUIypauus OT KOHCTPYKTUBHHUTE KPUTEPHUH, KaTo
ONTHMAJIHATa KOHHUTYpaLus € pa3BUTa AOMBIHUTEIHO U HU3UUECKU U3ITbIHeHa. ONTUMU3HpaHaTa aBTOMOOHIIHA JDKAHTA
€ M3II0JI3BaHa B ChCTE3aHUE 3a eHepruiiHa edexTrBHOCT Ha apToMoOmnn Shell ECO Marathon Europe B crieuenunus nse
BTOpH MecTa oTO0p Ha TexHuueckn YHusepcurer - Codus.

Ki1ouoBH AyMH: MaTeMaTHYeCKO MOJEIHPAHE, METOJ HAa KPalHHUTE EIEMEHTH, METOAMKA 3a KOHCTPYKTHBHA ONTHMHU-
3a1Us

1. YBOJ,

B npenummna paszpabotka [1] onucano ce3naBa-
HETO Ha CHMYJAIHOHHHSA MOJEN U KpaifHHTe YeTHpu
KOHCTPYKTUBHH BapHaHTa HA M30paHOTO HM3ZENHE -
aBTOMOOMITHATA JUKAHTA 33 KOETO C€ THPCH ONTHMA-
JIeH BapHaHT B ITOCOKA HA MHHAMHI3HPaHEe HA MacOBO
- WHEPIMOHHUTE My TMOKa3aTeNH NP 3ala3BaHe Ha
olpeeeHN HIBA Ha SIKOCTHO - Je)OpMaI[HOHHUTE
TakMBa. B Tasm 3amaua ca KOMOWHMpAaHU HSIKOJIKO
KOHCTPYKTUBHUM  KOH(UTYPALMOHHH IapaMeTpH,
KOUTO ca M30paHU KaTo yIpaBisBally (akToOpu Ha
MaTeMaTU4YHOTO MOJEJIUPAHE 33, KOUTO Ca BaJIUIHHU,
KaKTO KOHCTPYKTHUBHH o0jacTH Ha Or'paHUYCHUC,
Taka U KOHCTPYKTUBHM OOJIACTH HA CBHIIECTBYBAaHE.
MatepranbT WM3TpaKIall H3AENHETO ChC CBOHUTE
XapaKTepPHCTUKH OKa3Ba CHIECTBEHO BIMIHUE BEPXY
TOKa3aTeNUTe My, KaTo 3a IEIHTe Ha HACTOAI[OTO
n3cienBaHe KoeTo € (hOKYCHPaHO BBPXY KOHCTPYK-
THBHA ONTHUMU3AIHsA, TO3H (aKkTop ¢ GUKCHpaH KaTo
HOCTOSIHEH, T.€. MAaTePHAIBT U3TPaXKIalll H3/ICIHETO
HsIMa Ja ObJIe U3MEHSH.

MacaTta ¥ MHEPIMOHHHUTE IOKAa3aTeNld ca UH-
TETpaJIHU XapaKTEePUCTHKU ONpeIeNeHd OT KOJHU-

YECTBOTO MaTepuall M3MOJI3BaH B M3JIEJINETO, KOUTO
ca (QyHKIIMOHAIHO 3aBHCHUMHM €/IHAa OT japyra. Skoc-
THO - Je(OpMAalIOHHUTE TOKa3aTeNH CHIIO ca HH-
TErpajHM XapaKTEPUCTHKU Ha U3/ICIHETO U CHUIO ca
3aBHCHUMH OT KOJIMYECTBOTO HA MaTepHalla M3rpaK-
Jlany M37eIHeTo, KaTo Ce OYaKBa Jia ChIIECTBYBa
(yHKIIMOHATHA 3aBHCUMOCT MEXIy Maca 1 IKOCTHO -
nehopMaIMOHHH ITOKa3aTeNH, HO B Ta3H 3aBHCHMOCT
He MOXe Ja Ob/ie pa3KpuTa B aHAIUTHYEH WIH TeOo-
PETUYEH acleKT I0paju CII0KHATa KOH(PUrypauus u
CII0)KHOTO HaToBapBaHe Ha mzfenueto [1]. Tlopamu
TE3U MPUYHMHU € M3II0JI3BaH CUMYJIAIIMOHEH MOJIEN 3a
U3CJIe/IBaHE Ha SIKOCTHO - Je(opMallMOHHUTE TOKa-
3aTeNM HA M3AENHEeTO, YUUTO PE3yITaTH ca aHaId-
3UpaHM ¥ W3IOJI3BAHM 32 Ch3JlaBaHE HA MaTeMaTH-
YeCKH ONTHMH3AIMOHEH MOJIEI.

CuMynanyoOHHUAT MOJIEI € U3I0JI3BaH 3a aHAJIH3
Ha TIOKa3aTelIUTe Ha HM3IENHETO NP MaKCUMAaTHH
CTOWHOCTH Ha HaToBapBaHusiTa. Kato 1o T0o3u HauMH
Cce CpaBHJBAT CTOWHOCTHTE Ha IIOKa3aTeluTe 3a
MaKCHMaJIHO Pa0OTHO HalpexeHue 3a (UKCHPAaHO
CHJIOBO U MOMEHTOBO Bb3/ICHCTBUE.

B3auMoBpB3KUTE U 3aBUCUMOCTHUTE (hOPMUpPAIIN
MaTeMaTH4eH MO, MeXIy leneBa QyHKims (1o-
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kazarend) u (¢axkTopu (KOH(UTrypalMOHHU mapa-
METpH), B IbPBO NMPUOIIKEHNE Ce OYaKBa aa ObaaT
JMHEHHY, TOpagu €CTeCTBOTO Ha Pas3IIekIaHOTO
H3eNne - MEXaHMIHO U3JeIe, OT KOETO Ce OTHEMaT
obnactu u cekropu. dur. 1 mpepcTaBs mbpBa Moaa
Ha OJIEKOTEHOTO HM3JeNIHe IOTyYeHa IPH MOJATHUS
aHamm3 ¢ Meroia Ha KpaifHUTe eleMeHTH, pedepu-
paliku KbM pPe3yJTaTuTe OT CTPYKTYPHOTO H3CIEA-
BaHe CIYXEIIO 3a OCHOBAa Ha ONTHMH3al[HOHHATA
MeToauka [1].

Subcase - Eigenvalue Method 1, Mode 1, 2.7108+002 Hz
Displacement - Nodal, Magnitude

Min + 0,000, Max * 0620, Urits = mm

Deformation : Displacement - Nodal Magnitude

. 0820

0751
0683
0615
0547
0478

0410

I

Unts = b
X

(l)l/ll". 1 ﬂ)KaHTa C OJICKOTsABAaHUA — MOJAJICH aHaJIu3

Pasrienanute ChBpEMEHHH METOIHM 32 KOHCT-
pykTuBHa ontuMmuzanus [4,5,6,7] m3non3Bar pas-
JIMYHU XMOPHIHU METOIH 32 ChCTaBsSHE Ha MaTeMa-
TUYHH METOIY WIM MaTeMaTU3MpaHe Ha aJropuT-
MHTE 33 CTPYKTYpHa M KOHCTPYKTUBHA OTHMH3aLNS,
KOETO KOPECHOHAUpA C MPEICTaBEeHHs B HACTOAIIATa
pa3paboTka aBTOPCKH alNropuThbMm. bbaemoro pas-
BHUTHETO Ha pa3rieJaHaTa METOJMKA M3HCKBA IpEX-
BBPJSIHETO Ha alrOPUThbMAa M METOAUKATa BBPXY
Pa3IM4HU U3JENNsl U CPaBHSBAHE HA PE3YJITATUTE.

2. HEJI 1 YIIPABJISIBAIIIL ®AKTOPU

I_IenTa Ha M3CJICABAHCTO € MHWHHMHU3UPAHEC Ha
MAacCcoOBO - HMHEPLHHUOHHHUTE IIOKAa3aTCJIM Ha aBTOMO-
OunnHa JUKaHTa IIpU 3aria3BaHe Ha OIPCJACIICHU HHBa
Ha JKOCTHO - ,I[e(i)OpMaL[I/IOHHI/ITe TaKHBa.

min(m);min(]);min(m;J) €))]

TBi 3aBUCHMOCTTAa MEXIy MacaTa M HHEpLU-
OHHUST MOMEHT U KOHCTPYKTHBHO - KOH(UTryparu-
OHHMTE MMapaMeTPH He € pa3KpuTa, TO 3a U3IIbIHEHUE
Ha IOCOYEHAaTa Iel € HeoOXOOUMO Ja ce pasKpue
Ta3¥ 3aBUCUMOCT, T.€. I'bPBA 3a/1a4a € pa3KpUBaHETO
U CHHTE3MPAHETO Ha MaTeMaTHYeH MOJENl MEXIy

2
maca"m, kg",uHeproHeH MoMeHT "J, kgem” ",

kopaBuHa "¢, N/m" u KOHUTrypalMOHHU Mapa-

METpH:

m=m(X;); J=J(X;) ()

VYupasnsBamure GakTopu 3a HACTOSIIOTO H3C-
JIeZIBaHEe MOTar Jia 0BbaT N30POCHHU KaKTO CIIe/Ba:

» Marepwual 3a H3pabOTKa HA U3/CIHETO - Thil
KaTO HACTOSIIATa 3aJlada ¢ OPUCHTUPAHA KBM OJie-
KOTSIBaHE Ha CHIIECTBYBAIIO H3JENUE IIPU KOSTO He
MOXe€ Ja ce IPOMEHS MaTepuala U3rpaxiall uszie-
JIETO, TO3H (aKTOp ce MpUeMa 3a IIOCTOSHEH;

» cxema Ha HaTOBapBaHE - ThH KAaTO W3JCIH-
€TO € CJIO)KHO HAaTOBAapeHO M HM3IUTBAHETO CE IPo-
BEeXKAA 3a Hall - TEXKHS CIIy4all Ha HaTOBapBaHE C
KOMOWMHMpaHe Ha MAaKCHMAaJHUTE CTOWHOCTH Ha Ha-
TOBapBALIUTE CHJIM, MOMEHTH M HaJATaHUs, TO3H
(bakTop (koMOMHaNUsA OT (PAKTOPH) € MPHET 3a MoC-
TOSHEH W W3MHUTBAHETO € NPOBEICHO NpU eIHa H
Chllla cCXeMa Ha HaToBapBaHe [1];

Cxemara Ha pa3loNaraHe Ha OJCKOTSBAIHTE
paspesu u TpodUIMTE Ha W3ps3BaHE (KOHCTPYK-
THBHU - KOHQUTYpallMOHHU IapaMeTpu) ca pasrie-
JaHU B IpejuiiHa paspaborka [1], xkaro B Hes ca
IoKa3aHu e(eKTuTe OT KoMOuHMpaHeTo UM. B Hac-
TosIIaTa pa3paboTkKa Te3U (PaKTOPH ca OTIENEHH U ca
pasriielaHn pe3ysTaTHUTe KaKTO 3a OTAENIHOTO HM
BB3/ICHCTBHE BBPXY LIeNeBUTE (DYHKIMH, TaKa U Ky-
MYJIaTHBHOTO MIM TaKoBa. 3a IOCTUTaHE Ha IIeJIUTe Ha
Hacrosiara pa3paboTka Te3u GakTopu ca pa3aeieHu
KaKTO cJe/Ba:

»> OJIeKOTsABall OTBOP BBPXY CIHHIATA Ha
JDKaHTAaTa - eIMHUYEH OTBOP C Pa3MepH:

B12xB19x L 87.8, mm,

KaTo edexTa OT OTHEMAHETO Ha MaTepualia BBPXY
MeTTe CIHIM € HaMaJIsiBaHe Ha Macarta Ha JKaHTaTa C
92 g, a MHEPLIMOHHKS MOMEHT ¢ 1365 kg - mm” (X1) ;
» OJIEKOTSIBalll OTBOp BBPXy CHHIATa Ha
JUKAHTATA - €JIMHUYEH OTBOP C pa3MepH:
B16xD19x L 30.5, mm , pasnosoxeH B OJiu-

30CT 0 TJIaBHHATa, KaTo ereKTa OT OTHEMAHCTO Ha
MaTepuala BBPXY HNETTEC CHHUIN € HaMaJsIBaHC Ha
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Macara Ha JDKaHTaTa ¢ 55 g, a ”HEPLIUOHHUSI MOMEHT
¢ 535.7 kg-mm2 (Xz);

» OJIeKOTSBAlll OTBOP BBPXY CHHIATa Ha
JUKaHTAaTa - €JJMHUYEH OTBOP C PasMepH:
DN12xDN14x L 28.1, mm , pas3NoNoOKeH JIO

BBHIIHUS PUHT, KaTo €)eKTa OT OTHEMaHETO Ha Ma-
Tepualia BbpXy IE€TTE CIIUIIM € HaMalsiBaHe Ha Macara
Ha JDKaHTaTa ¢ 22 g, a MHePIIMOHHI MOMEHT ¢ 563.3
kg - mm? (X 3) ;

» OTHeMmaHe Ha pebpa OT IJaBMHATA, B IJa-
BUHATa MMa IlecT pedpa, OT KOUTO 3a 3aKpenBaHe Ha

(maHIMTE HA CIIMPAYHUTE JUCKOBE Ca HEOOXOIUMH
TpH, a OCTaHAIUTE TPHU MOrat Ja ObJaT OTHETH Ype3

crpyxkooTremane (X, );
> OTHEMaHe Ha MAaTepHAl OT BHHITHHUTE CTEHH
Ha BHHIIHWS PUHT Ha JukanTaTa (X ) ;

» OTHEeMaHe Ha Marepuagal OT IOBHOTO Ha
BBHIIIHWA PUHT Ha JUKAHTAaTa (X6 ) 5

Ipodunure 3a OTHEeMaHe Ha MaTEepUal U Orpa-
HAYUTEITHUTE pa3MepH ca pasrirenand B [1], kato 3a
BCHYKH M3PSI3BaHMS Ba)XH YCIOBHETO Ja HE ce Ha-
pyuiaBa GyHKIHOHATHOCTTA U (HU3UYECKaTa ISIOCT
Ha JDKaHTaTa W Ja ce 3ama3d (QYHKIMOHATHOCT Ha
obpaboTkara.

@DakTOPHOTO H3MEHEHHE Ha TOpenu30pOocHHUTE
mapaMeTpH € ONpeeIeHO Ha JBE IUCKPETHH HUBA -
M3ps3BaHe Ha OTBOP WITH KaHAI U JIuIcara My. B To3u

acriekT Qakropure ca aeduHupanu B Tadi. 1 ¢ (X l.)

Ha JIB€ HUBA - HyJIa U €HO [0,1] .

3. O'PAHMYHUTEJIHHA YCJIOBUSA

OrpaHUYUTEIHUTE YCIOBHSA 32 OJICKOTSBAHETO
Ha JDKaHTaTa IMPOU3THYAT OT HSIKOJIKO KpPHTEpHs,
KaTo CJie/[Ba:

v'  (QYHKUMOHAJIHM OrPaHUYEHHS - TOBAa ca
M3MCKBAHMS 3a 3ara3BaHe Ha (QYHKIMOHATHOCTTA Ha
u3zenuero. B ciryyast Benuku nmpoduitu 3a n3ps3Bane
U OTHEMaHe Ha MaTepual ca ChOOpa3eHH ¢ TOBa
M3UCKBaHe. MaTeMaTHYeCKH H3pa3eHO Te3d Orpa-
HUYEHUS He ca AeUHUpaHU KaTto (pakTOpHH Orpa-
HUYEHUS, a ca 3aJI0’KeHH B Ie(UHUPAHETO Ha CAMHTE
(daxTopu;

v/ TEXHOJIOTUYHH OTPAHMYCHHSA - 3ATI0KEHH Ca
B leUHUpaHETO Ha caMuTe (HaKTOPU U B MOULUUTE
3a 00paboTBaHe;

v’ SIKOCTHO - 1e(OPMALOHHE U MOJAIHH OT-
paHHYEHNS, pa3rieIaHn ca KaKTo CIe/IBa:

3.1. MogaiHu orpaHuYeHHs WIN HECHBIIAJaHEe
MEXJy COOCTBEHHTE YECTOTH M IMPUHYJCHUTE dec-
TOTH TIPH (PYHKIIMOHAIHOTO H3MOJ3BaHE Ha JKaH-
Tata. MopjamHus aHaNW3 Ha JpKaHTata [1] e u3moi-
3BaH KAaTO OTCSBAI] EKCIIEPUMEHT 32 KOH(PUTypUpaHe
Ha (QaKTOpWUTE M 32 OTXBBPJSIHE Ha (PAKTOPH, KOUTO
HE IMOCTHraT jKelaHust eeKT, KaTO OCHOBHHSAT KpPH-
TEpHUHU B TO3H Cllydaii e:

fz.‘,eig > fw’ Hz (3)

MopanHuAT aHaIH3 € MPEANOYeTEH 32 OTCABAII
SKCIIEpUMEHT 3apajy Mo-JecHaTa U Obp3a KOoH(DU-
rypaiwsi. OCHOBEH HEeJIOCTaThK Ha MOJAITHUS aHAJIH3
ca OrpaHMYCHUSTAa Ha EIAWHCTBEHHS KPUTEPHU 32
OIICHKA - COOCTBEHUTE YECTOTH.

350
300 T—u

Yectora, Hz \

250

OrpaHu4MTenHa o6nacT no KPUTUYHU YeCTOTHU

200

—e—woau, f1,6ig
150 P flw
—A— orparuenve, 110w

100

50

KoHcTpykTuBeH BapuaHT

0

0 1 2 3 4

¢ur. 2 Orpannuenue (OTAONY) IO KPUTUIHU YECTOTH -
MOJIJICH aHAJIH3

Pesynrartiure OT MpPOBEACHHS MOJAICH aHAIN3,
Ha KpailHUTEe KOHCTPYKTHBHY BapHAHTH € IOKa3aH Ha
¢wur. 2. (Bap. Ne1,2,3 ot [1])

PaGoTHHTE MOAM HA KpallHUTE KOHCTPYKTHBHH
BapHAHTH Ca PA3MOJOXKEHH HajJ KPUTHYHATA 30HA.
@ur. 2 SICHO MIOKa3Ba AECETKHU ITBTH PEOCUTYPSIBAHE
10 KPUTUYHA 00JACT OT IbpPBa J0 JeceTa KPUTHIHA
yectoTa. [Ipy TakaBa pas3iiiKa OrPaHHYCHUETO OT
KPUTHYHUTE O0JIACTH € TPYIHO Ja ObJie U3II0I3BAHO
KaTo OGCKTI/IBGH H aJCKBATCH ONTUMH3ALMOHCH
KPUTEPHUH.

3.2. JledopManuoHHM OrpaHUYEHUS] WIH
OCHTYpsIBaHE Ha U3JIENHeTO M0 JedopMarroHHH
nokaszarenu. [Ipy QyHKIMOHHMpAaHETO Ha IKaHTaTa

13



Ierko HEJISIJIKOB

HSIMa CTpOrd JedopMalOHHM W3UCKBAaHUS, KOETO
M3UCKBa BBbBEXaHE HA KOCBEHU TaKHBAa.

EnuH OoT KOCBEHHTE KPUTEpUM € 3ara3BaHe Ha
TeOMETPHUATA Ha YIPABICHUETO M OKAYBAHETO C IIEI
3ama3BaHe Ha MHHHUMAJIHO CBHIIPOTHBIICHHE TIPH 3a-
BHMBaHE M MaKCHMallHa YIPaBJIsEeMOCT Ha aBTOMO-
Ousa. 3a TO3U KPUTEPUH € MPECMETHATO 3a ChIIECT-
ByBall[aTa TEOMETPHsS Ha aBTOMOOMIIA CTpPaHUYHH
u3MecTBaHus mo-rojeMrd or 0.2 mm B TOYKHTE Ha
OKayBaHEe Ha KOJIEJETAaTa BIMAAT HEraTMBHO HA II0O-
coYeHHuTe JBa mokasateis. ToBa yCIOBHE MOXe Ja
0B neUHUPAHO KATO:

min (Smax ) n 8max < 6max all (4)

Bropu KOCBeH KpHTEpHH 3a OlCHKa Ha jaedop-
MaIMOHHUTE OTpaHUYCHHUS e KOpaBUHATA
"¢, N/m'" Ha u3cnenBaHUs AETAiJ, Karo TyK €

BB3IPUETAa HJICONOTUATA 32 H3CIEIBAHE C €IHO M
CBIIO HATOBAapBaHE - OJIM3KO 0 MAKCHMAIHOTO pa-
0OTHO HaTOBapBaHE. 3a pa3iHKa OoT JehOopMaIroH-
HUSL KPUTEPHH, IPH TO3U KPUTEPHUH MOXKE Ja Cce
TBPCH YUCT MakCHUMyM, Oe3 /1a ce orpesesns JoIyc-
THUMa CTOWHOCT, TIopaau (akra, 4e 1epopMaIluTe ca
B 3HaMEHATell:

C==" — (5)

1 TOTaBa KPUTEPHSAT €:
max ( c ) (6)

3.3. SIkocTHU OrpaHMYeHUs] WIH OCUTYPsIBaHE
Ha paboTOCIOCOOHOCTTa Ha M3IENHETO IO XapakTe-
PHCTHKY Ha W3MOJI3BAHMS MaTepHUall.

W3non3Banu ca IBa OOSKTHBHH SIKOCTHH ITOKa-
3arens - OLUEHKa Ha MaKCHUMAaJIHUTE HaIpeXKeHHs

"o MPa " u3uucnenu o Von Misses KpuTepuu

max *
(4-1a ssKOCTHA TEOpHS) U MPECMATAHE HA KOSHUIIUCHT
Ha cUTypHOCT " v " 110 JOITyCTUMH HaIPEKEHHUs, KaTO
3a TpaHUIa Ha Koe(UIMEeHTa Ha CUT'YPHOCT € M30-
paHa CTOMHOCTTa OT V. =1.3, IpH KOATO KOHCT-

PYKTHBHHUTE BapUaHTH C€ OTXBBPIIAT Karo Hepado-
TOCIIOCOOHH.

Ilpu TO3M KpPUTEPUH YCIOBHETO 3a OMTUMAIHOCT
MOXke a ObJie OmpeeNeHo KaTo ThpPCEHEe Ha Mak-
CHMAJTHA HalpPEeKECHUsI, HO MO - HUCKH OT JOMYCTH-
MUTE HIIH:

max (Gmax ) m O max < S (7)

B [1] e BbBesieH U Ol1ie €A1H KPUTEPHUU - KOSDUIIUESHT
Ha M3II0I3BaeMOCT Ha Mmartepuana "k;;, MPa/kg"
KOWUTO € OIpENeeH KaTo OTHOIICHHWE Ha MAaKCH-
MaJIHUTE HAIIPEXKEHUsI BbPXY Macara Ha U3/EIHETO,
KOITO MOJeE Jia Ce ONpeelH Ypes:

max (k, )Nk, <k, 8)

ky, MPalkg
35.0

30.0 —

25.0 / /
20.0

PaGoTHu

156.0 =
10.0
5.0 [ emmmi |
0.0 T T 1
0 1 2 KoHeTp. BapuaHT 3

¢ur.3 Koeduiyenr Ha u3noa3BaHe Ha MaTepuaa KaTo
OrpaHHUYHTENHA QYHKIHAL

@ur. 2 nokasBa rpadukara Ha ABHKEHUETO Ha
Koe(HIMeHTa Ha MH3MON3BaHE Ha MaTepHaia IpU
pa3nu4YHUTE KOHCTPYKTHBHU BapUaHTU U3YUCIIEHH B

[1].

4. PE3YJITATHU U BBAUMOBPB3KHU MEXKIY
®AKTOPU U IIEJIEBU ®YHKIIUU

B pesyarar Ha Taka (opmupanuTe HaKTOpH U
OrpaHUYABAIIN H3UCKBaHMS Ca MPOBEICHH TIpyIa
U3CIIE/IBAHHS PE3YJITATUTE OT KOUTO Ca MOKAa3aHU B
[1] u B Tabm. 1.

OTHOCHUTETHUTE napaMeTpu B MOCJICOHUTE IBE KO-
JIOHU Ha Tabm. 1 ca M3YKMCICHU MO cleaHUTe (Qop-
MyJIH:

m'="4 ®)

KBJIETO HHIEKCHT " i " MOKa3Ba HOMepa Ha peaa oT
tabm. 1:

J.
J==L 9
7 ©)
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Tadauna 1. akTopy U pe3ynTaTH OT U3CIEABAHETO.

m J J Orrax O max c v ky m' J'
Xi| X | X | Xo [ X5 | Xs| kg | kgmm? | kgm? | mm | MPa | MN/m - MPakg | - -
1 2 131415616 7 8 9 10 11 14 15 16 19 20
100|000 0] 3327|808756]0.0809 | 0.142 [ 6590 | 4000 | 2134 19.81 | 1.000 | 1.000
201100100 0])323(79510.1]0.0795 | 0.152 | 68.87 | 3.448 | 2.042 2129 10972 | 0.983
3101 [{0] 0| 0] 0] 3272(80339.9]|0.0803| 0145 | 6716 | 3.788 | 2.094 2052 10984 0.993
410]0(1]0|0] 0] 3.305(|80312.3]10.0803 | 0.143 | 7316 | 3.817 1.922 2213 0993 | 0.993
500[01 0| 110 0] 3.155|80465.4] 0.0805| 0.151 | 6694 | 3817 | 2101 2122 10948 | 0.995
600 0[0] 0| 1] 0] 3146 |73394.1]10.0734 | 0146 | 7223 | 3.846 1.947 2296 0946 | 0.907
700[{01O0O| 01O 1] 2865]62831.2]0.0628 | 0.210 | 76.61 3.049 1.836 26.74 10861 | 0.777
g0 1[1]0]0)] 0] 3263(79778.1]10.0798 | 0.163 | 68.98 | 3817 | 2.039 2121 10978 | 0.986
9l 0] 0[O0 1| 1]0]2974(72983.8]0.0730| 0.149 | 70.71 3.788 1.989 23.78 ]0.894 | 0.902
o1 {010 11| 1] 2419 |53573.9| 0.0536 | 0.251 | 92.71 2.392 1.517 38.33 | 0.727 | 0.662
g O 1|1 1] 1] 1] 2435]53848.6( 0.0838 | 0.237 | 8925 | 2.660 1.576 36.66 | 0.732 | 0.666
200(1 )1 11| 1] 2378519353 0.05619 | 0.260 | 9437 | 2.336 1.490 3968 | 0.715| 0.642
13 min 2378 [ 51935.3] 0.0519 | 0.142 | 65800 | 2336.4 | 1.490 | 19.806 | 0.715| 0.642
14 max 3.327 |1 80875.6 ] 0.0809 | 0.260 | 94.370 | 4000.0 | 2134 | 39.683 | 1.000 | 1.000
15 average 2.980 [ 70820.7] 0.0708 | 0.179 | 75574 | 3396.5 | 1.890 | 26.194 | 0.896 | 0.876
16 stdev 0.369 [ 11862.3] 0.0119 | 0.046 | 10.458 | 618.0 | 0.235 7.499 10111 | 0.147
CpotBeTHO m;,.J; ca NOKAa3aTelIUTE HA OPHIH-
HATHOTO U3/IENHE. T rapeana n sopmesrs. R
,5:0 g\ Y — © Foesnd
0.950 \V //\\ @7 . \ r 2.800|
[\ e
0.850 0/ \ R o t 2.300
0.800 Y, \ oo F 1.800,
0700 \A ’ ° 15D01 3 5 7 9 4y B 9%

0.650

0600 Bap.
1 3 5 7 [l 11

(ur.4 Uzmenenne na nokasarenure " m',J'" B 3aBucu-

MOCT OT KOHCTPYKTHBHUTE BapHaHTH. (AOciucara Ha
rpadukaTa OTroBaps Ha HoMepa Ha peza ot Tadi. 1)

Kakro ce Bmwxkzaa ot ¢ur. 4 u ¢ur. 5, a ChIIO U OT
Tabs. 1 oyakBaHUTE BPB3KU MEXIY BapUAHTUTE U
HETOBUTE MOKAa3aTeIM Ca HalHLE, HO € HalHuLe H
pasMHMHaBaHE - HAIpUMEp MEXIY Maca U MHEPLHUO-
HEeH MOMeHT. CbIo Taka rpadukure Ha JBa OT HUH-
TErpaJlHUTEe KPUTEPUH - KoeUIMeHTa Ha U3I0/I3Ba-
HE Ha Marepuajla ¥ KOpaBUHATa ca IpPaKTHYECKH
OIJIeIalIHU.

¢ur.5 Usmenenue Ha nokasarenute " ky;,c " B 3aBuCH-

MOCT OT KOHCTPYKTHBHUTC BapHUaAHTH.

Ipu n3cnenBane Ha MOAOOHNM (QYHKIMH YHCTO
rpa¢MyHO WM O TabJMYHAa CTOWHOCT, TO Ouxa ce
OTYEJIH CaMO MUHHMMAJIHUTE WIM MaKCUMAaJHUTE
CTOMHOCTH - Hampumep 3a penose oT Nel o Ne 11
MaKCHMaJIHU HarpexeHus uma B peq Ne 10, a cnen-
BaIllUsl TO PEJl UM TIO-HUCKH [TOKA3aTeIH - QUr. 6.
IIpu TakaBa mocTaHOBKA, OMXa C€ OTYEIH ONTHMAIIHU
nokasaresnu 3a Bapuant Nel0 Oe3 ia ce moaxoau KbM
Mmo-HaTaThIIHO m3cneaBane. Karo Bapuant 10 e cb-
YeTaHHE MEXJIy OJIEKOTSBAHETO Ha CIHIATA C CIUH
mbaer oTBOp (Bap. Ne2 ot [1]) ¢ ocrananute Bapu-
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aHTu. A BapuaHT 11 e onexoTsBaHe ¢ Ba OTBOpa 110
IbiokuHa Ha cnnnata (Bap. Ne3 ot [1]).

o, MP; u gecopmaumm »

0250
80,00 o~ /

< o 0.200)
- \\/
50.00 0.150)

0.100}

0.050f

0.00 Bagl 0,000|
1 3 5 7 9 11

¢ur.6 Nsmenenne Ha nokasarenure " O Gy | B3a-

max > ¥ max

BUCHUMOCT OT KOHCTPYKTUBHUTE BapUAHTH.

OT KOHCTPYKTHBHA TJIe[HA TOYKA BapHaHTa C
nBa otBopa (Nell Ta6u. 1) Ou uman no-nqodpu noka-
3aTeNH, MOpajad KOSTO M3CICIBAHETO CE HACOYU Ha-
TaM, KaTo ce ThPCH KOHCTPYKTHBHA ONITHMHU3ALHS HA
u3zenuero. 3a ga ce 060CHOBE MaTeMaTHYECKH I10-
nobeH nmoaxon € HeoOXxoauMo na ce neduHupa or-
TUMHU3ALUOHHA W3CJIeAoBaTeNcKa (GYHKIHS WU
000011eHa QYHKIHS.

B®3 ocHOBA Ha pa3rieaHuTe XapaKTePUCTUKH B
HacTosIara pa3paboTka € BBh3MPHUETO OICHKATa Ha
M37ICNIMETO J1a Ce M3BBPIIM MO TPU MapaMmerbpa -
WHEPUUOHEH MOMEHT, MaKCUMAJIHU HANPCKCHUA U
KOpaBWHA, KATO ONTHMH3AIIMOHHATA 3a/1a4a MOXKeE J1a
ObIe OIUcaHa KaTo:

min(J)
max(csmax) 9
max(c)

5. OBOBIIEHU U3CJIEJOBATEJICKHA
®OYHKIMU U OITUMU3ALIUA

Ilopaagu mocoueHuTe MO rope NPOTHBOPEUHS U
HECHBMECTUMOCT Ha M3ClIeloBaTeICcKuTe QyHKIMY, a
CBIO TakKa 3apajJu OrpaHUuYeHaTa o0NAcT KOSTO ce
u3ciesiBa, He € BB3MOXKHO J]a Ceé TpHUEME elHa OT
(GyHKIMNUTE 332 OCHOBHA U ONTUMM3AIIMOHHATA 3aa4a
Jla ce pasriiesia BbB BUJIA:

min (J ) max (6, )max (c) (10)

ThpceHEeTO Ha ONTUMAajdHAa KOMOWHAIMS OT
(akTopu TpH Ta3u MOCTAHOBKA MOXKE J1a MPOTEUE MO
HSKOJIKO HAYMHA, KaTo B Ciy4as € u30paHo Thpce-
HETO Ha ONTHMYM upe3 0000IIeHa H3CIeI0BaTeNICKa
¢byHskuus (060011eHa GYHKIMS Ha MTOJIE3HOCT CIIOPE]T
(2D

3a ma ce pemm nogoOHa 3a1ada € HEOOXOAUMO
n30panuTe neneBd GyHKuuu —,,J; G, ;¢ Aa ObaaT
HOPMHPAHH 4pe3:

‘]i — Jmax
Jinax =,

KbaeTo Koedumenta k; = —1;1 3amaBa 3HaK Ha I0-
€T0 KO eHTa k; I;1 3amaBa 3HaK Ha IO

ny =k,e (11)

max min

JIE3HOCT Ha HopMmHpaHaTa ¢yHKuus "+" moka3Ba

HOJIE3HOCT HAa IIOBUINABAHETO Ha CTOMHOCTTa Ha

¢yHknuaTa, a "-" mokasBa HamalsBaHE Ha IIOJIE3-

HOCTTa C IOBUILIABAHE HA CTOMHOCTTa Ha (PyHKIMATA;
Oi ~Omin

N = kg* 12)
Omax ~ Omin

1, =k, o— Lo (13)
Cmax ~ Cmin

Ta6J1.2 HopMmupanu uscnenoBarencku GyHKIHU U 0600-
1ieHa ueneBa GpyHKIusS

ki -1 1 1
K| Ko [ X | Xg | X | K] M0 Ns Ne ¢
12 |3]4]5]6 7 i 9 10
7J0]0]0[0])0]0]-1000] 0.000 | 1.000 | 0.000
201]0[0]0f0[0]-0953] 0104 | 0668 |-0.060
30 1[0f0f0O]0}y-0981] 0044 | 0872 [-0.022
4J0j0f1]0f0[0]-0981] 0255 | 0890 | 0.055
s{0JO0jO0f1]0]0})-0986] 0037 | 0890 [-0.020
sJO0jOf[O0OjJOf1[0])-0.741] 0222 | 0908 | 0.129
7J0jojof0]0]1])-0376] 0376 | 0.428 | 0.143
afoj1|1{0]0]0])-0962] 0108 | 0890 | 0.012
gjojofoj1f1[0])-0727| 0169 | 0872 | 0.105
o1 0f0o] 1] 1[1]-0057] 0942 | 0034 | 0.306
pof 1 {111 [1]-0086] 0820 | 0194 | 0.316
zf0f1(1]1]1[1]0000 | 1000 | 0000 | 0.333
13 min -1.000 | 0.000 | 0.000 |-0.060
14 max 0.000 | 1.000 | 1.000 | 0.333
15 average -0653 | 0.340 | 0.637 | 0.108
16 stdev 0410 | 0.367 | 0372 | 0.141
17 (max-min)/2 0.500 | 0.500 | 0.500 | 0.197
18 (max-min) 1 1 1 0.393

IIpn Taka HOpMHpaHH (DAKTOPH € ONIpeideNcHa
CpEeIHOApUTMETHYHA 0000IIeHa H3CIeoBaTeIcKa
(byHKIMA KaToO:
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1
®:§(nj+nc+nc)' (14)

CroiiHOcTHTE Ha HOpPMHUpaHHUTE (DAKTOPH H
o0o0meHaTa H3cIen0BaTeNncka QyHKIHUS ca JaJeHU B
TalJs. 2, KaTo B JIOJHATa 4acT ca MOCOYEHU MUHU-
MajlH{, MaKCUMAaJHHU, CPEIHU U Jp. CTOHHOCTH 3a
pasriexxnanata obaact. CTOHHOCTUTE Ha Hapamer-
puTe ca nokazanu rpaguyHo Ha ¢ur. 7 u 8.

Hopmupaky napamerpm - n

¢ur.7 M3menenne Ha HOpMUPAHUTE TApaMETPH
"M;>MNe>MNe " B 3aBUCUMOCT OT KOHCTPYKTHBHUTE BapH-

aHTH

IIpu Taka onpeneaeHUTe HOPMUPAHH TTapaMeTpH
U 0000IIeHa H3cIenoBaTeNcKa (QYHKLIUS ONTHUMU-
3allMOHHATa 3a/[a4ya Ce CBEX/a 0 ThPCEHE Ha MakK-
CHMYM:

opt[min (/)N max (o, )N max (C):| = max (D)
15)

Ot Tabxa. 2 u ¢ur. 7 MOXKe J1a ce OTYETE OINTH-
MaJeH BapHaHT OT peq Nell, kaTo TO3W BapHaHT e
J0pa3paboTeH U € NOCTUTHAT BapuaHT oT pex Ne 12
(Bap. Ne3 ot [1]), kKaTO KOHCTPYKTHBHOTO pa3pa-
60TBaHe U3M0I3BA 332 OCHOBA BapuaHT OT pen Nell u
CbC KOHCTPYKTHBHM CpelcTBa 0e3 IpoMsSHa Ha
KOH(MUrypanusTa ce JOCTHTa 10 BapHAHT OT pex Ne
12 (mopazu K0eTo TO3H peji € 0TOeNs3aH KBIT QOH).

6. U13BO/I1

Pesynrarute OT H3CIeABaHETO IOKAa3BaT, 4e
ONTUMAJHUAT BapHaHT € BapuaHTa oT pex Nel2 Ha
Taba. 1 u 2 u ¢ur. 7, KOETO MOKpUBa CyOEKTUBHATA
KOHCTPYKTHBHA 000CHOBKa onucaHa B [1].

IIpennoxenara meronuka B [1] u Touku 1 10 5
OT HacrosIuaTta pa3pabOTKa BKJIIOYBA OPUTHHANICH
MOAXOJ 3a M3IOJ3BaHE Ha SKOCTHO - AedopMaryo-

HEeH aHanu3 ¢ Meroja Ha KpaiHUTE elneMeHTU U
CTaTUCTUYECKH ONTUMM3AILIMOHHM METOAU 3a JOC-
TUTaHE HA ONTUMAJHU [10Ka3aTeNu Ha pa3paboTBaHO

KOHCTPYKTHBHO H3JIEIHE.

0.350

Ofobuiera uscnegosarencka dyHums - ©

et

0.250

[/

0200

V

A

-~ /’/\/ /
0.100

LN\ )

/.

\4

——
Poly. (&) |—

Y 7 9 "

-0.100

¢ur.8 M3menenune Ha 00001IEHATA U3CIEJOBATEICKA
¢ynxust " @ " B 3aBHCHMOCT OT KOHCTPYKTHBHUTE BapH-
aHTH.

Pasrnenanara MeTouKa 3a OLEHKa U 10100 Ha
(hakTopHu, KpuTepuH, NapaMeTpu 1 (QpyHKIMU 3a OI-
TUMM3ALMs € BB3MOXHO Jla Ce Ipuiara 3a KOHCT-
PYKTHUBHA ONTHUMHM3ALMS HA MPOCTH M CJIOXHHU W3-
Jenusl.

Pasrienanurte pesyiaTaTd ca BaIUIHM 3a U3C-
JeZIBaHMS MHTEPBal Ha U3MEHEHHE Ha (HaKTOPHUTE U
ONUCAHUTE KOHCTPYKTUBHHM OI'paHMYEHUS IIPU aHa-
JIM3 Ha M3ENINETO Oe3 Ja ce MPOMEHs M3IOI3BaHUAT
MaTepHal U HerOBUTE XapaKTePUCTHKH.
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ONE AUTOMOBILE WHEEL RIM OPTIMIZATION METHOD
USING FEM - PART 11

Petko NEDYALKOV

Department “Machine elements and non-metallic constructions”, Mechanical Engineering Faculty, Technical University of
Sofia, Bulgaria
e-mail: nedpetko@tu-sofia.bg

Abstract: This paper describes methodic for research and optimization of automobile wheel rim parameters using nu-
merical experiment in finite element method and synthesised mathematical model. The mathematical model is formed over
the results from simulation (CAE/FEM) model and numerical experiment with this model. Simulation model is developed
in CAE/FEM software application and models parameters of the automobile wheel rim according to variation in con-
structive features of it, used for ruling factor in optimization problem. Used numerical experiment is partial factor ex-
periment according to the constructive limitations and large amount of attempts corresponding with constructive variants.
The purpose of mathematical model is finding of optimal mass - inertial parameters while conditions of strength - defor-
mation and modal indicators are covered. There is described factoral and functional limitations and respectively limitation
fields and fields of existence of the product. According to the numerical experiment and mathematical model is defined
optimal configuration of constructive criteria and this optimal configuration is developed constructively and and native
implemented in energy efficient competition Shell ECO Marathon Europe two times vice champion automobile of Tech-
nical University of Sofia.

Keywords: mathematical modelling, finite element method, methodic for constructive optimization
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OCOBEHHOCTHU KOHUIEINIIWHA YIIPABJIEHUA
KOHCTPYKTOPCKOM MMOAIOTOBKOM IMPOU3BOICTBA
SJIEKTPOHHBIX AIIIIAPATOB

Buxtopusi CMOJIAM
TexHonornyeckuit ”HCTUTYT BocTOUOyKpanHCKOro HAlIMOHATIBHOTO YHUBepcuTeTa uM.B.Jlans
(r.CeBepopoHenK)
e-mail: vsmoliy@mail.ru

AnnoTtanust: [IpeioxkeHa KOHIENIHS yIpPaBICHHs KOHCTPYKTOPCKO# MOJATOTOBKOM MPOM3BOJICTBA JIEKTPOHHBIX arla-
paToB, ONMUPAIOIIASCS HA €ANHOE HHPOPMALIMOHHOE IPOCTPAHCTBO KOMIIOHOBKH JIEKTPOHHOTO anmapaTa, OnepaTHBHOrO
YIpaBlIeHUs. KOHCTPYKTOPCKOM MOJTOTOBKOM MPOU3BOACTBA M CHCTEMBI YIIPABICHUSI PECYpCaMH MPEIIPHUSITHS, 03BO-
JSIOIIAs HOBBICUTH 3G ()EKTHBHOCTD YNPaBICHHUS! KOHCTPYKTOPCKOM MOATOTOBKOW MPOW3BOACTBA JJICKTPOHHBIX armapa-

TOB

KioueBbie cioBa: YyhpaBJICHHUE, KOHLECNLU YyIIPaBJICHUS, 3J'IeKTp0HHBII>’I arirapar, 3(b(b€KTI/IBHOCTL yhnpaBJICHUs, CTOXa-
CTUYCCKast MOJLIIb, IIPOLECC IPOU3BOACTBA, CUCTEMA MNOAACPIKKU IIPUHATUSA pCIHCHI/Iﬁ.

BBEJIEHUE

IlpennaraeMas KOHUENIMs YHPAaBICHUS KOH-
CTPYKTOPCKOHl IOArOTOBKOH IIPOM3BOJCTBA 3IIEK-
TPOHHBIX aIMapaTOB OXBATHIBAET CIIEAYIOLIUE ITAIIbI
CO37aHMs BJIEKTPOHHOIO ammapara: KOMIIOHOBKA,
KOHCTPYHPOBaHHE, IOATOTOBKA MPOM3BOJCTBA, HC-
MBITAHUC U HETIOCPEACTBEHHO ITPOU3BOIACTBO OIIBIT-
Horo obpasma uszgenus. OcoOeHHOCTBIO MpeAarae-
MOM KOHLENIMM YIPaBIECHUs KOHCTPYKTOPCKOM
MOATOTOBKH MPOU3BOACTBA 3JICKTPOHHBIX alllapaToB
ABIIAETCA TO, YTO, ONHUPAsICh HA eANHOE HH(OpManu-
OHHOE IIPOCTPAHCTBO KOMIIOHOBKU 3JEKTPOHHOI'O
anmapara, OINEpPaTUBHOTO YIPABIECHHA KOHCTPYK-
TOPCKOH IIOJrOTOBKOW IIPOM3BOJICTBA U CUCTEMBI
YIpaBJIEHUs. PECYPCaMH HPENIPHUATHS, JOCTUIAETCs
CHIDKEHUE 3aTpaT U ce0eCTOUMOCTH OIBITHOIO 00-
paslia 3IEeKTPOHHOTO aIlapaTa; COKPAICHUE CPOKOB
BBIITYCKa HOBBIX 3JICKTPOHHBIX allllapaToB; MMOBbLIIIA-
€TCsl KOHKYpPEHTOCIIOCOOHOCTb NPENNpUATHS IIPU
IMOBBINICHUN Ka4e€CTBa JJICKTPOHHBIX armaparos,
HaJEeKHOCTH, BHOPAIMOHHOM W  PE30HAHCHOM
yctoiunBoctH [3,4 - 6]. JlocTmkeHne Takoro pona
pe3yIbTaTOB BO3MOKHO IMOCPEICTBOM IIPUMEHEHUS
pa3pabaTsIBaeMON CHCTEMBI MOMNEPXKKH IPUHATHSL
pelIeHuH, pealusylolell yIpaBlIeHHEe CHCTEMaMH
KOMIIOHOBKY U KOHCTPYKTOPCKOH IOATOTOBKU IIPO-
U3BOJICTBA U UX B3aUMOJEUCTBUE B €IUHOM HH(OP-
MAalMOHHOM IIPOCTPAHCTBE, YTO B KOPHE H3MEHSIET
CofiepKaHUe KOHCTPYKTOPCKOM NMOJATOTOBKHU IPOU3-
BOJICTBA, OPHUEHTHUPYET YIPaBICHHE KOMIIOHOBKOI

3JIEKTPOHHOTO amIiapara Ha pecypchbl MPeanpHsTus,
obecrieunBasi 3G QGEKTUBHOCTh YNPABIEHUS KOH-
CTPYKTOPCKOH MOJATOTOBKOM MPOM3BOACTBA B LIEJIIOM

[4].
YCJOKHEHHUE MPOBJIEMBI

He paspaborano eanHoe HHPOPMAIIMOHHOE MPO-
CTPaHCTBO KOMIIOHOBKH 3JIEKTPOHHOIO alIapara,
OIEPAaTHBHOTO YNPABIEHUS KOHCTPYKTOPCKOH MoJ-
TOTOBKOH TpPOM3BOJCTBA M CHUCTEMBI YIIPABICHUS
pecypcaMu IpenpHaTHs, odecneurnBaromee dpdex-
TUBHOCTb YIIPABJIEHUsI KOHCTPYKTOPCKOW ITOATOTOB-
KOH ITPOM3BOACTBA IEKTPOHHBIX ANIApaToB, ITyTEM
CHI)KEHHUS 3aTpaT U ce0eCTOUMOCTH OIBITHOIO 00-
paslia 3JIEKTPOHHOIO aIllapaTa; COKPAIEHNUs CPOKOB
BBIIIYCKa HOBBIX 3JIEKTPOHHBIX aIlllapaToB; IOBBI-
IIEHNS] KOHKYPEHTOCIOCOOHOCTH MPEINPUATHS IPH
TMOBBIICHUN Ka4eCTBa JJICKTPOHHBIX ammnaparos,
HAaJEeKHOCTH, BHOPAIMOHHOM ¥  PE30HAHCHOM
YCTOMUYNBOCTH

IIOCTAHOBKA 3AJAYHN

Lesnbto uccnenoBanuii ABisieTcs: pa3paboTka Ho-
BOM KOHIEIMIMK YIPaBIEHUS KOHCTPYKTOPCKOM
MOJrOTOBKOW MPOU3BOJCTBA DJICKTPOHHBIX arapa-
TOB, ONMPAIOLICHCSH Ha €IUHOE HH(OPMALMOHHOE
MPOCTPAHCTBO KOMIIOHOBKHM 3JIEKTPOHHOTO armapa-
Ta, OINEPAaTHBHOIO YIPaBJIEHUS KOHCTPYKTOPCKOM
MOJrOTOBKOM NMPOU3BOJCTBA U CUCTEMBI YIIPaBJICHHS
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pecypcaMy IpefnpHUATHs, NO3BOJIAIOIIEH MOBBICUTh
3 (QEeKTUBHOCTL  yNpPaBIEHHUS KOHCTPYKTOPCKOMH
HOATOTOBKOM IPOU3BOACTBA 3JIEKTPOHHBIX armapa-
TOB.

AHAJIA3 HOCJEJHAX UCCJAEJIOBA-
HUA U TYBJIMKALIUA

Jis peanuzanyuy KOHLENIMH YIPABIEHUsS KOH-
CTPYKTOPCKOM IIOJrOTOBKOM IPOM3BOJCTBA 3IIEK-
TPOHHBIX amnmnaparoB HE0OXOIUMO 0e3 M3MEHEHWi
TEeXHUYECKOH OCHAIIEHHOCTU IIPOM3BOJCTBA B Iie-
JIOM MOJAEPHHU3UPOBATD JIUIIbL CUCTEMY YIPABICHHUS.
Heobxomumo pa3paboTaTth CHCTEMY HOIIEPIKKH
IPUHATHS PEIICHUH, CHa0XKaIONIyI0 YIPaBIISIOMINiL
IIEPCOHAN CPEACTBaMH, CIIOCOOAMH M MHCTPYMEHTa-
MH, 00€eCTeqnBarOIIMH BO3MOXKHOCTh PEaTM30BaTh
npeiaraeMyio KoHrennuio ympasienus [13]. dus
MPEANPHUATHS — MPOU3BOIAMUTEINS 3JIEKTPOHHBIX aIl-
napaToB obecrieueHre 3pPEeKTUBHOCTH yNpaBIICHUS,
BKJIIOYAIOIIEH MUHUMU3AIMIO MaTePUANIbHBIX 3aTpaT
Ha TPOU3BOJICTBO HOBOTO M3JENHUS MM M3IEIUS C
napaMeTpaMH KadecTBa U HAJEKHOCTH, IPEBOCXO-
JSIIMMH aHAJIOTH, COKPAILEHUE IIUTEIbHOCTH IPO-
necca MPOU3BOJCTBA U T.J., BO3MOXHO IIyTEM pe-
LICHUsS 3a/1a4d YNpPaBJICHUS UMEHHO KOHCTPYKTOp-
CKOl MOATOTOBKON MPOW3BOJCTBA MOCPEICTBOM BBI-
6opa KOMIIOHOBKH, IIapaMETPOB U CBOWCTB IPOU3-
BOJMMOTro 0JIOKa 3JIEKTPOHHOTO armmapaTta (MMEHHO
KaK 3aBEepLIEHHOI'0 KOHCTPYKTHBHO O(OPMIIEHHOTO
H3IIEIHS).

KonnentyanbHas MOA€Nb aBTOMaTU3UPOBAHHOI'O
YHpaBJIeHUs KOHCTPYKTOPCKOH TOATOTOBKU IIPOU3-
BOJICTBA 3JIEKTPOHHBIX aIlapaToB MMeEET BUJ, IIPU-
BeieHHbIH Ha puc. 1. KoHcTpykTopckas moarotoBka
IIPOU3BOJCTBA IOJPa3yMEBAeT BBIIYCK OIIBITHOIO
oOpasia u3zenus ¢ napamMeTpaMu KadecTBa, Ipe-
BOCXOJISILLIMMU aHAJIOTH TPHU YCIOBUM CHI)KEHUS 3a-
TpaT U ce0ECTOMMOCTH MPOAYKLUHM M COKPAICHUH
CPOKOB BBIITYCKa M3JEIHSL.

Mo ananmoruu ¢ CymecTBYIOMIEH Kiaccu(puKaiy-
eil aBTOMaTH3MPOBAaHHBIX CUCTEM IPOEKTUPOBAHUS,
W3TOTOBJICHUS, UCTIBITAaHUH U JIp., GYHKIUH KOMIIO-
HEHT pa3pabaTblBa€MOM CUCTEMbl IMOIAEPKKU IIPU-
HATHA PEIICHUH KOHCTPYKTOPCKOW ITOJITOTOBKH
IIPOM3BOJICTBA BJIEKTPOHHBIX allapaToB aHAJIOTHY-
ubl pynknusiM ERP —, MES —, PDM — cuctewm, npu-
MEHSEMBIM Ha MPEINPUATHAX HPUOOPOCTPOUTEINb-
HoW otpaciu. [IpumeHenue QyHKUMH, pearTu30BaH-

HBIX B pa3pabaThIBaeMOi CHCTeMe MOANEPKKH MpH-
HATHS PEeUICHNI aHAIOTUYHBIX ()YHKIIHAM BBITONHS-
embiM PDM — cucremoii, oOecrniedynBaeT HHTErpUpo-
BaHME JIaHHBIX 00 KOMIIOHOBKE 3JIEKTPOHHOIO aIlla-
para, OIyYEeHHBIX B Pe3ylbTaTe IPOEKTUPOBAHUSA U
MOJIEIUPOBAHHS.

Cocrapistomas — pa3padaTblBaéMOH  CUCTEMBI
MOJIEPKKU NPUHATUS PEUIEHHMH KOHCTPYKTOPCKOM
HOATOTOBKH IIPOU3BOJCTBA, Pealu3yonias GyHKIUH
PDM - cucteMmsl, BBINOIHAET YIPaBIE€HHE JAHHBIMU
00 SJIEKTPOHHBIX amlmapaTax, BKIIOYas MOJEIHPO-
BaHUE DJIEKTPOHHOTO ammapara Kak 0oObeKTa KOH-
CTPYKTOPCKOM MOATOTOBKM IIPOM3BOJCTBA M YIpaB-
JIEHH€ KOMIIOHOBKOM 3JIEKTPOHHOTO aINapaTa.

Oynkin MES — cucteMsl B pa3pabaTbiBaeMOit
cUCTeME MOJIEPKKU NPUHSTUS PEIIEHUH KOHCTPYK-
TOPCKOH IIOJArOTOBKM IPOM3BOJICTBA 3JIEKTPOHHBIX
anmnaparoB IPEANONaraloT BbIIOJHEHUE ONEPATUB-
HOT'O YIIPaBJICHHUS KOHCTPYKTOPCKOM IMOATOTOBKOW
IIPOU3BOJCTBA JJIEKTPOHHBIX AlIapaToB Ha OCHOBA-
HUM FEHEPUPYEMBIX CHCTEMOH NOIAEPXKKU IPHHS-
THs PEIleHUH CLIEHapUeB YIPABIEHUs, pealu3ylo-
MIMX ONTHMAJIbHBIE COJEP>KaHHE M IOCIEN0BATEND-
HOCTH OIepaluii KOMIOHOBKHU IIPU YCIIOBUH COOJIIO-
JeHus ycnoBus 3GQEKTUBHOCTU YIPABJIEHUS KOH-
CTPYKTOPCKOH MOJIrOTOBKO IPOU3BOJICTBA B LIEJIOM.

Cocrapisiomas  pa3pabaTelBaéMOH  CHCTEMEI
HNOJJIEPKKH TPUHATUS PEIIEHUH KOHCTPYKTOPCKOM
MOATOTOBKH MPOM3BOJICTBA, PeaH3yomas (yHKIHI
ERP — cucremsl, opranusyeT B3aUMOOTHOIICHUS C
3aKa34UKOM KOMIIAaHMU-IPOU3BOAUTENA DJIEKTPOH-
HBIX allllapaToB, YIpaBJICHUE pa3padaTbBA€MbIMU
IPOEKTaMH M OIpENeNseT AOMYCTUMYIO BEIMYHHY
3(p(EKTUBHOCTH  YNpaBIEHUA KOHCTPYKTOPCKOIi
HNOJTrOTOBKOM NPOU3BOJCTBA 3JEKTPOHHBIX ammapa-
TOB, KOTOpas MO3BOJIUT KOMIIAHUM BBITYCTUTH KOH-
KypPEHTOCIIOCOOHOE H3JENUE, COXPaHUTb PBHIHKU
cOBITa M MOJYYUTh HPHOBUIL NPH MUHHUMATBHBIX
MaTepUalbHBIX 3aTpaTax Ha MPOU3BOJCTBO OIBITHO-
ro o0pasiia u3enus.

PaspabateiBacMasl cucTeMa MOJAEPKKU HPHUHS-
TUSL PELIEHUH KOHCTPYKTOPCKOH HOATOTOBKU IPO-
U3BOJICTBA JJIEKTPOHHBIX AINapaToB IPeaIojaraeT
oO0belMHEHHE U aKTUBHOE B3auMOJEHCTBUE (YHK-
LU paccMaTPUBAEMbIX CHCTEM C LIEIbIO JOCTHXKE-
HUs TpeOyeMbIX CBOWCTB, KauecTBa, HaJeXKHOCTH,
PE30HAHCHOH U BUOPAIIMOHHON yCTOHUMBOCTH JJIEK-
TPOHHBIX AaNlapaToB HpPU YCIOBUM MHHUMU3ALUH
MaTepUabHO-TEXHUYECKUX 3aTpaT Ha IPOU3BOJ-

20



Bwarapcko crucanue 3a HHKEHEPHO MIPOoeKTUpaHe, Opoit 24, okroMspu 2014r.

CTBO, IOCTHKEHHE 3KOHOMMHU CPEJCTB, 3aTpauMBae-
MBIX Ha IEPENOArOTOBKY U IOBBINICHHE KBaIH(u-

KallMM TIepCOHaNa, 3aTpaT Ha KOHCYJbTAI[HOHHBIC
YCIIyTH 9KCIIEPTOB U T.JI.

JlaHHbIe 00 2JIEKTPOHHBIX armapaTax

W3menenus

®ynkuun PDM - cucremsbl

VrpapieHne 1aHHBIMU 00

JIaHHbIE O KIHEHTAX ®ynxuuu ERP - cucrembl

Ioprdens 3akazo

VipasneHue pecypcamu

DJICKTPOHHBIX arnmnaparax

IMozaennpoBaHue 3JEKTPOHHBIX
AIIIIapaTOB U COCTABILSIOLINX
[IpoBeneHne SKCHEPUMCHTAID-]

[HBIX MCCIEHOBAaHUS O HEU3-
BECTHBIM ITapaMeTpam

Y ipaBiieHHEe KOMIIOHOBKOH
PIICKTPOHHBIX aIlapaToB
[YipaBieHne KOMIOHOBKON
[THITOBBIX JIEMEHTOB 3aMEHBI
IBEIGOp THIIOB U ITApaMETPOB
cricTeM BHOPOM30ISIIIUK

Cucrema noyiep>KKu MPUHATUS
peleHui KOHCTPYKTOPCKOM
MOATOTOBKH IIPOM3BOJICTBA

2JIEKTPOHHBIX aNmapaToB

|YnpaBieHne B3auMOOTHOLIE-
HHSMH C 3aKa34UKaMU
[lnanupoBaHue MOKa3aTeNeH

lynpasnenust KIIIT
Onpenenenne u ucciaej0BaHue
PddexTuBHOCTH ynpaBieHUs.
IKTTIT

[YnpaBieHue npoekramu

®yukuun MES - cucrembl

[Tnanet

Texuuueckas JOKYMCH-
Tauust

OnepaTiBHOE YIpaBJieHHE
KIIIT DA

JlaHHBIE O MpeenbHOM

JlanHble 00 DA
M3menenus

OrnepaTHBHBIE JAHHBIE O
KOHCTPYKTOPCKOH Moj-
TOTOBKE IPOM3BOJICTBA

IKITIT DA

[DopMupoBaHUe MOCIEN0Ba-
[TeIBHOCTH U COJIEPIKAHHS
CLICHAPHH) YIPABIISIOIINX
Bo3aeicTeuii KIIIL.
KonTtpoins obecrieuenus »¢-
DA (heKTUBHOCTH YIpaBIICHHUS A

Ylucnierunponanue KIIIT

3HAYCHUHU P PEKTUBHO-
CTH YIIPaBJICHHS

OrnepaTHBHbIC JAHHBIC
00 ympaBiIsIOMINX BO3-
JIEHCTBUSAX KOMIIOHOBKH

pnc.l KOHHeHTyaJIBHaS[ MOJ€CJIb aBTOMAaTU3UPOBAHHOI'O YIIPABJIICHUA KOHCprKTOpCKOfI MOATOTOBKH ITPOU3-
BOJZICTBA 3JICKTPOHHBIX aIlrapaToB

CucreMa MOIICP)KKU TIPHHSATUS PEIICHUH KOH-
CTPYKTOPCKO# TIOATOTOBKOM MPOM3BOICTBA JJICK-
TPOHHBIX aNmnapaToB IPEANOJaracT BbIIIOJIHCHUEC
GyHKIME MOJETUPOBaHHs IEKTPOHHOTO armapara
C YUYC€TOM HA3HAYCHHUA U NpeAnojaraéMbiX yCJ'[OBHﬁ
9KCIUTyaTalliy C LEIbI0 MOIyYeHUsT MHOXKECTBa (-
(EeKTUBHBIX DPEIICHUH M0 YNPaBIEHHIO KOMIIOHOB-
KOH SJIEKTPOHHOTO ammapaTa sl JOCTHKEHHUs Tpe-
OyeMbIX MapaMeTpoB KadyecTBa, HAJICKHOCTH, BHO-
palMOHHOW ¥ PE30HAHCHOH YCTOWMYMBOCTH JIIEK-
TPOHHBIX ammaparoB. Peanu3anus mogoOHOH KOM-
MIOHOBKM BO3MOJKHA ITyTEM YIPABISIONIMX BO3ICH-
CTBUI KOHCTPYKTOPCKOW MOATOTOBKH IPOHU3BOJ-
CTBa, O0ECMEUUBAIOIINX TOCTHKCHHE IKOHOMHYE-
CKO I1e7IeCO00PA3HOCTU TPOM3BOACTBA OIBITHOTO
obpa3uia wu3zenusi, MCKIIOYECHHE HCIBITAHUMA, BO3-
BPAaTOB Ha J0PabOTKy M3/CIHs, COKPAICHHE BpeMe-
HU, MaTePUAIBbHBIX 3aTPaT Ha MPOM3BOACTBO U (Hop-

MaJM3alvy 3HaHUH U OIBITA SKCIEPTOB.

B konnenrtyaneHOW MOAENM aBTOMAaTHU3UPOBAH-
HOTO YINpPaBJIE€HUS KOHCTPYKTOPCKOM MOATOTOBKOM
MPOU3BOJCTBA JIEKTPOHHBIX ANIapaTOB BBIACICHBI
CJICAYIOIINE OCHOBHBIC CYIIHOCTH: 3(EKTHBHOCTD
YIpaBIIeHUs KOHCTPYKTOPCKOW ITOATOTOBKOW IpoO-
W3BOJICTBA, 3JIEKTPOHHBINA ammapar, THIIOBOH 3iie-
MEHT 3aMeHbl. KaXIplil THIT CYIITHOCTH IIPH TIOCTPO-
€HMH KOHIETITYyalbHOW MOJENH NPEICTABISETCS B
BUJI€ OTJICJIFHOTO MPSAMOYTOJIbHUKA C HMEHEM BHYT-
pH, IpUYeM 3aBUCUMBIE THUIBI CYIIHOCTEH H300pa-
JKAIOTCSl B JIBOMHOW pamke. ATpUOYTHI CyHIHOCTEH
MPEACTABIISIOTCSA B BUJE 3JUIMIICOB C Ha3BaHHEM art-
puOYTOB, COCIMHEHHBIX CIUIOLIHON JIMHUEH C COOT-
BETCTBYIOIIEH CYIIHOCTHIO (WM OTHOIICHHUEM).
Kaxnaplii THII OTHOILIICHHUS TIOKa3aH B BUIE pomba C
Ha3BaHHEM OTHOLIeHWs BHYTpU. [Ipuuem pomO
OKpY>KaeTcsl IBOMHOM JTMHUEH, eCTH OTHOIIEHHE 3a-
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JAHO MEXy 3aBUCHMBIM TUIIOM CYILIHOCTH, OT CY-
IIECTBOBAHMSI KOTOPOIl OH HAaXOAUTCS B 3aBUCHMO-
ctu. OTAenbHBIE 3JIEMEHTHl AUArpaMMBbl COEIHUHS-
JOTCSl CIUIOUIHBIMHU JIMHUSIMH (ZE€TepMHHUPOBAHHAS
MIOCTAaHOBKA 3a/1a4M YIIPABJIEHUS KOHCTPYKTOPCKOM
MIOJITOTOBKOM MPOU3BOJICTBA 3JIEKTPOHHBIX arapa-
TOB) WJIN IIYHKTHPHBIMHU JIMHUAMH (CTOXacTHYECKas
[IOCTAaHOBKA 3a/lauu YIpaBieHus)). Tak Kak CBSI3H
(OTHOIIEHHUSI) COOTBETCTBYIOIINX THIIOB CYIIHOCTEH
HE SBJIAIOTCA OMHAPHBIMU, II03TOMY OHH COEIUHEHBI
HEHANpPaBJIECHHBIMU PeOpaMU.

KonnenryansHas  Moaens  3¢dexTuBHOCTH
YIpaBJIeHUsI KOHCTPYKTOPCKOM IOATOTOBKOI Ipo-

U3BOJICTBA JJIEKTPOHHOTO alfapara IpHBEJeHa Ha
puc. 2. Ha puc. 2 He moka3zaHbl aTpuOyTHl CYIIHO-
CTell, Tak Kak MMeeM [eJ0 C YIpPaBICHHEM KOH-
CTPYKTOPCKOH IIOArOTOBKOM IIPOM3BOJCTBA 3IIEK-
TPOHHOIO annapara, B KOTOPOM BBIAEIEHO HECKOIIb-
KO YpOBHEH OpraHM3alUM, KaXIblii M3 KOTOPBIX
BKJIIOYAET 3JIEMEHTHl U3 Pa3HbIX YPOBHEH, 103TOMY
JeTalbHO OTHOLIECHHS IOSCHEHBI B OIMMCAHUM KOH-
LENTyalbHOH MOJENU CUCTEMBI HOANCPKKMU HMPUHSA-
TUS pELLICHUH.

MosiBneHne [ononHu-
TenbHoi «netnny B KMM

aTpaThl HA a/lanTalul
CLIEHApUEB YIy4LICHUS Ma-
PaMETPOB U KOMIIOHOBKH

3atpatbl Ha 0by4ye-
HWe nepcoHana

OU3BOJIMMBIX M3JIeJ1

DONNbLUNE 3KOHO-

CToxacTuyeckoe pac- mMuyeckmue 33TpaTb|
npenenexne ynpas- 3koHOMUYecKkue ’
ALWKMX BO3OEUCTBUN

& kNN N3OEPXKKM

OKoHOMUYeckue
BbIroabl

KOHOMUSI CPeAc
3a CYeT UCKITIYEHNS!
oTOpaKkoBOK

[locTmxeHne 605
Lue Nponssoamn-
TenbHOCTU

Vcnonb3oBaHne
TUMNOBBIX PELLIEHWIA
N KOHCTPYKTUBOB

dopmanusaums
3HaHWI 1 onbiTa
9KCMepToB

pou3BOACTBO W
[envin c BbICOKON
HafeXHOCTbIO

P PEeKTUBHOCTE

YnpasneHyeckune

BbIrogbl |

MpuBnevyexune ps-
[0BOro nepcoHana

Wcnonb3oBaHve eanHO=
ro cueHapus ansa Krr
pasnnyHbIx 06bEKTOB

HeobxoaumocTb
npuBreYeHus

©06X0AMMOCTb 3aAeNCTB

BaTb GONbLIOE KOMUYECTBO
npeanpusTUiA Ans c6opa cTa
TUCTUKK

HeobxoammocTb cornacosa-
HUA BblAaBaeMbIX cuctemon
ekoMeHAauuii ¢ npeanona.
raemon KMM

puc.2 KonnenryansHast Moaens 3G GEeKTHBHOCTH YIPaBIeHHs KOHCTPYKTOPCKOH IMTOJTOTOBKOH MPOU3BOICTBA
9JIEKTPOHHOTO armapaTa

31ech ciieayer OTMETHUTh, YTO Ul YIPAaBICHHS
KOHCTPYKTOPCKOW  ITOJrOTOBKOH  HPOM3BOJCTBA
3JIEKTPOHHOTO arlnapara paccMaTpUBAIOTCA TEXHU-
KO-3KOHOMHMYECKHE MOKa3aTeau YyIpasieHus (3¢-
(eKTHBHOCTh YNpaBJIEHHS) M CTOXAaCTHYECKU pac-
NpeJieJICHHbIE BBIOOPKM  YNPAaBISIOIIUX BO3/CH-
CTBUH, HOAEJICHHBIE HA OOYYaloOLIyl0 M IPOBEPOU-
HyI0 17151 (hopMali3aliiy Ipolecca ynpaBieHHs.

[Iponecc ynpaBiaeHUs] KOHCTPYKTOPCKOW IOJrO-
TOBKOH IPOM3BOJCTBA 3JIEKTPOHHBIX aIIapaToB
10JIpa3yMeBaeT BBIIIOJHEHHUE OINpEee/ICHHON Tocie-
JIOBAaTEJIbHOCTH U COZAEPKaHUS YNPABIAIOUIUX BO3-
JEHCTBHUH, HANpaBJICHHBIX KaK Ha KOMIIOHOBKY
JNIEKTPOHHOTO ~ ammapara, TaKk W OIEPaTHBHOE
yIOpaBJIeHHE MEPCOHATIOM M PecypcaMu Ipeanpus-

tus. Ilpudem, Kak OO COBPEMEHHBIX (GUpM-
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HpOU3BOAUTENIEH OBITOBOH AIEKTPOHHOI TEXHUKH,
TaK 1 JJI1 HAy4YHO-TIPOU3BOACTBCHHBIX HpeﬂHpI/IHTI/Iﬁ
CaMoJIETO- M PaKeTOCTPOEHHUS, IPOLIECC YIPaBICHHs
KOHCTPYKTOPCKOH ~ TTOATOTOBKOW  TPOHM3BOJCTBA
OIIBITHOTO O0pa3ma W3IeNus HMeeT OIUHAKOBYIO
MIpOLEeNypy, ONHMPAIOIIYIOCS Ha CyOBEKTHBHBIE
TIpEJCTaBJICHHs U HAaBBIKK IEPCOHANA B IaHHOM 00-
JIacTH.

C nomouipio paspabaTbiBaeMOW CHCTEMBI MOJ-
JEPKKH MPUHATHS PELICHUN KOHCTPYKTOPCKOU IO~
TOTOBKM IIPOMU3BOJCTBA 3JIEKTPOHHBIX aMIapaToB
pELIaoTCsl HECTPYKTYPUPOBAHHBIE U CIA00CTPYKTY-
PUpOBaHHbIE MHOTOKpUTEpHUAlbHBIE 3agaud. Pere-
HHC pacCMaTPUBAECMBIX MHOTOKPUTEPUATIBHBIX 3a1a4
IO3BOJIMT HC TOJBKO ITIOBBICUTH KAa4y€CTBO, HaAIACK-
HOCTh, PE30HAHCHYI0O M BHOPAIMOHHYIO YCTOWYH-
BOCTh ICKTPOHHBIX anmnapaTtoB, HO U 0OecIeduTh
9KOHOMHYECKYIO IIeJeCO00pa3HOCTh IMPOHU3BOJICTBA
OMBITHOTO 00pa3sla W3AeHs, MCKIIOYUTh HCIIbITa-

®yHKuun PDM - cuctembl
YnpaeneHnne gaHHbIM1 06
3NEKTPOHHbIX annaparax

<> Basz paron |

®yHKkuun ERP - cuctemsbi
YnpaBneHue pecypcamm

HHSI, BO3BPaThl Ha JOPabOTKY M3MeNMHs, COKPaTHTh
BpeMsl, MaTepUaJIbHbIC 3aTPaThl HA IIPOU3BOJCTBO H
(opManu30BaTh 3HAHUS U OIBIT SKCIIEPTOB.

Cxema MHTerpanuu pa3pabaTblBa€MON CHUCTEMBI
TMOANEPKKH TPHHATHS pelIeHni B exmHOE HHDOP-
MalMOHHOE IIPOCTPAHCTBO KOHCTPYKTOPCKOH IIOJ-
TOTOBKH IIPOM3BOJCTBA JIIEKTPOHHBIX aIllapaToB
IpUBE/ICHA Ha pucC. 3.

Wnrerpanust paspabaTsiBaeéMOil CHCTEMBI IOJ-
JICPKKU TIPUHATHS PEIIeHUH JOCTUIaeTCsl BBIOIHE-
HUeM psiga (QYHKIHH CHCTEM IIPOM3BOJCTBA K-
TPOHHBIX aNllapaToB, NPEJICTaBISIOUINX PE3YJIbTATHI
MOJyJIMPOBaHUs], KOMIOHOBKH U YIpPAaBJIE€HHUsA KOH-
CTPYKTOPCKOIl NMOATrOTOBKOM NpPOM3BOJCTBA B BUIE
JAHHBIX, MEXaHU3MOB OOpabOTKU JaHHBIX W IOIY-
YeHHs 3HAHUM, COCTAaBILIOIIUX 0a3y 3HAHUM cuCTe-
MBI IOAJEPKKH IPUHATHUS PELIECHUI.

Mogenuposaxue n
KOMMoHoBKa QA

()

VcecneposaHue acbdekTns-

<—>| basa gaHHbIX

HocTu ynpasnexus KM

®yHkummn MES - cuctemsl
OnepaTtuBHOe ynpaBneHvne
KM

KOHCTpYKTOpCKasi NOAroToBKa npousa-
BO/ICTBA 3MEKTPOHHLIX annapaTtos

Basa 3Hanum CIIMP

leHepauus cLueHapues

<—>| basa gaHHbIX

ynpasnexus Kl

puc.3 CxeMma HUHTETpaliui CUCTEMBI NOAACPIKKU IIPUHATUA pemel—mﬁ KOHCprKTOpCKOﬁ MOATOTOBKH ITPOU3-
BOACTBA DJICKTPOHHBIX aIlrapaToB

[IpuHnunuanbHas cxema pa3pabarbiBacMoOil Cu-
CTEMBI TOJICP)KKN IPHHATHS PEIICHUH KOHCTPYK-
TOPCKOH TOATOTOBKH IIPOM3BOJCTBA 3JIEKTPOHHBIX
anmaparoB, OTPaXarollas YNPaBIeHHE KOMIOHOB-
KO DJIEKTPOHHBIX aNlapaTtoB W JOCTIKEHHE 3¢-
(EeKTUBHOCTH YNPaBICHNS KOHCTPYKTOPCKOH IIOJ-
TOTOBKOHM TPOM3BOJACTBA JJIEKTPOHHBIX AaMIapaToB
npuBezeHa B padore [5, 26]. Yrpasisromee Bo3aeH-
CTBHE Ha MPOLECC KOHCTPYKTOPCKOHW MOATOTOBKH
MPOU3BOJICTBA IOCTYMAeT HW3BHE, B YAaCTHOCTH OT
JiMIa MPUHUMAIOIECro pPeuiCeHUue, Jist YTBEPIKIACHUS
MpeylaraeMpIX CIIEHapUeB YIPAaBIISIONIMX BO3ZCH-

CTBUIl KOMIIOHOBKH BJICKTPOHHOTO arapara, COOT-
BETCTBYIOILIMX YCJIOBUIO 3(Q(PEKTUBHOCTH YyIpaBlie-
HHSI KOHCTPYKTOPCKOW MOATOTOBKOM MPOM3BOJCTBA.
B npuHUMIHANBEHOW CXeMe MpeIyCMOTPEH TaKKe
BapHaHT WCIIOJb30BaHUS pa3pabaThiBaeMoil CHCTe-
MBI TOAACPKKU HPHHSITHS PEILCHHUIM TSl MOICIAPO-
BaHUs 3JIEKTPOHHBIX AlapaToOB PA3IMYHOrO Ha3Ha-
YEHHs M YCJIOBHH dKCIUTyaTAl[MU C UCIIONb30BAHUEM
SKCIICPUMEHTAJIBHOM YCTAHOBKHU JUISL UCCIICIOBAHUS
HEJOCTAIONIMX MapaMETPOB WIIH JOMOJIHUTEIBHOTO
HCCIICZIOBAHMS JJICKTPOHHOTO anmapara M COCTaB-
JISTFOLIAX.
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CyIecTByeT MHOXKECTBO XapaKTEPUCTHUK KOH-
CTPYKTOPCKOHM TOATOTOBKH MPOU3BOJICTBA C OJHOM
CTOPOHBI, C JPYrOH CTOPOHBI CYLIECTBYET MHOXE-
CTBO TIOHSTHH, XapaKTepU3YIOIUX 3PPEKTUBHOCTD
YIpaBIeHAS KOHCTPYKTOPCKOW MOATOTOBKOHM IIPO-
W3BOJICTBA, HANpPUMEpP, PEHTA0EIbHOCTh, MPUOBLIB,
panoHasHOCTh [33] 1 T.1. YCIIOBHO, C TOYKH 3pe-
HUSI CUCTEMHOTO 1T0J1X0/1a, B 3)(EKTUBHOCTH JH000-
ro mpolecca YHPaBJICHHS BBIICISIIOT SKOHOMHYE-
CKYI0 W YIPaBIICHYECKYIO COCTaBIIAIOLINE, UX Olle-
HUBAIOT PA3JIMYHBIMH METO/IaMH U ONIPEIEISIOT pa3-
JIMYHBIME MeTonuKamu. [l paccMaTtpuBaeMoi 3a-
Jauydl YOpaBJIEHHS KOHCTPYKTOPCKOW MOATOTOBKOM
MIPOM3BOJICTBA AJICKTPOHHBIX aNMapaToB HauOOIb-
LIMHA UHTEPEC MPEICTABISICT JOMYCTUMAsT BEINYMHA
3¢ PEeKTUBHOCTH YNpaBieHHs, Onaromaps KOTOPOit
MOXXHO OLEHHTHh B KaKHX CIydasX HMEEeT CMBICIT
(BBIMTPBILI, TPEUMYIIECTBO) MPUMEHSATh BHOCHMEIE
H3MEHEHUs B CYIIECTBYIOIINHA MPOLECC YIPaBIeHNMS,
a B KakuX CIIe/I0BaTh CYIIECTBYIOIIEH MPOBEPEHHOM
cxeme (Meronmuke) ympasieHUS. OPQPEeKTUBHOCTD
ynpasneHus: AupGepeHInupyercsi B 3aBUCHMOCTH OT
Ha3HAYCHUS W YCJIOBHH OKCIUTyaTallud OOBEKTOB
KOHCTPYKTOPCKOH IMOATOTOBKH ITPOM3BOICTBA.

CyIecTByeT MHOXECTBO KPUTEPHUEB OLICHKH
3¢ GEKTUBHOCTH YIPABJICHHS, MOCTPOCHHBIX Ha OC-
HOBaHMHM METOJIOB aHanm3a curyamuid [40-44],
OIIpe/IeNICHUS] IPHOPUTETHOCTH COOBITHH M ONTUMH-
3aMu uX rnocienosarensHocty [18, 22 - 30], ompo-
ca IKCIIEPTOB U 0OPAOOTKM CTATUCTHYECKUX JAHHBIX
[19, 26]. PaccmaTpuBas ¢ TOUKH 3pEHHS TEOPHH Be-
POATHOCTH, BO3MOKHbIE ITPUOPHUTETHI paccMaTpUBa-
€MBIX aJbTePHATUB, OTOXIECTBISIEM IOCIEIHHE C
BEpOSITHOCTSAIMH  BbIOOpa anbTepHatuB [33, 35].
IMpuoputers! (akTOpoB, BIUAIOIIUX Ha PEHTUHT
IbTEPHATUB, CYHUTAEM BEPOSITHOCTSIMU THUIOTES.
IIpu TakoM momxozae cnoco0 BBIYMUCICHHS MPHOPH-
TETOB AIBTEPHATHB aHAJIOTHUYEH IMPHMEHEHHIO (op-
MyJIbl TOTHOH BeposTHocTH. IIpu pabore ¢ Moxens-
MU, YYUTHIBAIOIIMMHM HaJIW4ue OOpaTHBIX CBS3EH,
yCTaHaBIMBaeM MHOTOYHCIICHHBIE TEPMHUHOJIOTHIE-
CKHE M HJICOJIOTHIECKHE COOTBETCTBHS MEXKIY Me-
ToIOM aHanmu3a uepapxuit [32 - 37] u MapKOBCKUMU
CIIy4aiiHBIMHU IPOIIECCAMHU C TUCKPETHBIM HabOpOM
COCTOSIHMI M IUCKPETHBIM BpeMeHeM (MapKOBCKHMH
LEMSIMA).

CTpyKTypa CHTyallid TPUHATHS pELICHUS
MIpeJICTaBIISIeTCS B METO/IE aHAIM3a HepapXUil B BUTIE
HampaBineHHoro rpada [9, 15-24]. V3namu rpada

CIIy)KaT: albTEePHATHBBI, TJaBHBIA KPUTEPHHA ycCTa-
HOBJICHUS PEUTHHIOB MCCIIEAYyEMbIX albTEpHATUB,
(akTOpBI, BIUAIOIINE HA PEHTHHT anbTepHaTuB [39].
HampaBneHHbIME ayramu rpada sBISTIOTCS CBS3H,
YKa3bIBAIOIME HA BIMAHHS OJHUX Yy3JIOB, HA IPHO-
PHUTETHI JPYTHX y3710B. Pacuersl pedTHHIOB, IPOBO-
JMMBbIe B METO/Ie aHalu3a uepapxuii [6-17, 22], ma-
TEMAaTUYECKH OCHOBBIBAIOTCS HAa METO/aX pacyeToB
COOCTBEHHBIX BEKTOPOB JJIsl HEOTPULIATEIBHBIX (U B
YaCTHOCTH, JJIsI CTOXAacTHYeCKHx) Marpui [2, 35,
40]. TexHOMOrUM MPUHATHSA PELIEHUS C MOMOLIbIO
9KCIIEPTHBIX CHCTEM, OCHOBAHHBIX Ha 0ailecOBCKOM
Coco0e JIOTHYECKOTO BBIBOJIA, SIBJISIOTCS YaCTHBIM
CllyyaeM NPHUMEHEHHS METOoJla aHajh3a HepapXuil.
PykoBonACTBYSICH ~ HMAEONOTHEH  HMCKYCCTBEHHBIX
HeHpoHHBIX ceTeit [2 -14, 31], B wacTHOCTH pemas
oOpaTHyI0 3ajady,B METOJE aHalu3a Hepapxui,
HMMEHHO 1O croco0y pelieHus U IMpoBeleHHue IMpo-
Leyphl COTJIaCOBAaHUS CYXIEHHH, HMEHHO 3TH 3a-
Jlau¥l aHAJIOTHYHBI 00y4YeHHI0 HeHpOHHOU ceTH [29].

Mopenu, CTposuecss B METOAE aHaIu3a
uepapxuil, UIMEIOT KJIaCcTepHyIo CTpyKTypy [16-20].
Knacrepsl, ABIAIOTCS 37€MEHTapHBIMU HepapXuye-
CKHUMHU CTPYKTypamu. B mpenenax xjiacTepoB MeTOJ
onepupyer MOHATHEM BekTopa npuopureros. [Ipu
COEIMHEHUH KJIACTEPOB B CUCTEMY PEUTHHI allbTep-
HaTUB KOHCTPYHPYETCSI Ha OCHOBE BEKTOPOB IPHO-
pUTETOB B OTHENBHBIX Kiactepax [34]. CrmoxxHbIe
MOJIENIM  YacTO JEMOHCTPHUPYIOT —«royorpaduye-
ckuit» s dexr [16, 42]. Jlaxxe npu yaaaeHUH 4acTu
CTPYKTYPBI UTOTOBBI PEHTHHI B 1I€JIOM COXpaHseT-
CsL.

B pamkax Mmerona aHanm3a Hepapxuil ocy-
miecTBIsieTcs (hopMaau3anus npaBui s HGopMHupO-
BaHMsI CTPYKTYPBI MOJICNIU NIPUHATHS PEIIeHUs. DTO
SBJSICTCSL OTPAXKCHUEM pEajlbHOM CHUTYAIlMH MPHHS-
THSI pelIeHHs], TIOCKOJIBKY BCerja AJIsi OJHOM M TOH
JKe TIPOOTIeMBI UMEeTCs TIeJbIH CIeKTp MHEHHU. Me-
TOJ TO3BOJISIET y4YECTh 3TO OOCTOATENHCTBO C MO-
MOIIbIO TIOCTPOEHHS IOTIOJHUTEILHON MOJETH IS
COTJIaCOBAHUS PA3JIMYHBIX MHEHHH, IMOCPEICTBOM
ompenenennus ux mpuopuretoB [3, 18-32]. Takxum
00pa3oM, METOJ IO3BOJISIET YYHUTHIBATh «4eJIOBeve-
CKHi1 pakTop» MpU MOATOTOBKE MPUHATHS PELICHUS.
3TO 0JJHO M3 BaXHBIX JIOCTOMHCTB JaHHOI'O METO/A
nepes IpyruMu METOIaMH PUHSTHS PEILICHUH.

DopMUPOBAHUE CTPYKTYpPbl MOJENU TNPHUHATHA
pellIeHHs] B METOJe aHalIM3a HepapXHil TOCTaTOYHO
TpyaoeMkuii npouecc. OIHAKO B UTOTE yJIaeTcs I0-
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JIy4YUTb JETAIBHOE IIPEACTaBIEHUE O TOM, Kak
UMEHHO B3aUMOJICHCTBYIOT (DaKTOPbI, BIMSIONINE Ha
MPUOPUTETHl AJIBTEPHATHBHBIX PpEIIEeHUH, M caMu
pemrenusi. dopMupoBaHUe PEHTHHIOB BO3MOXKHBIX
peleHnii W PEWTHHTOB, OTPAXKAIOUINX Ba)XKHOCTH
(akTopos, npuseaeHo B [24]. [Ipoueayps! pacyeToB
PEHTHHIOB B METOJIE aHAJIN3a UEPAPXHUHA JOCTaTOYHO
MIPOCTHI, YTO BBIFOJAHO OTJIMYACT JAHHBIH METOZ OT
JPYTUX METOJIOB IPHHATHS PELICHUH.

CO60p MaHHBIX A MOAJEPIKKU IIPUHATHA pe-
MIEHUS. OCYLIECTBISAETCA C IIOMOIIBIO IPOLEXYPHI
HapHBIX cpaBHEHUH. IIpu 3TOM BO3HHMKaeT HEOOXO-
JUMOCTh IEPECMOTPa JAaHHBIX AT MUHUMU3ALUU
npotuBopeunid. Ilpouenypa mapHbeIX CpaBHEHHH U
Ipolecc MepecMOTpa PEe3yIbTaTOB CPAaBHEHHMH I
MUHHMU3aIUN HpOTI/IBOpe‘H/Iﬁ ABJIAIOTCSA TPYAOEM-
kuMu. OJTHaKO B UTOTE JIMIO, MPUHUMAIOIIEE pellie-
HHUE, NMpHOOpeTaeT yBEPEeHHOCTb, YTO HCIOJIb3YIO-
LIMecs JaHHbIE ABISIOTCS BIOJHE a/JeKBATHBIMH M
COI'JTaCOBaHHBIMU.

OO0o0CHOBaHUEM IPUMEHEHUS METOJA aHAIU3a
uepapxuil  ansg  uccienoBaHus  3(QdexkTHBHOCTU
yIpaBlleHUs: KOHCTPYKTOPCKOH IOArOTOBKOM Ipo-
U3BOACTBA JIICKTPOHHBIX AaNIapaToB CIYXKUT TOT
(axT, 4TO HE MOXET OBITh OOBEKTHBHBIX JAHHBIX B
paccMaTpHBaeMON CUTyaIluu BEIOOpa alnbTePHATHBBI
yIpaBleHUsI U3 BO3MOXKHBIX CTpaTEeTHH, a BeyIIHu-
MH MOTHUBaMM Il TPHUHATHUS PELICHUS SBIAIOTCA
npeanoutenus Joaei. IIpu sTom mpouenypa map-
HBIX CPaBHEHMH [uIs cO0opa JaHHBIX NPAKTHYECKU HE
HUMeeT JOCTOMHBIX anbTepHaTUB. Ecnu i pemenus
paccMaTpuBaeMoi 3agauu cOOp JaHHBIX ObLT IPO-
BEJIEH C ITOMOILIO OIBITHBIX AKCIIEPTOB U B JAHHBIX
HET CYLIECTBEHHBIX IIPOTUBOPEUHH, TO KAUECTBO Ta-
KUX NAaHHBIXTIPU3HAEM YIOBJICTBOPUTCIIBHBIM. Cxe-
Ma IOpUMEHEHMs METOJa aHalu3a Uepapxuil He 3a-
BUCUT OT c(epbl AESITENLHOCTH, B KOTOPOH MPUHU-
MAaeTcsl pelieHHe, II03TOMY METOJ SIBJISIETCS] YHUBEp-
CaJbHBIM, €ro IPUMEHEHHE MO03BOJIAET Pa3paboTaTh
cUcTeMy MOICPIKKU MPHHATHS PELICHUH.

PaboTa 1m0 mMOArOTOBKE NPHHATHS PpEIICHUI
ABJISIETCS. JTOCTATOYHO TPYAOEMKOM, IO3TOMY MO-
JIeNlb, COCTABJICHHAsl C IIOMOIIbI0 METO/a aHallu3a
uepapxuid, Bcerza MMeeT KIACTEPHYIO CTPYKTYpy.
IIpumenenne MeTona MO3BOJSAET Pa3OUTh OOJIBIIYIO
3ajady, Ha pPsAJ MajlblX CaMOCTOSTENbHBIX 3ajau.
bnarogapst ’ToMy A7l HOATOTOBKU NPUHATHSA pellie-
HUA OBUIM MPUBIEYEHBI SKCIEPTHI, paboTarolue
HE3aBUCUMO JIpYT OT Jpyra HaJ JIOKaJIbHBIMU 3a7a-

yaMu. OKCIEpThl HHYEro HEe 3HaIM O XapakTepe
NPUHAMAEMOT0 PEIICHHUS, YTO OTYACTH CIIOCOOCTBY-
€T JOCTH)KCHHIO OOBEKTHBHOCTH CyXacHHH. B
YaCTHOCTH, OJarofapst 3TOMy yAaeTcs COXPaHUTb B
TaifHe MHOPMALIUIO O TOATOTOBKE PEIICHUSL.

Meron naer croco0 peHTHHTrOBaHUS albTEepHa-
TUB, T.C. CUHTAETCS, YTO YEJIOBEK, MPUHHMAIOIIUI
pelieHne, 3Has PEHTHHTI BO3MOXHBIX pEIICHHUH,
JIOJDKEH B 3aBHCHUMOCTH OT CHUTYallMM CaM CleNaTh
BbIBOJ. J[aHHBIM METON CIYXXHUT HaJICTPOUKOH JUIsS
JPYTrdX METOJOB, NPU3BAHHBIX PELIUTL PacCMaTpH-
BacMyI0 HEIOCTAaTOYHO (HOPMAaIM30BAHHYIO 337134y,
rie OoJee afeKBaTHO MOAXOST YEIOBEYCCKHE OIIBIT
U MHTYUIMSA, HEXETU CIOXKHBIE MaTeMaTH4ecKue
pacdersl. MeTon naeT HeoOXoAUMBIE CpEICTBa yue-
Ta HKCIEPTHOW MHGOPMALUH ISl PEIICHUS ITOCTaB-
JIGHHON 3ajmaur. MeToa OTpa)kaeT eCTECTBEHHBIM
XOJl YeJIOBEYECKOTO MBIIUIEHHS M J1aeTr Oojee 00-
M TTO/IX0/, YeM MEeTOJ Jorndeckux uenei. OH na-
€T HE TOJIBKO CHOCO0 BBISBICHHS HauboJee npearo-
YTUTCJIBHOT'O PEIICHUSI, HO M TIIO3BOJIACT KOJIMYC-
CTBCHHO BBIPa3uTh CTCHEHb MNPCANIOYTUTCIBHOCTHU
MOCPEJICTBOM PEUTHHIOBaHUS. OTO CIIOCOOCTBYET
MIOJJHOMY U aJIeKBATHOMY BBISIBJIIEHHIO IIpeIIoYTe-
HUIl Juna, npuHUMaloniero pemenne. Kpome Toro,
OLIEHKa Mepbl NPOTUBOPEYMBOCTU HCIIOJIB30BAHHBIX
JTAaHHBIX TIO3BOJISIET YCTAHOBUTH CTEIEHb JOBEPHS K
MOJIy4E€HHOMY pe3yJbTaTy.

[IpumeHneHne MeTOa aHAM3a UEPAPXUH IS UC-
CIIEZIOBaHUSl B HESBHOM BHJE, B BHUJIE OLCHOK WU
NPUOPUTETOB BO3MOXHBIX aIbTEPHATUB VIS IPO-
1[ecca yNpaBiIeHUs KOHCTPYKTOPCKON IOITOTOBKOI
MPOM3BOACTBA 3JIEKTPOHHBIX aNlaparoB, 0a3upyro-
mieecsi Ha TPENCTABICHUSAX AKCIEPTOB, IMO3BOJISET
Ul K@KJI0TO TUIIA AJICKTPOHHOTI'O arnapara OLeHUTh
3¢ GEKTUBHOCTD YNPABICHUS, COCTOSIIYI0 U3 3KO-
HOMHMYECKHX W YNPaBIEHUYCCKUX NPHOBUICH M H3-
JIepKEK

BriOupaeM B KauecTBE JJIEMEHTOB KpPUTEPUS
KOMIIOHOBKM THIIOBOTO JJIEMEHTa 3aMEHBl OJJIeK-
TPOHHOTO armapara rnapameTpsl U (QyHKUUH, omnpe-
JICNICHHBIE C MTOMOIIBIO pa3pabOTaHHOTO MPOrpaMM-
HO-TEXHUYECKOI'0 KOMIUIEKCa JUIl MOIEIMPOBAHHS
MEXaHWYECKUX HArpy30K THUIIOBOTO JIEMEHTa 3aMe-
HBI DJIEKTPOHHOT'O amrapaTta W BHIABICHHBIE B XOJ€
SKCIIEPUMEHTANBHBIX HccaenoBanuit [5]. K Hum ot-
HECEHbI: aMIUINTYHO-4aCTOTHbIE XapaKTEPUCTUKU U
(dhopMbl  KOJIEOaHUH 3JIEKTPOPAAUOIIEMEHTOB, Iie-
YaTHBIX IUIAT ¥ TUIIOBBIX 2JIEMEHTOB 3aMEHBI, HAJIU-
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yue U mapamerpsl 3G QexTa pe3oHaHCHOTO B3aUMO-
JNEHCTBHUSL  3JCKTPOPAAMOIIEMEHTOB C IEYaTHOM
HHaTOﬁ, AMIIIUTY AHO-9aCTOTHBIC XapaKTCPUCTUKHU U
(hopmbI KoJIeOaHU THIIOBOTO 3JIEMEHTa 3aMEHBI JUIs
pa3NIMYHBIX BapUAHTOB 3aKPEIUICHHs MEeYaTHOM Iia-
ThI B THUIIOBOM 3JIEMEHTE 3aMeHbI (cM. puc. 1 - 4).
JIONOHUTENBHO TI0 BapUAHTY KOMIIOHOBKH THITOBO-
ro 3JIeMEHTa 3aMEHbl HEOOXOJMMO PaCCUUTaTh KO-
3¢ GUIMEHTHI: aKTUBHOM IIOIAAN AJIEMEHTa, COOT-
BETCTBHUS (PM3MYECKHUX U YCTAHOBOYHBIX APAMETPOB
JpyT Ipyry, aBTOHOMHOCTH aKTHBHOTO INapameTpa,
WCIOJIb30BAHMUS IJIOINA/IU TIAThl, KOHCTPYKTHBHOTO
COBEpLICHCTBA u3z1enus [5].

J7st moyueHust KpUTepHs: KOMIIOHOBKH OJIOKa JJIeK-
TPOHHOTO ammapara [5], mojlyyaeMm CHCTEMY BECO-
BbIX K03 duipienToB W; 1 nmpopaHKHUpyeM IO Hei
MHOXECTBO pemieHuii u3 obmactu Ilapero, mo3Bo-
JISFOLIee TIOJTYIHUTh KOMIIPOMHUCCHBIH BapuaHT, cOa-
JIAHCUPOBAHHBI IO MPOTUBOPEYMBOCTU OTHOCH-
TEJIBHO COBOKYITHOCTH YacCTHBIX KpUTEpHUEB @; MOKa-
3aresieil CBOMCTB HCCIIeAyeMoro o0bekta. ToukaMu
[TapeTo SABIAIOTCS TOYKM IIPOCTPAHCTBA PELICHUI
X, € X , 17151 KOTOPBIX BBITOJIHAETCS YCIOBUE

@(x")zgw,@,, (x)<o(X). ()

Taxum oOpa3om, Touku odaactu [Tapero mpencras-
JISIFOT cOOO# MePCIIEKTUBHbIE BAPHAHTHI PELICHHUS.
st cymectBoBanus obnactu [lapero, T.e. st
x, € X , He0OXOAMUMO, YTOOBI CYIIECTBOBAIIO TAKXKE
MHOXeCTBO BecoB W = (W,,...,W, ), W,>0:

X 0D,

W, —L =
ox,

T.e. grad (z W, ) =0, 3)
YTO HO3BOJISAET CHOPMYIHPOBATH KOMILUIEKCHYIO I1e-
JIEBYIO (DYHKIIHIO

0, @

i=

i

m
D= W, “)
i=1
1 MaKCUMH3HPOBATh €€ B IpoLiecce IMOMCKa peliie-
HUI1 1S TOJTy4YeHus ToueK MHOKecTBa [lapero
x,eX.

3amauy Makcumuzauuu (4) chopmynupyeMm Kak
3aJadyy MUHAMH3aUUU (QYHKIHMOHANIa B IPOCTpaH-
CTBE YaCTHBIX KpuTepue @ € Q

T=W'®d, %)

rae Q — o0sacThb AOIYCTUMBIX WITH PEaTU3yEeMbIX
perieHuil.

IIpu sTom ompexnensiercst Touka @ € O Tak, 4ToO
ee mpoekuusi Ha W sBisieTcss HauOOJNbIICH cpeau
Bcex @ € QO . B atom ciryuae (D(xn) JICXKUT Ha rpa-

HuLe Q ¥ (QYHKUUOHAN 77 ONpPEAETSIeT IIOCKOCTh
KacaTenbHyI0 B Touke [Tapero x, m mommep:kuBaro-
u1yro obaacts Q.

Jlns paccmatpuBaeMoro cirydasi, KOrja 4acTHbIE
KPUTEPUU HE MOT'YT OBITh ONTUMH3UPOBAHBI 11O OI-
HHUM M TEM K€ IapameTrpaM oObeKTa, BBOJIUM B pac-
CMOTpPEHHE aIIUTUBHBIA KOMIUIEKCHBIN TIOKa3aTelh

m m
’
W(®)=>Wd,, W,>1, YW, =1, (6)
k=1 k=1
rae @, — HOpMHPOBAHHBII TOKa3aTelb, OPEaeNs-
€MBIil BBIPKCHUAME

D, —D
(plé = —fmx Tk 7
@k max _d)k min
N
D -D, .
(Dr — k k min . 8
(= (8)

k max k min

C 1enpio YCTpaHEHHUs: BO3MOXKHOCTH KOMIICHCA-
LM CHI)KEHHUS KayecTBa M0 OJHOMY YaCTHOMY KpH-
TEpHIO MOBBILICHHEM KadecTBa IO Apyromy (IpHu
BBINOJIHEHUH (YHKIIMH Pa3HOCTOPOHHETO aHAJIN3a)
JUISL CpaBHEHHS BapHAaHTOB PEIIECHHUsS HCIONb3yeM

CEeNYIOLUI KOMIUIEKCHBIA KPUTEPHUI

w(@)= > W
k=1

q)k max
(Dk

-1
; )

ecru @, — max.

[Ipumenenue (9) obecnieynBaeT MPEANOYTHTEIb-
HBIII BBIOOp TaKUX BAPUAHTOB KOMIIOHOBKHU 3JIEK-
TPOHHOI'O ammapara, Ip¥ KOTOPHIX 3HAYE€HHs YacT-
HBIX KPHUTEPHEB pacrojiararorcs Onmke K HEKOTO-
poMy wuaeasbHOMYy BEKTOPY (@Pimax, -..DPimax) TPHU
@r—max. [Ipy 5TOM OTKIOHEHHE OT HICAILHOTO
peuieHus omnpenensieTcs Kak OTHOCHUTENbHOE U
B3BEIICHHOE.

Br100p KpHuTepusi KOMIIOHOBKH 0JIOKA 3JIEKTPOH-
HOTO ammapaTa IOBIiedeT 3a co0Oi HM3MEHEHUs B
mporpaMMmax yOpaBJeHUS: CTaHKaMH CBEPIIOBKH;
CTaHKaMH C YHCIIOBBIM IIPOTPaMMHBIM yIIPaBICHAEM
IUISL YCTaHOBKH 3JIEKTPOPAJAMOIIIEMEHTOB U TeYart-
HBIX TUIAT HA THUIIOBOM JJIEMEHT 3aMEHBI JJIs T'eH-
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MOHTAaXXHBIX I1JIaT, CTaHKaMH IITaMIIOBKH 3aroTOBOK
NEYaTHbBIX ILIAT, FI/I6KI/IX MPOU3BOACTBECHHBIX MOIY-
el aBTOMAaTH3MPOBAHHOM CKJIAICKON CHCTEMBI;
CTaHKaMH INTaMIIOBKH JeTaliell KOpIlyca; KapTaMH
MPOKJIQIKKA HIIeH(OBBIX COSITUHEHUI COOPIINKAMHE;
no00pOM BHOPOU30JIATOPOB; YYacTKOM BBITIOJIHE-
HUsI COOPOYHBIX OTepaIuii.

Mo pe3ynbraTtaM CO3MaHMS M UCCICIOBAHUS KPH-
TepHss KOMIIOHOBKH DJIEKTPOHHOTO armapara MeTo-
JoM Ilapero momydeHsl ClEHapUU AOCTHXEHHS OIl-
THUMAJIbHBIX HapaMeTpoOB U KOMIIOHOBKU HPOU3BO-
Jumoro uszenus. CocTaBieHHble (DYHKIMOHAIBI U
UX OIPaHUYEHUS ABJIAIOTCA dIeMeHTaMu 0a3 3HaHUM
TI0 NOJIy4eHHIO Habopa peKOMeHaluil 1 MHOXKECTBa
MPaBUWJI CUCTEMBI NOJIEPAKKH MIPUHSITUS PELLICHU.

IIpennokeHHble KPUTEPUH KOMIIOHOBKHU 3JIEK-
TPOHHOTO armapara U ero COCTaBIISIONIUX MO3BOJS-
IOT CHCTEMATU3UPOBATh PEIICHHe 33/1auu odecrede-
HHUSl YCTOWYMBOCTH OOBEKTa K BHEIIHHM BO3JCH-
CTBUSIM W BKIIIOYUTH AHAJIM3 IOBEACHHs OJOKa B
YCIIOBHSX JKCIUTyaTallMd B YMpPaBICHHE KOHCTPYK-
TOPCKOW MOATOTOBKOI MPOM3BOICTBA IIEKTPOHHOTO
anmapara.

Just perieHus 3a4auu Mccle0BaHus 3G PEKTHB-
HOCTU YIPAaBJICHUS MIPOLIECCOM IIPOU3BOJCTBA K-
TPOHHBIX amnapaTroB ObLIa MPUMEHEHa IEKOMIIO3U-
IUsl pellaeMbIX 3aj1ad 1o uepapxu [5]. B Bepiune
Hepapxuu ObLI YCTAaHOBJICH €AMHCTBEHHbIH JIEMEHT
— LUEHTP — U cPOpMyIHpOBaHa MpobdIeMa, Kak HeoO-
XOIMMOCTh HCCJIEIOBAHHUS pPacCMaTPUBAEMOW CH-
CTEMBI YIPaBJICHHS MTPOLECCOM IPOU3BOACTBA K-
TPOHHBIX ammapaTroB. BTopoil ypoBeHb Hepapxuu
BKJIIOYAeT YKOHOMHUYECKHE W yIpaBIeHYecKue (ax-
TOpBI, aHATM3HPYEMblEe B ITIPOLECCE HCCIEIOBAHMUS
3G (QEeKTUBHOCTU YNpaBIEHUsS. DJIEMEHThbl HOCIELy-
IOIINX YpOBHEW — TPH3HAKH, MOJUTHKH M IIENH,
BKJIIOYAIOT OOBEKTHI U MEXaHM3MBI BIUSHUS Ha CH-
TyalMi0 IMyTéM MaHUIYJIMPOBAHUSA OTUMH IIPHU3HA-
KaMH.

BbIBO/JbI

CHCcTeMaTH3MpOBaHbl 3HAHWS JKCIICPTOB 110
OIIPEICIICHUIO IPHOPUTETHOCTH HCCIIEAYeMBIX (ak-
TOPOB Il HaOOpa 3JIEKTPOHHBIX allapaToB pas-
JIMYHOTO HA3HAYCHUSI, OMHPAOIINECS HA METOI0JIO0-
THIO B3BEIICHHOHN OLICHKM TapameTrpa MpH OTCEUBa-
HHUM 3aBEOMO HEMPaBAONOJOOHBIX THIIOTE3 C II0-
CIICIYIOLIUM OMpE/EICHHEM HHTCHCHBHOCTEH Ipo-

SIBJICHUS DJICMCHTOB HEPApXHHU OTHOCHUTCIIBHO APYyT
npyra. [lo pesynbTatam HccleqOBaHUN ONpeAeIeHb
BEKTOPHI NPUOPUTETOB, WILTIOCTPUPYIOLIHUE CTENIEHb
BaXXHOCTH TOT'O HWJIHU (I)aKTOpa, YYHUTBIBAIOINUE CIIC-
IM(UKY TPOU3BOACTBA BBITYCKAEMOTO H3HENUS H
HO3BOJIAIOINNE OLEHUTH COTVIACOBAHHOCThH CYIXKIe-
HUH ¥ NOATBEPKAAIONINE OTCYTCTBHE HEOOXOIUMO-
CTH HX TIEPECMOTpA.

B nanHO# paboTe Ha OCHOBaHHHU METOJIa aHAIN3a
HWepapxui INpe/UIoKeHa MOJEeNb 3KOHOMHYECKUX M
YIPaBICHYECKUX II0KA3aTeNeH BBIFOA U H3IEPKEK
yIpaBlIeHUs KOHCTPYKTOPCKOM MOATOTOBKOM IIpO-
W3BOJICTBA AJIEKTPOHHBIX aIlllapaToB, KOTOpas I103-
BOJIET HccienoBaTh 3(GEKTUBHOCT YIPABICHUS
JUISL DJICKTPOHHBIX alnapaToB pas3jInYHOI'0 Ha3zHa4ie-
HUSl U YCJIOBUH SKCIUIyaTallMd U OMNpPEAEIHUTh Ipa-
HUYHBIC YCJIOBHS JOIMYCTUMOCTH NPHMEHCHUS IIO-
JOOHOTO poJa HOBIIECTBA IJISI KOHCTPYKTOPCKOH
MOJITOTOBKOW TIPOM3BOJICTBA

CucreMaTH3UpOBaHbl 3HAHHUSA OKCIEPTOB  II0
OIIPE/ICNICHUIO TIPUOPUTETHOCTH HCCIEIyeMBIX (hak-
TOPOB JUII Habopa >JIEKTPOHHBIX armapaToB pas-
JMYHOIO Ha3HA4YEHMs, ONUPAIOLIMECS Ha METOJO0JI0-
THIO B3BELICHHOW OLIEHKH ITapaMeTpa IpU OTCEeHBa-
HHUM 3aBEJIOMO HENpPaBAONOJOOHBIX I'MIOTE3 € HO-
CJICIIYIOIUM OIPEAENIECHUEM HHTEHCUBHOCTEH IPo-
SIBJICHUS DJICMCHTOB HEPapXHHM OTHOCHUTEIIBHO JIpYyTr
npyra. [lo pesynapTatam HccieqOBaHUN ONpeaeIeHb
BEKTOPHI NPHOPHUTETOB, WITIOCTPUPYIOLINE CTETICHb
BO)KHOCTH TOTO WM (DAaKTOpa, YUUTHIBAIOIIHE CIIe-
IM(UKY HPOU3BOACTBA BBITYCKAEMOTO H3AENUS H
MO3BOJISIIOLINE OLEHUTH COTJIACOBAaHHOCTH CYKJIe-
HUH M TOATBEPIKAAIOLINE OTCYTCTBHE HEOOXOANMO-
CTH HX TIEPECMOTpA.

Jlutepatypa

1.  HBaxuenko A.I'. MeTox rpymnmoBoro ydera ap-
TYMEHTOB — KOHKYPEHT METO/Ia CTOXaCTHYECKOH amIpoK-
cumanuu // ABtomatuka. — 1968. — Ne 3. — C. 58-72.

2. NBaxnenko A.I'. CamooOydwaromuecs CHCTEMBI
pacrmo3HaBaHMsi M aBTOMaTH4YecKoro ympasieHus. — K.:
«Texnikay», 1969. —392 c.

3.  Haxmenko A.I'. CucTembl 3BpHCTHYECKOH ca-
MOOpraHM3allik B TEXHUYECKOW Kubepueruke. — K.:
«Texnikay, 1971.-372c.

4. Tlerpo A.Il. O BO3MOXHOCTSIX HepcenTpoHa //
NzBectuss AH CCCP, Texnunueckast kubepHetuka. — 1964.
— Ne6

5. Cwmomuit B.H. HeiipoceteBas Texnonorusi o0y-
YEeHUS] CUCTEMbl MOIJIEPXKU IPHUHATUS PELICHUM JUIS
9JIEKT-POHHBIX ammapaToB// bbarapcko crnmcanue 3a HMH-

27



Bukropus CMOJINI

JKEHEpHO NpoekTupane, 6poit 23, romu 2014r. — C. 125 —
139.

6.  Smnonbckuid JI.C. ABTOMAaTH3HpPOBAaHHBIE CHU-
CTEMBbI TEXHOJIO'MYECKOH IOATOTOBKH POOOTOTEXHHYE-
ckoro mpousBoactBa / Smmonbekuit JI.C., Kamun O.M.,
Tkaau M.M. — K.: Buma mk., 1987. — 271 c.

7. Smmonsckuit JI.C. Heuérkast meranaeHTuuka-
U B 3aJayax aBTOMATHU3MPOBAHHOTO BBIOOpa HCKYcC-
cTBeHHBIX Heipocereit / SImnonbckuii JI.C., JlucoBudenko
O.1. // Ctparerusi kauecTBa B IPOMBIIIIEHHOCTH U 00pa-
3oBaHuu / Marepuansl 1X MexnyHaponHO# KoH(epeH-
uun (B 3-x Tomax), 31 mas — 7 urons 2013.— Bapna, bon-
rapusi: Texuuueckuii yausepcuter. — 2013. — T1 — C. 414
-417

8. Smmombckuit JI.C. CucTeMBl HCKYCCTBEHHOTO
MHTEIUIEKTa B IUIAHUPOBAHMHU, MOJCIMPOBAHUM M YIIPaB-
neHnu (Ha ykp. s13.) / SImnonsckuit JI.C., Tkau B.I1., JIu-
couuenko O.M. — K.: AT «Bux. [lim «Ilepconamy», 2011.
—544 c.

9. Ackley D.H., Hinton G.E. and Sejnowski T.J. A
Learning Algorithm for Boatman Machines // Cognitive
Science. — 1985. — 9. — P. 147-169

10. Almeida L.B. A Learning Rule for Asynchro-
nous Perceptrons with Feedback in a Combinatorial Envi-
ronment // Proc. of the First IEEE International Confer-
ence on Neural Networks, USA, SanDiego, 1987. — Vol.
2.—P. 609-618

11. Bartsev S.I., Okhonin V.A. The algorithm of du-
al functioning (back-propagation): general approach, ver-
sions and applications. Krasnoyarsk: Biophysics Institute
SB AS USSR of, 1989. Preprint, Nel107B. — 16 p.

12. Bellifemine F.L., Caire G. and Greenwood D.
Developing Multi-Agent Systems with JADE. — Wiley,
2007.

13. Carpenter G.A. and Grossberg S. The ART of
Adaptive Pattern Recognition by a Self-Organizing Neural
Networks // Computer. — 1988. — March. — P. 77-88

14. Carpenter G.A., Grossberg S. and Rosen D.B.
Fuzzy ART: Fast Stable Learning and Categorization of
Analog Input Patterns by an Adaptive Resonance System
// Neural Networks. — 1991. —4. —P. 759-771

15. Elman J.L. Finding Structure in Time // Cogni-
tive Science. — 1990. — 14. — P. 179-211

16. Fahlman S.E. and Lebiere C. The Cascade-
Correlation Learning Architecture / Carnegi Mellon Re-
port. Nr. CMU-CS-88-162, 1990

17. Fukushima K. Neocognitron: A Self-organizing
Neural Network for a Mechanism of Pattern Recognition
Unaffected by Shift in Position // Biological Cybernetics.
—1980. - 36. - P. 193-202

18.  Grossberg S. Competitive Learning: From Inter-
active Activation do Adaptive Resonance // Cognitive Sci-
ence. — 1987. — 11. — P. 23-63

19. Grossberg S. Nonlinear Neural Networks: Prin-
ciples, Mechanism and Architectures // Neural Networks,
1988.—V.1.— Ne 1. - P. 17-62.

20. Haken H., Fuchs A., Banzhatt W. Mustererken-
nung durch synergetische Computer. Teil 1. Und 2 //
Design and Elektronik, 1989

21. Harp S. and Samad T. Genetic Optimization of
Neural Networks Architectures for Electric Utility Appli-
cations / Final Report. Electric Power Research Institute,
Research Project Ne 8016-04, Palo Alto, CA. March. —
1994

22. Hecht-Nielsen R. Theory of the Backpropaga-
tion Neural Network / Proc. of Int. Joint. Conf. on Neural
Networks. — Washington: D. C., 1989. — 1. — P. 593-606

23. Hinton G.E. Connectionist Learning Procedures
// Artificial Intelligence. — 1989. — 40. — P. 185-234

24. Hopfield J.J. Neural Networks and Physical Sys-
tems with Emergent Collective Computational Abilities //
Proc. of the National Academy of Science. — 1982. — 79. —
P. 2554-2558

25. Hopfield J.J. Neurons with Graded Response
Have Collective Computational Properties Like Those of
Two-State Neurons // Proc. of the National Academy of
Science. — 1982. — 81. — P. 3088-3092

26. Jordan ML.I. Attractor Dynamics and Parallelism
in a Connectionist Sequential Machine // Proc. of the Eight
Annual Conference of the
Cognitive Science Society, Erlbaum, Hillsdale NJ, 1986. —
P.531-546

27. Kohonen T. Associative Memory: A System
Theoretic Approach. — Berlin: Springer, 1977

28. Kohonen T. Self-Organized Formation of Topo-
logically Correct Feature Maps // Biological Cybernetics.
—1982.—43.—P. 59-69

29. Kosko B. Adaptive Bidirectional Associative
Memories // Appl. Optics. — 1987. — 26. — Ne 33. — P.
4947-4960

30. Koza J.P. Genetic Programming: On the Pro-
gramming of Computers by Means of Natural Selection. —
Cambridge, MA, MIT Press, 1992

31. Lang K.J.,, Waibel A.H. and Hinton G.E. A
Time-Delay Neural Network Architecture for Isolated
Word Recognition // Neural Network. — 1990. — 3. — Ne 1.
—P.23-43

32. Lippman R.P. An Introduction to Computing
with Neural Nets / IEEE ASSP Magazine. — 1987. — Ne 4.
-P.4-22

33. Nelles O., Ernst S. and Isermann R. Neuronale
Netze sur Identifikation nichtlinearer dynamischer Sys-
teme: Ein berblick // Automatisierungstechnik. — 1997. —
45.—Ne 6.—S.251-262

34. Patterson D. Artificial Neural Networks: Theory
and Application. — Singapore: Prentice Hall Inc., 1996

35. Pham D.T. and Liu X. Modelling and Prediction
using GMDH Networks of Adalines with Nonlinear Pre-

28



Bwarapcko crcanue 3a HHKEHEPHO MIPOeKTUpaHe, Opoit 24, okroMspu 2014r.

processors // Intern. Jornal System Science. 1994. — 25. —
Ne11.—P. 1743-1759

36. Pineda F.J. Dynamic and Architectures for Neu-
ral Computation // Journal of Complexity. — 1988. —4. — P
216-245

37. Powell V.J.D. Radial Basis Functions for Multi-
variable Interpolation: A review / Proc. of IMA Conf. on
Algorithms for the Approximation of Functions and Data,
Shrivenham, UK. — 1985. — P. 143-167

38. Rumelhart D.E., Hilton G.E. and Williams R.J.
Learning Internal Representations by Error Propagation /
In Parallel Distributed Processing: Explorations in the Mi-
crostructure of Cognition. D.E. Rumelhart, J.L. Mc Clel-
land (Eds). — Cambridge: MitPress, 1986. — Vol. 1. —
Chapt. 8. — P. 318-364

39. Waibel A., Hanazava T., Hinton G., Shikano K.
And Lang K.J. Phoneme Recognition using Time-Delay

Neural Network // IEEE Trans. on Acoustics, Speech and
Signal Processing, 1989. —37. — Ne 3. — P. 328-339

40. Werbos P.J. Bejond regression: New Tools for
Prediction and Analysis in the Behavioral Sciences. Ph.D
thesis. — Cambridge, MA, Harvard University, 1974

41. Widrow B. and Hoff M.E. Adaptive Switching
Circuits / IRE WESCON Convention Record — New York,
IRE, 1960. — P. 96-104

42.  Whitley D., Dominic S. and Das R. Genetic Re-
inforcement Learning with Multilayer Neural Networks /
In Belew and Booker. — 1991. — P. 562-570

43. Yoh-han Pao. Adaptive Pattern Recognition and
Neural Networks. — Reading Massachusets: Addison —
Wesley. — 1989. — 309 p.

44. Yoh-han Pao. Adaptive Pattern Recognition and
Neural Networks. — Reading Massachusets: Addison —
Wesley. — 1989. — 309 p.

FEATURES OF MANAGEMENT CONCEPTION DESIGNER PREPRODUCTION
OF ELECTRONIC VEHICLES

Victoria SMOLIY
Technological institute Volodymyr Dahl East-Ukrainian National University
e-mail: vsmoliy@mail.ru

Abstract: Management conception offers designer preproduction of electronic vehicles, leaning against single informa-
tive space of arrangement of electronic vehicle, operative management designer preproduction and control system by the
resources of enterprise, allowing to promote management efficiency designer preproduction of electronic vehicles.

Keywords: management, management conception, electronic vehicle, management efficiency, stochastic model, process

of production, system of support of making decision.
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JAAHAMUWYHO MOJEJIMPAHE U CUMYJIALIMOHHO U3CJIEABAHE HA
MHNPOCTPAHCTBEHU NIPUHYJAEHU TPEIITEHUSA HA KOHYCHA UHEPLIU-
OHHA TPOITAYKA

Cumeon CABOB! Tlerko HEJSJIKOB?

IxaTenpa ,,MexaHu3auus Ha MUHUTE”, MUHHO-T€0J0XKH YHUBEpCcUTeT ,,CB. MBan Puscku” - Codus, Buarapus

e-mail: ss.ss@abv.bg

kaTeapa ,,MalluHK eIeMEHTH 1 HeMeTalHu KoHcTpykuun”, Texuuuecku yuusepeutet - Codus, buarapus
e-mail: nedpetko@tu-sofia.bg

Pe3iome: B Hacrosiara pa3paboTka e npeAcTaBeHa METOIMKATa Ha Ch3/1aBaHETO Ha AMHAMMYEH IPOCTPAHCTBEH MOJIEI HA
KOHYCHA MHEPIIMOHHA TPOIIAayKa C M3II0JI3BaHEe Ha KOHKpeTeH mnpumep — Tpomauka tun KHJI-300. 3a nenure Ha cumy-
JIAIMOHHOTO NPOCTPAHCTBEHO HM3CIIECBAHE HA IWHAMUKATa HA CHCTEMATa € CHHTE3MpaH MPOCTPAHCTBEH MOAEN C IIECT
CTerneHHu Ha cBo0O/a Ha cucTeMara KOpIyc—OKauBaHe Ha MalllMHaTa—BbTPELIHH B3aumopeiicTus. To3u monen mpesc-
TaBJIsIBA TEOPETHYHO MPUOIIKEHHE KbM HAaTYypHHs MOJEN Ha CHCTeMaTa KOpIyC—OKauBaHE Ha TPOLIAuKaTa U ChILEBPE-
MEHHO OINMCBA JMHAMUKATA HA Ta3M €JHOMAcOBA CUCTEMA B IPOCTPAHCTBOTO. 3a Cbh3aBaHETO HA JUHAMHYHUS MOJEI ca
HaIpaBeHH HY)KHHUTE UJI€aIU3all1 1 IOCTAHOBKHU, HO € OTPEe/IeHO M0100aBal0 MACTO HAa MApaMeTPH3UPAHETO U U3ACHS-
BAaHETO HAa B3aHMOBPB3KHTE MEXIy TenaTa InpeicTraBeHH B Mmozena. IIpeactaBeHu ca pesynTaTure 3a — aMIUIUTYA-
HO-4eCTOTHaTa XapaKTepPUCTUKA Ha CUCTeMara NpH eIMHUYHO Bb3JEHCTBHE, a CHIIO TaKa U pe3ylTaTu 3a — BUOporpe-
MECTBAaHETO (TPENTEHHMsTA) HAa KOpIyca Ha MallMHATa B MPOCTPAHCTBOTO IPH Pa3IM4HM HACTPOWKH Ha TPOLIAYKATa.
Merozaukara ¥ MOJieNIa ca CepHO3HA IIOCTAHOBKA 33 U3SICHSBAaHE HAa B3aMMOJAEHCTBUATA B pealHaTa MAalllMHA U ChIIOCTAB-

KaTa MeXIy TEOPeTHIHOTO MOAEINPAHE U EKCIIEPUMEHTATHA TIPOBEPKa.

Kunwuosu AYMH: TUHAMUYHO MOJICJIUPAHE, BI/IGPOHI)CMCCTBB.HC7 KOHYCHA MHEPpIIMOHHA TpolIa4yKa

1. YBOJ

KonycHuTe nHepuuoHHM Tpomadku Tarm KU
(¢ur.1) ca BUOpaLMOHHM MAIIMHHU, KOPIYCHT Ha
KOHUTO MOXKE Jla c€ pasliiexaa, Karo TSUIO C IIeCT
CTEIECHH Ha CBOOOJAa OCHUTYPEHH OT CIACTUYHHTE
CJIEMCHTH, BbPXY KOUTO € MOHTHPAH. Ilo BpEeME Ha
paboTa MalllMHATa M3BBPIIBA TPH TPAHCIALUOHHU
JABUWIKCHHSA TI0 HAIIpaBJICHUEC HA TPUTC OCU X, Y U Z
(pur.2) m Tpu pOTALMOHHH 3aBBPTAHHS CIIPSIMO
ChIUTE OCH. JJMHAMHYHOTO MOJEIHUPAHE MPECTaB-
JsBa eTal OT Ch37aBaHETO Ha TEOPETHYHA OCHOBA 32
OIIpe/IeNITHETO Ha paOOTHUTE TMapaMeTpu Ha
KH1/I-300. Ilenta Ha Cch3gaBaHETO HAa JAWHAMHYCH
MOJIEIN € u3clieBaHe Ha BUOPAIIMOHHHTE MapaMeTpH
Ha MamwmHarta. Ha Ta3u 6a3a e ch3maieH NpOCTpaH-
CTBEH €IHOMACOB TMHAMHUYEH MOJIEJ Ha MAIFHATA C
IIECT CTEMEHN Ha CBOOOA.

2. MAEAJIM3AIIMA U IPUEMAHUSA

3a IBIHOTO M3CNEBaHE Ha BUOPALMOHHUTE IIa-
pamerpu Ha KMJ/I-300, kakTo 1 mopagy HEBB3MOX-
HOCTTA JIa C€ OTYeTaT HAKOU OT BUOPAIMOHHHTE Ma-

paMeTpu ¢ paBHHHEH MOes (BUOpoIIpeMecTBaHe 1o
oc z (¢wur.2)) [4], e HEOOXOIUMO J1a Ce Ch3Aa/e MPO-
CTPAHCTBEH OMPOCTEH AMHAMHUYCH MOJEN. 3a Ta3u
el ce pas3riekaa [BHKECHHETO Ha eJHOMAacoBa
MPOCTPAHCTBEHA CHCTEMa C ENACTHYHH W AeMIiu-
pam BpB3KM KbM (yHIAMEHTa Ha MallMHAaTa
onmcBalia JuHaMU4IHOTO noBenenne Ha KWI-300 B
paboOTHH yCIOBHUSL.

OcHOBa 3a aHa/NM3a Ha POCTPAHCTBEHUTE TpEI-
TEHHsI Ha eJHOMacoBaTa CUCTeMa ca CJICJHHUTE MpH-
e€MaHus:

® pasmIexgar ce camMO MallKd TpENTeHHS
(mpemecTBaHUs U 3aBbPTAHMSA) 110 U CIIPSIMO OCHUTE X,
¥,z (bur.2);

e cHcTeMara ce pasriex/a KaTo eJHOMAacoBa U
€ Tpe/ICTaBeHa KaTo €IHO TPUMEPHO TSIIO C MACOBUTE
CH U MHEPIIHOHHU XapaKTEPUCTHKH;

e QAKTHWBHATA BBHHIIHA CHJIA, KOSTO BBH3JIEHCTBA
Ha cucTeMara (cujara Ch3JaBaHa OT AeOaJaHCHHS
BHOpaToOp Ha MalllMHATA) € MPUIOKEHA B MAaCOBHS
LEHTBP Ha TPOIIAYKATa,

® pOTalMATa HA HANpPaBICHUETO HA aKTHBHATA
BBHIIIHA CHJIa € OKOJIO OC Z U TO CaMO B PaBHHHATA XV

(¢pur.2);
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e pasriexiarT ce caMo JMHEWHHM ChIPOTHBU-
TEIHU CUWIM MPEACTaBEHU upe3 JUCUNATHBHATA
¢bynkuus Ha Penell, mpeHeOpersar ce cuiuTe Ha
KynoHOBO TpueHe U ChIPOTHBICHHUATA OT HO-BUCOKA
OT ITbPBA CTEIEH Ha CKOPOCTTA;

e TIpU HAKJIOHSABAHETO HA TAMIIOHUTE Ce IIpHeMa,
4ye KOMIIOHEHTHUTE Ha eJacTHYHAaTa CHIa He JaBaT
JOI'BJIHUTEIIHU CHJIOBH U MOMEHTOBH PEaKIIMH OCBEH
TE3W MO TTaBHHUTE OCH HA TAMIIOHA, U Ye HAMa IIpo-
MsHA B €IAaCTHYHHAT KOS(PUIMEHT XapaKTepU3UpaIl]
TaMIIOHHTE;

¢ CIIACTHYHHTE EIEMEHTH MMaT IPEeHeOPeKIMO
MaJKo BBTPEIIHO TPHEHE;

e pasceliBaHETO Ha €HEPTHUsATa € 10 JIMHEEH 3a-
KOH.

Bcsiko ci10’HO IBMKEHHE Ha TBBPAO TSAIO MOXKE
Ja ce MPEeACTaBH KaTo CyMa OT TPAHCIAIHOHHO
JBIDKEHHE Ha MAcOBUAT My LIEHTBP U IOCIEBAILO
BBPTEHE CIIPSIMO ChINaTa TOUKa [5,6], 2 BCIKO KpaifHO
3aBBbPTAHE OKOJIO OIPEEIeHA TOUKA € EKBUBAJICHTHO
Ha BBPTCHE OKOJIO OC IIPEMUHABAIIA IIPe3 Ta3K TOUKa
(Teopema Ha danamb6ep-Oiinep). briosara ckopoct
Ha TSUIO0TO € paBHA Ha BEKTOPHATa CyMa OT BIVIOBUTE
CKOPOCTH CIIPSAMO TPUTE OCH Ha KpalHU 3aBbPTaHUL:

O=g+y+0 (1)
3a wriooeara ckopocT cwriaacuo [1,2,3,5,6] ce

nony4asaT OiyiepoBruTe 3aBUCHUMOCTH (KMHEMaTHY-
HU ypaBHeHus Ha Ofnep):

a) 1

Oc Ha mpowaykama

y.cos6.cos @ —O.sin @

a).\'
o=|o, |=|y.cosf.sinp+0.cosp 2)

, —y.sin@+ ¢

3a Maniku TPEOTCHUA NPU BITIOBU 3aBbPTAHUA

noz 5 deg MexaHMYHATA CHCTEMa MOJKE J1a Ce IPUeMe
3a HambJIHO JuHeapusyema [1,2,3]. CnenoBarenHo,
KaTo Ce W3I0JI3Ba, Y€ CHHYCOBaTa CTOMHOCT OT Ma-
JIBK BI'BJ € PaBHA Ha CTOMHOCTTA Ha Br'bjia (B paau-
aHM) ¥ KOCHHYCOBaTa CTOWHOCT OT MaibK BI'bI €
paBHa Ha eJMHUIA 33 POTALMOHHATA MAaTpPHIa U BI-
JIOBaTa CKOPOCT MOYKE JIa Ce 3aIuLIe:

@, W - Hq)
o=\, |=| yo+ 0 3)
@, -y0+¢

HpI/I BTOpaTa CTBHIIKA Ha JIMHCAPU3SUPAHETO CC
H3110J3Ba TOBA, 4€ OT (I)yHKI.II/IOHaJ'IHI/ITe ,I[C(l)I/IHI/II.[I/II/I
Ha BIJIOBUTE CKOPOCTU OTHAAAT BCUYKHU YJICHOBE OT
BTOpU M NO-BUCOK IMOPAABK, IOPAAN YMHOXKXCHHUCTO
Ha Majlka II0 MaJlKa BCJIN4YHHa (nonyl{aBa CC BCIIU-
ypHa ONH3Ka J0 Hyna), TOraBa 3a poTallMOHHATa
MaTpHuia ce nojryyana.

v
=6 )
¢

3. IOCTAHOBKA HA JTMHAMWYHOTO
MOJEJIUPAHE

Oc Ha 8bHWHUS
6) KOHYC U Kopryca

Oc Ha 8bmpewHus
KOHyC u OebanaHca

¢ur.1 Kunematuuna cxema Ha 3a1BrxkBamiara cucrema Ha KMJ1-300

Ha ¢urypa | e mpencraBeHa KHHeMaTHYHaTa
cXeMa Ha 3aJBI)KBAHETO Ha KOHyCHAaTa MHEPLIUOHHA
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tpomauka KMJ(-300, karo Ha ¢ur.la) Tpomraykara e
B CTaTHYHO NOJIOXKEHHUE, a Ha (ur.10) e B AMHAMUYIHO
(paboTHO) CBhCTOSIHUE.

3aIBHKBAHETO HAa BBTPEIIHHUS KOHYC (1103.2)
CTaBa IIOCPEICTBOM 3aJIBIDKBAI aCHHXPOHEH elleK-
TpoxBuraren (1mo3.7), KIMHOpPEMBYHA TIpelaBKa
(1103.6), enacTuueH TyMeH ChenuHUTen (1M03.5),
KapmaneH Bai (1mo3.4) u peryimpyeMm nebanaHceH
BuOparop (103.3). BBHIIHUAT KOHYC € MOHTHpaH
HETIO/IBI)KHO B KOpIyca Ha MamuHata (1o3. 1), KoiTo
€ MOCTaBeH BbPXY YETUPU I'YMEHHU TamIloHa (1103.8).

B crarn4HO ChCTOSIHME HA MalIWHATA OCUTE Ha CH-
METpHs Ha TpOILIayKaTa, Ha BBHIIHUSA KOHYC H KOp-
myca M Ha BbTPEIIHKS KOHYC U JiebanaHca ChBIAAT,
JIOKaTo B pabOTEH PE)KHM TOBA HE € TaKa.

Ilpu Taka HampaBeHHWTE WICATHM3AIMH U IIpHC-
MaHHS €IHOMACOBUAT MPOCTPAHCTBEH JHHAMHYCH
MOJCNI ¢ IIIeCT cTerneHu Ha cBoboxa Ha KIJI-300,
npejcTaBeH Ha (Ur.2 MoOXe Ja ce MpHueMe 3a Ha-
IIBJIHO JIMHEapU3HupaH. 3a OTIpaBHA KOOpPIUHATHA
cucrema e mnpuera K.c. Oxyz, KOATO € pa3nojiokeHa
HETOJIBU)KHO B MAaCOBUS LICHTHP Ha TpoLIayKara.

¢ur.2 Jluneapuzupan eTHOMACOB IPOCTPAHCTBEH quHaMuieH moaen va KWU/(-300

Os3HaueHusATa Ha Qur.2 mnpexacraBiIsiBaT ChHOT-
BETHO:

m — Maca Ha TPOIIa4Kara,

I, I, I. — "HEPLIMOHHY MOMEHTH Ha TpoOIllauyKaTra
CHPSIMO OCH X, Y, Z;

Cx, Cy, C: — CIACTHYHU BPB3KU MEX[y KOpIlyca Ha
MallliHaTa U HeWHus QyHIaMeHT (Koe(UIMEHTH Ha
CTaTHYHA KOpPaBHHA Ha TYMEHHUTE BHOPOHM30JIATOPH
10 HalpaBJIeHUE Ha OCHUTE X, ), Z);

by, by, b. — nucUNIaTUBHY BPB3KH MEXIY KOpITyca
Ha MallMHaTa ¥ HelWHMs (QyHIZaMEHT, MOJCIHpaIln
JVCUMATABHHUTE CBOWCTBA Ha BHOPOM30JATOPHTE
(xoepuuuentn Ha nemipupaHe Ha T'yMEHHTE BHO-
POHM30JIaTOPH IO HAIIPABJICHUE HA OCHUTE X, V), Z);

Fy — cuna cp3naBana ot nebanancHus BUOpaTop
Ha MalllMHATA;

o — BITIOBA CKOPOCT Ha ieOalaHCHUS BUOPATOD;

C — MacoB IICHTBp Ha TPOIIAYKATa;

Cxyz — MOJIBM>KHA KOOPJMHATHA CHCTEMA;

lo, 11, 15, I3, 4 — pa3CcTOSTHUSI OMIPEIENANIN KOOP-
JMIMHATUTE HAa TOYKUTE HA OKaYBaHE HA BUOpOU30IIA-
TOpPHUTE CHPSAMO OTIpaBHATa (HEMOJIBM)KHA) KOOp-
IUHaTHA  cucrtema,  CcbhoTBeTHO  [=0,3 m;
1=1=15=1,~0,486 m — onpenenenu or 3D CAD mo-
Jiefia Ha MalliuHara.

B nonoxxeHne Ha CTaTUYHO PaBHOBECHE HA Ma-
[IMHATA, KOOPJMHATHUTE Ha4yajla M OCHTE Ha KOOp-
nuHatHUTE cuctemu Oxyz 1 Cxyz ChBIAAAT.

4. Chb3JIABAHE HA TMHAMWYHMS
MOJIEJI

JIMHaMUYHUAT IPOCTPAHCTBEH €HOMACOB MOJEI
€ U3rpajieH Ha 6a3a audepeHIUalHUTe ypaBHEHUS Ha
Jlarpan:x OT BTOpH POJI IPH M3IIOJI3BAHE HA CIIEIHUTE
(opMyIHpPOBKH:

Judepennuanan ypaBHeHHs Ha Jlarpamk OT
BTOPH POJI:
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ia(Ek_Eﬁ)_a(Ek_Ep)_ _aEd i=lxs
di o, op, CoopT
)
KBJETO:
E, =E, ((j)l,(j)z,...q')s) — KUHETHYHA EHeprus Ha Cu-
cTeMara;
E,=E, (go] ,goz,...gox) — TMOTEHLMAJIHA €HEPrus Ha
CHCTEMara;
E,=E, ((/'Jl, (/'12,..@25) — JMCUIIAaTHBHA €HEprus Ha
cucTeMara.
JInuneapusupaHata cucTeMa AuQepeHINATHH
YpaBHEHHS ce ONPOCTSBA JI0:
d 0E, OE, OF
——ty L4 =, i=l=+s (6)

dt 0q, 0q, oq

OT mpueTuTe B MpeaxojaHaTa TOYKa JHHeapu3a-

o U OT HOHy‘IeHI/ITC ypaBHCHI/ISI Ca WH3BCIACHU

CJICJIHUTE 3aBUCUMOCTH 32 MPEX0] MEXAY 00001eHH

KOOPAMHATH U JIOKATHH KOOPAWHATH, KOUTO 3aBH-
CHMOCTH ca MPEJICTABEHN ChOTBETHO B Tabuuma 1.

i

Ta6J1.1 O3HaueHus 3a 000OIIEHNTE CKOPOCTH U ITpeMe-
CTBAHUsI HA TPOLIAYKATA

O3HaveHus 32 0000IICHUTE CKOpPOCTH Ha Tpollaykara

X v z 4 0 [
isq | 3o | 226 | v=as | 0245 | 9246
O3HaueHus 3a 0000IIEHUTE TPEeMECTBAHUS Ha TPOIIayKaTa
X y z 4 4 4
X=q7 | Y=gy | 2240 | Y0 | 0=qn | 9=4qn

Kunernunara CHEPrusd Ha CUCTEMaATA €:

E, :%.m.[vf,vz vf]r +%~[],{-a)faly'a);’lz’a)zz]r ™

o
E, =%m(vf +v§ +vf)+%.([x.a)f +Iy.a)'§ +Iz.a):2)

(®)
KBJIETO:
Vx, Vy, V2 — IMHEHHU CKOPOCTH Ha TPOIIayKaTa Mo OCH
X, Y, Z;
@y, Wy, W, — BIIIOBU CKOPOCTH Ha TPOLIaYKaTa 0KOJIO
OCH X, V), Z.
CHOTBETHO, KaTO C€ OTYETAT NMPHUETHUTE IMO-TOPE 03-
Ha4YeHUs U IMHEapU3aIiK Ce TI0TyIaBa:

Fo Ll ) L e,
(€))

[MoreHumanHara eHeprus Ha CHCTEMaTa € paBHa
Ha paborara Ha enactuynute cuiu. [lopamu dakra,
Yye Ce pasriekAaT MaJIKW TPENTCHUS Ha cUcTeMara
MOJXeE Jia ce mpueme, 4e paboTara Ha TPaBUTALMOH-
HUTE CHJIM € MPEeHeOpeKMMO Majka B CpPaBHEHHUE C
paboraTta Ha enactuuHuTe cuik. Cuiara Bb3ACHCT-
Bala Ha cucreMmara (cuiara Ha neGamaHcHUS BHO-
parop) dopmupa AscHATa YacT HA ypaBHEHHUATA 3a
JIBIDKEHNE M HAMa 1a Oblie 100aBsiHa KbM ITOTEHIH-
anHuTe cui. [loTeHIManHaTa eHeprusi Ha cucTeMaTa
e:
3e, 02 +¢, 82 +c.82)  (10)

1

KBJIETO:
Ox, Oy, 0. — NeOpMaIMY B €ITACTHYHUTE CIIEMEHTH I10
OCH X, V), Z.

Jebopmanmure Ha CIaCTHYHHTE CICMCHTH
cpsiMo  rio0aiHaTa HENOABIKHA KOOPIAWHATHA
CHCTeMa TIPU TakKa IIPUCTHTE JWHEAPH3alUK Ha BI-
JIOBHTE CKOPOCTH, CE€ JaBaT OT CJICAHHTE 3aBHCH-

MOCTH:
o x+0.z,— .y,

X

6=\0, |=|y-wz+ox|

o.. z+y.y, —0.x;

Zi

(11

KBACTO X;, Vi, Zi Ca KOOPJAUHATUTEC HA LIEHTPOBETC Ha
OTACIIHUTC enaCTo-neMr{(pranm CIICMCHTHU.

CBOTBETHO 3a NOTCHIIMAIHATA €HEPTUA Ha CHC-
TE€Mara C€ IoJyJaBa:

] n
E, = Eg‘cx" .(x+9.zi -Q.y, )2 +

Bl

+-) cyi.(y—l//.z,.+(p.x,.)2+%.202i.(z+1//.yi—¢9.xi)2

1
(12)
B cwoTBercTBHE C HallpaBE€HUTE IIPUEMAHUA U

JOIMyCKaHUs OUCHUIIaTUBHATA CHCPrus Ha CUCTEMaTa
c:

N | =
i

E, = %.i(bxi S2+b,.82 +b.82)  (13)
i=l

Ipu Taka mpHeTHTe JIMHEAPU3UIMH Ha MOjesa
aHAJIOTUsATa MEXIy JMCHIATHBHATA CHEPrHs U MO-
TeHIMAJHATa CHEPrHs Ha cHCTeMara ¢ meiHa. Cb-
OTBETHO 3a ANCHUIIATUBHATA CHEPTHs Ha CUCTEMATa Ce
HOJTy4aBa:
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'ibxi (x + é.zi — ¢,yi )2 +

b, -z, + o, + % b+, —0x,f
i i=1
(14)

BekTopbT XapakTepu3upal BEHITHATE CHIIN HMa
CIIEHUS BU/;

o=[F.F.F.M M M (15)

KBJIETO:
F., F,, F.—cunu no ocu x, y, z;
M,, M,, M. — BEpPTAIN MOMEHTH CHPSIMO CBOTBET-

HHUTEC OCH.

ChIIacHO TOPEU3NIOKEHOTO CE IMOJy4yaBa Cle-

HOTO MaTPUYHO ypaBHEHHE:
Ag+Bg+Cq=0() (16)

KBJIETO:
A — MaTpHLa Ha MHEPIIMOHHHUTE KOSHULIUCHTH;
B — MaTpuIia Ha TUCHIIATHBHUTE KOSHUIINECHTH;
C — MarpuIia Ha KBa3UeNacCTHYHUTE KOSPUIIMEHTH.

ChIiacHO OpHEHTHPAHETO Ha KOOpAMHATHATa
cucrema Cxyz (¢ur.2) pascTOSHUATA ONPEACIALIN
KOOPJIMHATUTE HA TOYKUTE HA OKaYBAHE Ha OTIOPHUTE
TaMIIOHU CBHOTBETHO ca: lo= —z;; [;=x;; = —x;; l5=ys;

L= —yi, oT KkBAETO 32 Yp-¢ 16 ce noyyyasa:

m 0 0 0 0 0][x 4b, 0 0 0 —4b,.z; 0 5
0m o0 0 0 0|5 0 4b, 0 4b, .z 0 0 I
00 m 0 0 O z 0 0 4b, 0 0 0 z
Yl b 0 2b,.yl+4b, .z} 0 0 Sl
00 0 I, 0 O v 0 4b,.z b..yi +4.b,.z; 4
00 0 0 I, 0||f] |-4bz; 0 0 0 2b, X} +4b, .2} 0 6
000 0 0 I||¢ 0 0 0 0 0 2b,x7 426,37 | | an
4e, 0 0 0 —de, .z 0 F,
0 4c, 0 4e,.z; 0 0 y F,
0 0 4c, 0 0 0 || F
+ 2 * = N
0 deyz; 0 2c.yf +4c, .z 0 0 v M,
—4eoz; 0 0 0 2, P+, .2 0 0| |M,
0 0 0 0 0 2eyxi+2e.37 | o] | M.

CbhOTBETHO 3a cucTeMara JU(EpeHIUATHH 1a0.1.2 [TapameTpy Ha IMHAMMYHMS MOJICT
YPaBHEHUS 3a JBMIKEHHUETO HA €HOMACOBHS IIPOCT- WnepunoHHn napamerpu Ha Mogena
PAHCTBEH MOJIEN Ce T0Jy4aBa: ITapamersp CroiiHoCT PasmepHoct

. o m 838,6 kg
m.x+4.b, .(x -0z, )+ 4c, .(x -0z, ) =F I 61,44 kg.m’
. .. _ I 61,44 kg.m?
m.y+4.by.(y+y/.z,.)+4.cy.(y+y/.zf)—Fy 1 51516 ko’
m.z + 4_[7; Z+ 4'Cz z=F, JMCHNATUBHM IapaMeTPH Ha MOJieJIa
[,y +4b,zy+(2b y? +4b 22y +4c, 2z, y+ | _Dapaversp Croiinocr Pasweproct
! T g ! by 2931,38 N.s/m
2 2
+ (Z.Cz Vi +ée, .z )l// =M, Zy igg;ég E.s;m
5 . 2 25 2 5 .s/m
1,0-4b .z,x+ (2.bz X +4b, .z )9 —4c .z, x+ x,~ 0436 -
+ (2.c Xl +4c .22)6 =M, i 0486 m
zV X7 y i 0’3 m
[: (/) + (Z.bv .)C[2 + 2.bx .y[2 )¢ + ITapameTpu Ha eJIACTHYHHTE eJTeMEeHTH
’ ) ) [Tapamersp CroitHoCT PasmepHoct
+ (2-0,; X +2c,.; )fﬂ =M, o 264105 N/m
¢ 26410,5 N/m
(18) [ 197766,1 N/m
Xi 0,486 m
5. MAPAMETPUPAHE HA IUHAMUYHUSA yi 0,486 m
MOJEJI Zi 0,3 m
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VHepIIMOHHUTE U JMCUITATUBHUTE MTApaMeTpH Ha
MOJIeNla, KaKTO W MapaMeTPUTE Ha EJIACTUYHHUTE
€JICMEHTH ca MPEJICTaBeHH B TabiMIa 2 3aeJHO C
TEXHNTE Pa3MEPHOCTH.

6. PE3YJITATH OT CUMYJIAITUOHHOTO
MN3CJEIBAHE HA NPOCTPAHCTBEHUTE
INPUHYJAEHU TPENITEHUA HA KU /-300

ITpOCTPaHCTBEHUAT ENHOMAcOB MOJEN Ce W3-
HOJI3Ba 33 CHMYJAIIMOHHO H3CIEABaHE Ha IIPOCT-
PAHCTBEHH MPHUHYACHHU TPEnTeHHs Ha marnHata. C
MOMOIITA Ha TaKa Ch3/aJACHUS THHAMHUYCH MOJEI €
HAIPaBeHO CHMYJAIMOHHO H3CieABaHe (B MpOr-
pamHa cpema Ha MatLab) Ha npocTpaHcTBeHHUTE
NpUHYAEHU TpenTeHus Ha kopmyca Ha KHJI-300,
KaTo € MPOMEHsSHa caMO YecToTaTa Ha BBbPTEHE Ha
nebanancHus BuOpatop (B auanaszoH /~18+31 Hz), a
CTOWHOCTUTE HA OCTaHAJHUTE MapaMeTpu (CTaTHYeH
MHEepLUYOHEH MOMEHT Ha JeOallaHCHHsI BHOpaTop U
IMPOYHMHA HA CTATHYHHUS PA3TOBapeH OTBOP HA Ma-
[IMHATa) ca MOCTOSHHU. M3MoN3BaHUTE HACTPOUKH
3a CHMYJAIIMOHHOTO U3CIIC/(BAHE Ca!

1) — /<18 Hz, wy=113,10 rad/s, S9=0,09441 kg.m
u b=6 mm;

2) — /=25 Hz, ws=157,08 rad/s, Sy=0,09441 kg.m
u b=6 mm,;

3) — /=31 Hz, ws=194,78 rad/s, $,=0,09441 kg.m
u b=6 mm.

CToltHOCTTAa Ha aKTMBHATA BBHHIIHA CHJIA, KOSTO
BB3JICHCTBAa HA CHUCTEMaTa € OIpeJelieHa EKCIepU-
MEHTAJIHO MPU CHOTBETHUTE HACTPOWKM Ha MalllU-
Hata. B cucTemara He ca HaJMYHU aKTHBHH BBHIIHH
MOMEHTH 3a pasrieJaHuTe WICANU3aldd U CHOT-
BETHO TEXHHUTE CTOMHOCTH, KaTO € II0COYEHO MO-I0ITy
ca HynH. 3a JscHaTa 9acT Ha ypaBHeHme 16 ce mo-
ny4yaBa ciegHara wmarputa  Q(H)=[F".sin(w,.t);
F,Y.cos(w,.t); F.’.sin(wy.t+0,25.7); 0; 0; 0]7. B Tab-
nmuna 3 ca NpeACcTaBeHUW CTOWHOCTHTE Ha aKTUBHATA
BBHIIHA cuia FY, KaKTO M Ha HEI{HUTE KOMIIOHEHTH,
OIpeJIeJICHN 3a Pa3IM4YHU YECTOTU Ha Bb3ACHCTBUE.
KomnonenTure Ha cuiara 1o oc x u oc y ca aeda-
3upanu Ha 90 deg, KOETO € OTPa3eHO ¢ U3MOJI3BAHE Ha
CHHYyCOBa M KOCHHYycoBa (yHkuus. KommnoHeHTaTa
Ha cuiiata 1o oc z e nedasupana Ha 45 deg ot ocra-
HaJINTE B KOMIIOHEHTH.

Ta6J1.3 CTOMHOCTH Ha aKTHBHATa BHHIIIHA CHJIa M Ha
HEWHHUTE KOMIIOHCHTH

Ne | £, Hz | wo, rad/s F., N F,’, N F’,N F,N

1 18 113,10 312,32 312,32 372,21 485,88
2] 25 157,08 585,00 585,00 697,18 910,10
3] 31 194,78 1168,3 1168,30 | 1392,33 | 1817,55

Ha ¢urypa 3 e mpeincraBeHa aMIUTUTYIHO- Ye-
CTOTHATa XapaKTEPUCTHKA Ha MPOCTPAHCTBEHATA
€HOMAacoBa CHCTEMa IPH JIBIKCHHE Ha MAIIMHATA,
KOSITO € TOJIyueHa IpH EAMHUYHO BBb3ACHCTBHE,
npencTaBeHo cbe crneanus Bextop [0;1;1,192;0;0;0] B
nporpamua cpena Ha MatLab.

AMNANTYAHO - YECTOTHA KaPAKTEHCTHKG HA CHCTEMATa

Anmnnuryaa, (m)

T T .

——— A Ha Cx

— =~ A ua Cy
- AHK Wa Cz

=@/ 2%~ Hecrora, (Ha)

0 Ed 40 0]

(ur.3 AMIUINTYIHO-YECTOTHA XapaKTEePUCTUKA Ha IPOCTPAHCTBEHHS €HOMACOB MOJIEI
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0

0,00710 | 0,00710 | 0,00869 | 0,00211 | 0,00211
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Ort ¢ur.4 no ¢ur.9 ca npencraBeHH NOIYUECHUTE
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7. U3BOJIU

e [IpocTpaHCTBEHHUST €IHOMACOB JIHHAMHYCH
MOJIeN € IIECT CTENEHH Ha cBOOOAAa HAa KOHYCHO
HMHEPIMOHHA TOPIIaYKa NPeI0CTaBs Bb3MOXKHOCTH 32
H3ClielBaHe HA IBIDKCHHETO HA KOpIyca Ha Tpo-
[raykaTa B MPOCTPAHCTBOTO, KaTO MOTAT Ja ce Ipo-
MEHST HACTPOWKUTE Ha MallWHAaTa M Ja ce 3aJaBaT
Pa3IHYHU apaMeTPH Ha OIIOPHHUTE TAMITOHH.

e JlMHAMHUYHHUAT €IHOMAacOB MOZAEN Ha TPO-
mraykata naBa HHQopManys 3a aMIUIUTyZaTa Ha
BHOPOIIPEMECTBAHETO, BUOPOCKOPOCTTAa U BHOPOYC-
KOPEHHETO Ha KOpITyca Ha MallliHaTa B MPOCTPAHC-
TBOTO TPH Pa3IMYHH PAOOTHH PEKMMHU Ha TPOLIAY-
KaTa.

e MoJaenpT MOXe J1a ce HM3MON3Ba 332 CHMYJIH-
paHe M H3CcieqBaHE Ha NPUHYAEHHUTE MPOCTPAaHCT-
BEHH TPENTEHHs Ha TPOIIAyKaTta MNPEIU3BUKAHU OT
JIEHCTBUETO Ha BHTPELIHUS KOHYC U ITPeJaBaHy Mpe3
CJIOSI HATPOIIABaH MaTepHal KbM KOpIyca Ha Ma-
LIMHATA, KAKTO U Ha MPHUHYJECHUTE MPOCTPAHCTBEHH
TPENTEeHUs] NpeAU3BUKAaHU OT BBPTEHETO Ha Jeda-
JIAHCHHSI BUOpATop.

e MoaenpT MOXe J]a ce U3MO0J3Ba MPU MPOEK-
TUPAaHE U KOHCTPYUpPAHE HAa KOHYCHO WHEPLUOHHU
TPOLIAYKH U NOAOOHM Ha TSAX MAIIMHU 32 CHHTE3 Ha
IIapaMeTpUTE Ha OINIOPHUTE TAMIIOHH C IIeJ] ONTHMa-
JIeH U300p Ha BUOPOU30JIATOPH.

e MeToauKaTa U MOJIeJIa ITO3BOJIABAT A CE U3-
ClIeIBaT eNMHUYHU BB3ACHCTBUS, IPUHYAECHHU TpEIl-
TCHUsT U CHOUpPATENHH B3aUMOAEHCTBUSA BBPXY
BBHIIHUTE EJIEMCHTH Ha TpOLIayKaTa, KOETO OTBApS
BpATH 32 EKCIIEPUMEHTAJIHA TIPOBEPKA M CHIIOCTABKA
Ha BB3JCHCTBHATA U B3aHMOJCHCTBUATA B MalllHA-
Ta.
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DYNAMICAL MODELING AND RESEARCH SIMULATION OF SPATIAL

MOVEMENT FOR ONE CONE INERTIAL CRUSHER

Simeon SAVOV! Petko NEDYALKOV?
Department of Mining Mechanization, University of Mining and Geology “St. Ivan Rilski” - Sofia, Bulgaria

e-mail: ss.ss@abv.bg

2Department of Machine Elements and Non-metallic Constructions, Technical University-Sofia, Bulgaria
e-mail: nedpetko@tu-sofia.bg

Abstract: This paper presents a methodology of dynamical model synthesis for one cone inertial crusher using a particular
example — KID 300. Simulation research of spatial movement of examined machine dynamical model with six degrees of
freedom. The model is a theoretical approximation to real system — corpus — support pads and represents the spatial
movement of this single mass — six degrees of freedom system. It is described the idealizations and settings as well as the
parameterizations and clarifying of connections between the bodies in the model. Results for amplitude — frequency
characteristics and for vibration movements in different regimes for the crusher are presented and discussed. Presented
methodology and model are earnestly setting for elucidation of interactions in the real machine and comparison between
theoretical modeling and experimental verification.

Keywords: dynamical modeling, vibration, cone — inertial crusher
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CPABHUTEJIEH AHAJIN3 I1O TOBAPOHOCHUMOCT MEXAY 3bBEH N
®PUKHHUOHEH NPEJABATEJIEH MEXAHU3BM

Koctagun CTOMYKOB! SIsop CO®POHOB?
Ixarenpa ,,Teopus Ha MEXaHU3MHUTE M MaiuMuuTe”, Texuudyecku ynusepcurer - Copust, Brirapus
e-mail: kks@tu-sofia.b
katenpa ,,Teopus Ha Mexanu3muTe U Mamunute”’, Texauuecku yHusepeutet - Codust, Bbarapus
e-mail: ysofronov@tu-sofia.bg

Pesiome: B Hacrosmiata pabota aBTOPUTE NPaBAT CPABHUTENICH aHAINU3 HA TOBAPOHOCHMOCTTA HA 3b0HA U (DPUKLHOHHA
npenaska. PasriexnaT ce NMIMHAPUYHA 350Ha MpeaBKa ¢ MpaBH 3504 M (PUKIMOHEH MpeAaBaTesieH MEXaHU3bM C LHU-
JMMHIPUYHU QPUKIMOHHH KoJielia. AHAIM3BT € HAllpaBeH NPH CJICAHUTE YCIOBHS: MPEIaBaTEIHOTO OTHOIICHHE KaKTO U
MEJKTyOCEBOTO Pa3CTOSIHUE HA JIBETE NIPEAaBKU Ca €IHAKBH; HATOBAPBAHETO U IIPH JBETE NPEIaBKH € CTATHYHO T.€. HE €
(GyHKUIMS Ha BpeMeTO; MAlIMHHUTE eeMEHTH (3b0HH KoJena, GPUKIMOHHU KoJena, BajloBe, Jarepu) U MpHu ABETE Ipe-
JIABKH C€ Pa3IJIekKIaT KaTo MICAITHO TBBPIM Teja; KOe(UIIMEHTUTE Ha CUT'YPHOCT 3a JIBETE NpeIaBKH ca eaHakBH. ChIo
Taka ce IpHeMa, 4e eJIEMEHTUTE Ha JBETe NMPEIaBKU ca W3pabOTEHH OT BHCOKOKAYECTBEHA JIETMpaHa KOHCTPYKIMOHHA
CTOMaHa cJIe/l U3BBbPIICHA ChOTBETHA TePMHUYHA 00paboTKa - B Cilyyas LEMEHTalus M 3akansBane. OmnpenensHeTo Ha
SIKOCTHHUTE TapaMeTpH Ha 3bOHaTa MpeJaBKa € HAlpaBeHO 10 METOJMKA PErjJaMEeHTHpaHa OT ChOTBETHUS JEHCTBAII

cranaapt. KoHTakTHUTE Hanpe:KkeHus ca onpeeneHu mo ¢popmynara Ha Herz-Bemnsies.

KarouoBu gymu: 360Ha npeiaBka, (pHUKIHOHHA IPEAaBKa, TOBAPOHOCHMOCT.

1.YBOJ

KakTo e 1o0pe n3BeCTHO OT MHOKECTBO H3TOY-
HULIM  CIelMalnu3upaHa JITepaTrypa TOBapOHOCH-
MOCTTa Ha 3bOHUTE NpENaBKU € 3HAUYUTEIHO IO
—roJysiMa OT Ta3u Ha ¢pukuuonnure. ToBa, pazdoupa
ce € M MPaKTUYECKU J0Ka3aHO OT OTPOMHHUSAT OIUT
HaTpyIlaH IpU Pa3HOOOPAa3HUTE IPUIIOKEHUS HA TrO-
perocoYeHNTE MpeJaBaTeTHl MEXaHU3MH.

Ot npyra crpaHa (QPUKIHOHHUTE MEXaHH3MH
HMAT HAKOU KAa4yeCTBa, KOUTO 3'[)6HI/IT€ IpeaaBKu HE
nputexkasar. Karo Haili-cepuo3HO NpeuMylIecTBO Ha
(pUKIIMOHHUTE NPEIaBaTeHH MEXaHU3MH CE SBSBA
TSAXHATa BB3MOXKHOCT J]a peanu3upar 0e3CTelneHHO
W3MEHEHHE Ha MNpelaBaTeIHOTO OTHOLIEHHE B JOC-
TaThYEH 3a IpaKTHKaTa Juana3oH. 3pOHUTE MeXxa-
HU3MH HE MOTaT Jia peajM3upaTr HamrbJIHO Oe3cre-
TIEHHO M3MEHEHHE Ha IPEelaBaTeIHOTO OTHOLICHUE
BBIIPEKH Y€ HAKOM OT TSAX Ca HapEe4YeHH ,,JAUCKPETHH
BapuaToOpu‘‘ 3alI0TO pea3upar KpacH Opoi Onu3ku
110 CTOMHOCT NpelaBaTeIHU OTHOIICHMA. Te3u Me-
XaHH3MU Ca ChC CJIOXKHA M IPOOJIEMHA 33 eKCILIOa-
Talusl KOHCTPYKILMS, ITOpagu KOETO HE ca Ce Hajo-
KUIM B TnpakTHkara. OcBeH O€3CTENeHHOTO H3Me-
HEHHE Ha TIPENIaBaTeIHOTO OTHOILIEHHE, KaTO KOHC-
TPYKTHBHA BB3MOXKHOCT, (PUKLIHOHHUTE IMPEIaBKU
HUMaT U TCXHOJIOTUYHU IPEAUMCTBA, KaTO MO-IIPOCTa
TEXHOJIOTHS 32 W3pabOTBaHE U TO-HUCKA ceOecToM-

HocT. ToBa ce by Ha (pakTa , 4e HapsA3BaHETO Ha
3p0HHMS BEHEI NpU 3bOHMUTE KoJelIa € CKbla U
CJIOXHA OIlepalys, KOSTO M3UCKBA U 3HAYUTEIHO
TeXHOJIOTHYHO Bpeme. KakTto e m3BecTHO B Ipo-
MHIIIEHOTO MPOM3BOJCTBO, IMOCTUTAHETO HA paly-
OHAJICH TEXHOJIOTHYEH IIpoLlec IPH Haps3BaHEe Ha
3pOHHTE BEHIIH, € BE3MOXKHO CaMO C M3IIOJI3BaHe Ha
CIIELMATHH 350000paboTBaIy MalMHU. B 3aBHCH-
MOCT OT MeToJa IO KOWTO Haps3BaT 3b0HMTE Te3H
MalllMHU YCJIOBHO C€ JeNsAT Ha JBa Kiaca — 36000-
Pe30BU U 3600/1b10a4HH U Ca €HU OT Hail CIIOXKHUTE
U CKBIIM MAalIMHU B MAlIMHOCTPOEHETO. 3b00Haps3-
Ball[UTE MAIIMHU Ca Ch3AaJACHU CIIEIHAIHO 32 TeX-
HOJIOTWYHATa oIepays 3b00HapsA3BaHe W HE Morar
Jla ce mpuiaraT 3a APYT'M TakuBa, KOETO I'M NPaBU
Ole IMO-YTEXHSIBAIINM M OCKBIISIBAIIN MPOU3BOACT-
BOTO.

OnucBaiiku TEXHOJIOTMYHUTE OCOOCHOCTH INpH
n3paboTka Ha 3b0HU KoJIesa, TpOBa J1a ce OTOCNICKH,
4Ye B CHbBPEMCHHHTE MAIIMHU TOJSIMA 4acT OT W3-
NOJI3BaHNUTE 3BOHM Koyena, ca ¢ OUITM(OBaHM pa-
OOTHM NMOBBPXHUHU HA 3b0MTE, a MPU JAPYTU, KOUTO
ca eJIEMEHTH OT TPAHCMHCHHU C IIPOMEHJIMBO Ipeja-
BaTEJIHO OTHOIICHHUE YesiaTa Ha 3p0HTe, ca ,,3aTUIIo-
BaHM', KOETO € HEOOXOJMMO 3a IPEBKIIOYBAHE HA
Pa3JIM4HU NPEIaBKU , HAIIPUMEDP B IJIABHUAT HPEBO/]
Ha [IOBEUETO YHUBEPCAIHH METAIOPEKEINU Mallli-
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HH. 32 TEXHOJOTMYHUTE ONEepalyu 3b00nuTn(oBaHe
U 3aTWIOBAHE ChIIO Ca HEOOXOAUMH CIELHATHU
MAallMHA ¥ TEXHOJOTMYHA CKUIHPOBKA 32 KOUTO C
ol MMO-ToJIsIMa CHJIa BaXKH Ka3aHOTO 3a 3b00Hapes-
HHUTE MallMHH. 3a OCBIIECTBSIBAHE HA TEXHOJOTWY-
HUTE OIepalyy 1Mo 360000paboTBaHE CHILO Taka ce
W3UCKBAT CIELHAIHH HHCTPYMEHTH — 3500 IbI0aYHI
rpebeHn, 35001pI0aYHN KOJIeNa, 3500Hape3HN TIIa-
BH, YEPBSIYHH, AWUCKOBH WJIM MAJIOBH MOIYJIHH
(pe3n, KOETO ChIIO OCKBIISIBA U YCIOXKHSABA IIPOU3-
BOJICTBOTO.

Crnen M3BbpIIBaHE HA BCUYKH OMEPALUH 110 3b-
6000paboTBaHeTo TpsAOBa Aa c€ IPOKOHTPOIUPAT
TEOMETPUYHUTE MapaMeTpy Ha 3bOHHS BCHEI, 3a
KOETO ca HEOOXOMUMHU CIICHHATU3UPAHU H3MEpPH-
TEJIHK MHCTPYMEHTH — HOPMAaJIOMEPH, BUCOKOMEPH,
U OBaHK Pa3MEPHH POJIKK | Ap. 3a m3paboTkara
1 KOHTpOJa Ha 3b0HM KoJela ca HEOOXOAWMH BHU-
COKOKBaTM(HIIMPAHH U CHOTBETHO CKBIIO IUIATEHH
paboTHHIIN.

3a m3paboTkaTa U KOHTPOJI'BT HA (PPUKIIMOHHUTE
KoOJieJia ¢a HAmbJIHO JOCTATHYHU YHUBEPCATHH Ma-
HIMHY 32 MeXaHn4yHa 00paboTka Oe3 KakBaTo u Ja €
CreLuaiHa UHCTPYMEHTAJIHA M TEXHOJIOTUYHA €KH-
nupoBka. Ha nmpakTuka ca HEOOXOAMMU JIBE MAIIUHU
32 POTALMOHHO-CUMETpUYHA 00paboTka (cTpyr u
KPBIIONUIM(OBBYHA MAIMHA) U KOMIUIEKT H3Me-
PUTETHH MHCTPYMEHTH 3a M3MEpBaHE HA JIMHEIHHU
pasmMepu (1ry0iep 1 MUKPOMETHP). TeXHOIOTUIHHSAT
mpolec 1o n3padoTKaTa U KOHTPOJIA Ha (QPUKIMOH-
HUTE KoJiella ce OTJIMYaBa C MPOCTOTa, BUCOKA TIPO-
M3BOJIMTEITHOCT U HHUCKA ce0EeCTOMHOCT, 3apaju Ko-
€TO0 OTHaja HyXXIara OT aHTa)XHUpaHe Ha BHCOKOK-
BaNM(UIMPAH EPCOHA.

OT Ka3aHOTO /IO TYK € BUJHO, Y€ B TEXHOJIOTUYHO
OTHOLIEHUE (PPUKLMOHHUTE IIPEJAHU Ca ONPEIEICHO
3a mpeamnounTtaHe. ChLI0 Taka HMMaWK{ MPeIBUT
BB3MOXKHOCTTa 3a OCBINECTBSIBaHE Ha (QyHKLUSTA
,,BapHaTop‘ MOXKe J1a Ce 3aKJII0YH ,u¢ QPUKINOHHUTE
IIPEaBKH OTCTHIBAT Ha 3BOHMTE caMoO IO TOBapo-
HOCHMOCT, KOETO O3HauaBa, ue paborara B 00JacTTa
Ha (PUKLIMOHHHUTE IPETaBKH MOXeE Ia JOBEIe M0
MEPCIIEKTUBHA TEXHUYECKH DPEIISHUS C ONpeneineH
HWKOHOMHYECKHU e(eKT.

IIpu cpaBHsABaHE Ha TOBAaPOHOCHMOCTTa MEXIY
3b0HUTE U PPUKIIMOHHUTE TPEIaBKU OONKHOBEHO Ce
Ka3Ba, Y€ MbPBUTE NPEBH3XOXKAAT BTOPUTE ,,3HAUH-
TENHO* WU ,,MHOTOKpaTHO [1, 5, 6 ] , KaTO He ce
KOHKpPETH3Hpa CHOTHOUIEHHETO MEXAY TOBAapOHO-

CHMOCTUTE Ha JBETe MpelaBKd. B Hactosimiara pa-
0oTa, Karo 4acT OT M3CIEIBaHuATa B 00JlacTTa Ha
(PUKIIMOHHUTE TIPEAaBKH M ThPCEHE Ha HAYMHM 32
MOBHUINIABAHE Ha TAXHATa TOBAPOHOCHMOCT, aBTO-
pHTE CH TOCTaBAT 3a4adyara Ja JajaT 10 TOYHO
CpaBHEHHE MEKIY TOBAPOHOCHMOCTTA Ha 3HOHHUTE U
(PUKIMOHHUTE TPEIABKH.

2.0IIPEJAEJISIHE HA JINMUTHUPAIIOTO
HAINIPE’)KEHUE 3A 3bBUTE HA 3bBHUTE
MPEJABKHU.

Kakro e u3BectHo [1] B ycnoBusita Ha pabOTHO
HAaTOBapBaHe KPUTHYHOTO OOEMHO HAaIpEXSHHE €
Harpe)kKeHHEeTO B OCHOBara Ha 3b0a. Hampesxenunero
Ha OI'bBaHE € B CJICACTBHE OI'bBALIUAT MOMEHT, Ch3-
JaJieH OT CHUJjaTa, JeiicTBalla B TOYKAaTa Ha KOHTAaKTa
U Jexalia BppxXy obIata HopMaia MeXIy JBa B3a-
uMHO padoremm 3b0Oa. ChblaTa cuia Ch3laBa U
KOHTAKTHO HANpPEXEHHe B TOYKATA HA KOHTAKT Ha
JBOWKaTa B3auMHO paboremu 350u. [Ipu yBemuua-
BaHe Ha HATOBAapBAaHETO BBPXY IpelaBKaTa ILIe ce
yBEINYAT U HANPEXKEHUATAa BbPXY 3bOHTE, KaTO NPH
JOCTUTaHE Ha ONpeJeeHa CTOMHOCT Ha HAaTOBapBa-
HETO IIle 3all0YHe pa3pylaBaHe Ha 3b60a. Hampexe-
HHETO, (B OCHOBaTa Ha 3b0a WIN B TOYKaTa Ha KOH-
TaKTa), KOETO MBPBO JOBeAe IO HapyllaBaHe Ha
HOpMalHaTa padorTa Iie HapuyaMe JUMHUTHPALIO.

Meroaukara 3a SIKOCTHH NPECMATAHUS HA IIU-
JIMHAPUYHU €BOJIBEHTHH MpelaBKU [1,2]
( HacrosimaTa paboTa Kacae caMoO €BOJIBEHTHU 3bOHH
KOJeNa ) C BBHIIHO 3allelIBaHE € OIPEAeNiCHa OT
BIC-1708-89 [4].

Cnopen Ta3u METOIMKA HAIIPEKEHUETO Ha OI'bBAHE B
OCHOBaTa Ha 3b0a- O©p M  KOHTAaKTHOTO

HaIIpeKCHUC- Of; CC IIOJydaBaT OT U3pA3UTC:

o = Ypstpleo

F,
K KpKpoKrp (1)
m,

u+l

F,
oy =2pZyZ, _I'TKAKHVKHaKH/} -(2)

bd,
Or te3u nu3pasu nocpeaACTBOM CHOTBETHUTEC Hp606-
pa3yBaHHud U IOJIaraHus C€ moJrydaBaT JBa OCHOBHHU
napaMeTbpa Ha 3n0HaTa npeaaska, onpeacsAn
HeWHaTta TOBAPOHOCUMOCT: HOPMAJIHUAT MOAY-

JIbT- m, rapaHTupall sgKOoCTTa Cpelly OI'bBaHC U

MEX/IyOCEBOTO PA3CTOSIHUE - d , FAPAHTHPALIO JOC-
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TaThbYHA KOHTAKTHA KOCT. M3pasute 3a onpezensHe
Ha Te3M MapamMeTpH ca:

2
2T, cos” B

2
Z21¥a10Fp1

T; u+l1
1
—— KKy Kyp 4)
4y o U

VYuacTBanMre B TOPHUTE PABEHCTBA O3HAYCHHS
UMaT CICAHUS CMHCHI: 1] -BBPTSNI MOMEHT Ha

m, =3 Yps1 Vg KyKpKpp A3)

a=(u+1)3Z§Zﬁ,

BXOJALIOTO KOJIENO Ha IIpe/laBKara;
u -IIpeflaBaTelIHO 4uCio; z; -Opoil Ha 3pOuTEe Ha

3aJIBUKBAIIOTO 360HO KOJICIO; O fpp; -A0IYCTUMOTO

HarpeKCHNE Ha OI'bBAHC 3a 3p0HTE Ha 3aJIBUKBaA-
IOoTO KOJCIO, Opyp; -AOIYCTMMO KOHTAKTHO Hall-

pexeHue 3a paboTHaTa NOBBPXHHHA Ha 3BOUTE.
Benuku ocTaHanu o3Ha4YeHUs ca KOS(UIMEHTH Ja-
JCHU B TaOJIMIM M JHArpaMH OT METOJHMKAaTa 3a W3-
yucisBaHe. Kato ce uma mpensun, ue pasriexnia-
HUATA Ce MPABST 32 WIMHAPUYIHA 360HA IIpefaBKa ¢
npaBd 3b0M M HyJieBa BHCOYMHHA KOPEKIMS Ha
3pOHUTE KOJIeNa, CE€ ONpENeNiT CTOHHOCTHTE Ha
koeduuuentute yyactsaimu B (3) u (4). M30upa ce
MOJXOIAII MaTepHrall U TepMooOpaboTKa 3a 3b0HUTE,
B ciryuast CTOMaHa
18 XI'T momioxkeHa Ha EMEHTALUS U 3aKaIIBaHE OT
KOETO C€ ONpEeAetiT JOMYCTUMUTE HAaIpPeKEeHUs:
Oppy =680 MPa u opp, =1300 MPa .

ITopanu ToBa, ue B u3paszure (3) u (4 ) yuactBar
JIOITyCTUMUTE HAIIPEXKEHUs, aKo ObJIe U3pa3eH OT TAX
MOMEHTBT 7| 1€ MOTyYUM MaKCUMAJIHO Bb3MOKHATA
CTOHHOCT Ha BXOJSLIMAT MOMEHT, IpHU KOWTO OH
paboTuiia npenaBka ¢ JaJCHUTE MOIYJT M MEXAYO-
CEeBO pascrosiHMe. B cienBamure M3BeXIaHUS TE3U
BBPTSAIY MOMEHTH 1Ie 0BT 03HAYCHH I10 CIICTHUST
HauuH: Tpp, — BBPTAIL MOMEHT, IIPU KOKUTO ce 1oc-
TUTa JIOIyCTUMOTO HAIpEXEHHE Ha OI'bBaHE B OC-
HOBaTa Ha 350a; Typ; — BBPTAI] MOMEHT, IPH KOHTO
ce JIOCTUTa JIOITyCTUMOTO KOHTAKTHO HAIpPEKEHHE B
paboTHaTa MOBBPXHOCT Ha 3b0a. 3a Te3n MOMEHTH
nony4enu ot (3) u (4) ca B cuia u3pasure:

3.2
m, zZ{ W.Opp
2
YrsYsK 4 Ky Kpp .cos” B

®)

Tppy =

4a31//.0121P1.u
4 52 2
(u+1)" ZzZi K Ky Ky p

CpI10 Taka OT TeOpHATa HAa 3bOHUTE IIPEIABKH Ca
W3BECTHU peJalluuTe:

d, b a
=—, d =— 7
z v d, ! ™

u+l’
Cnen 3amectBane Ha (7) B (5) u (6) ce crura 1o
CJICTHUTE PaBEHCTBA!

(6)

Typ =

2
a“bo
Tepy = 2 = ®)
(u+1)" 2, Yy YK Kp Ky
4a* ot u
Typy = e ©)

3
(u+1) Z;ZpK KKy p

Mexny mapamerpure, ydactBaimy B (8) u (9) cb-
LeCTBYBaT CIIEJTHUTE BPB3KH
K KpKpp =K Ky Kyp » Oppy ® L,9.0pp [3]
ChpI110 Taka KaKTo € BUJHO OT (8) OposT Ha 3b0uTe Ha
3a[BIKBAILIOTO KOJIENO - Z; y4acTBa B 3HAMEHATesLsl
Ha M3pa3a CJIeJ0BATEHO MAJIKUTE CTOMHOCTH Ha Zz;
BOJAT 0 nosumasane Ha Tpp . OT apyra crpana
Hali-MaJKaTa CTOHHOCT Ha z; , HE M3HMCKBallla BUCO-
ypHHa Kopeknust e 17 [1,2] cmemoBarenHo, 3a na
MOJIlyYMM BB3MOXKHO Hai-roisiMara CTOMHOCT Ha
BBPTSAILUS MOMEHT B 3HaMmeHarens Ha (8) TpsOBa na
ce monoxu z; =17 .CtoiiHOCTHTE Ha KOePUIICHTHTE
Zg, 2y, Y/j,YFS Ce ONPEJEIAT OT TaOJIUIUTE U JTU-
arpamute [3] OT MeTonuKaTa 3a W3YHCISABAaHE Ha
3p0HHTE TIpenaBku. Cliien mojaraHe Ha OIpejele-

HUTE CTOWHOCTH Ha Koeduimentute B (8) u (9) ce
MOJIyYaBaT pellalliuTe

6,9.107 a’b.opp,

Tipy = (10)
(u+1)
6.4.10" a’b.orp
Typr = —— 3 an
(u+1)

, B KOUTO JOMYCTUMHUTE HATOBAPBAHUs Ca M3Pa3eHH
KaTo QYHKUMM Ha €IHU ¥ CBIIU NapaMeTpH, CIIEI0-
BAaTEJIHO JaBaT BH3MOXHOCT 3a CpaBHsIBaHE Ha Be-
auauBnte Tppy U Ty . CbCTaBAHETO Ha OTHOIIE-

HHUETO MEXKAY ABETEC BCIIMUMHU BOAU 10 U3PA3BT

Tur1 9 248,107 6, Ll (12)
u+

TFPl
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Wzpazbr (12) naBa OTHOIICHHETO Ha IPAHUYHUTE
MOMEHTH KaTo (DyHKIHMS Ha JOIyCTUMOTO Hampe-
KEHHEe Ha Or'bBaHE B OCHOBATAa Ha 3b0a - Opp; U
[IpeIaBaTeTHOTO YHCIO - # . OT TEOpeTUUHHTE pa-
00TH ¥ TPAKTHYECKUTE W3CJICABAHUS HAa 3bOHU TIpe-
JaBKM Ca YCTaHOBEHH I'PaHUIMTE Ha W3MEHEHHE Ha
TE3W JBa IapaMeTbpa Opp = 680-+720 MPa ;
u=1+4 , K0eTo HH JAaBa Bb3MOXKHOCT Jia TIOCTPOUM

Tupt  Typ

HOB])pXHI/IHaTa =
Typy TFPI

(0ppy,u) nmamena ma

¢ur.1.

¢ur.1
Ipu dukcupana cTOMHOCT Ha JOMYCTUMOTO Harpe-
JKEHHe, HalpuMep opp; = 700 MPa ce noiydasa 3a

THPI
OTHOILLICHUECTO C€ MoJIydaBa U3pas3bT:
FP1
T u
HPL _ 6 474 (13)
FPI u+

4yHuATO rpaduKa e AaaeHa Ha Qur. 2

30
48
44
44
42
40

3.

3.

Ot uzoOpakeHusita Ha ¢ur.l u ¢ur.2 e BUgHO , 4e
BBPTAIMAT MOMEHT Ijp; , TPH KOHWTO Ime Obae

JIOCTUTHATa JOMyCcTUMaTra CTOMHOCT Ha Halpexe-
HUETO B OCHOBara Ha 350a € ot 3,2 10 5,2 MbTH 1O
HHCKa OT TO3H, IIpHU KOMTO ce JAO0CTUTa JOIIyCTUMOTO
KOHTAKTHO HAIIPEKEHUE.

OT HampaBeHUTE 0 TYK Pa3TIeKIaHNus MOXKE /1a
CE€ HaINpaBH M3BOABT, Y€ JIMMHUTHPAIIOTO HAINpeKe-
HHUE € TOBa B OCHOBaTa Ha 3b0a, CIEIOBATEIHO MPH
CpaBHCHHE HA 3HOHUTE U (PPUKIIMOHHUTE MPEIAABKH
TO3W TIOKa3aren Ime ObJe CUYUTAaH 3a, OIPEIEeIIsI]
TOBapOHOCHMOCTTA Ha 3h0HATa TpeIaBKa.

3.CPABHEHHME 110 TOBAPOHOCHUMOCT
MEXAY 3bBEH U ®PUKIITMOHEH IIPEJIA-
BATEJIEH MEXAHMW3BM

B nHacrosmara Touka e 0bae HalpaBeH CpaBHUTE-
JIeH aHaM3 IO TOBAPOHOCHMOCT MEXIy 3BOHA U
LUIMHAPUYHA QPUKIMOHHA NIpeJaBKa IPH CIIEIHUTE
YCIIOBHSA: BU/Ia HA HATOBAPBAHETO € €IHAKBB 32 JBETE
TpeJaBKU — BEPTSII MOMEHT C TIOCTOSIHHA CTOHHOCT;
MEXIyOCEBOTO PAa3CTOSHHE M MPEIaBaTEIHOTO OT-
HOIIIEHHE Ha JIBETe MPEJaBKH ¢ eIHAaKBO; paboTHATA
HIMpHHA - b Ha KoJleaTa OT ABETE NPEAABKH € C e/lHa
U CBIIA CTOMHOCT; KOJenaTa Jia ABeTe NpelaBKU ca
n3paboTeHN OT efHaKbB MaTepuan. CpaBHSIBaHHTE
HaNpeXeHMs I1e ObJaT: HaNPEKEHUETO Ha OT'bBAHE B
OCHOBATa Ha 360a, KOETO € IMMHUTHUPAILO 3a 3b0HaTa
npeaBka ¥ HOPMAIHOTO HANpPEKEHHE B 30HATa Ha
KOHTaKTa Ha (PUKIIMOHHUTE KOJIeNa.

Hopmannata cuna F, , KosTo € HeoOXoauMa 3a

OCUT'ypsiBAaHE€ Ha MOMCHT Ha TpPHUCHE Tfl BBPXY

BXOJAIIO KOJICJIO Ha HWJIMHAPUYIHA (I)pI/IKI_[I/IOHHa
npeaaBka ¢ 1MaMETbp dl C€ 1aBa OT U3pa3bT

o1y,

wud,
KBJETO C 4 € O3HAa4eH KOC(HUIMEHTHT Ha TPUEHE

(14

n

IOpu IUTb3raHe 3a (PUKLUOHHATA ABOMKA KoJjena.
MakcHManHOTO KOHTAKTHO HANPEXKEHUE- Ok >

KOETO Ta3d CHja 1IE Ch3AaJA€ B 30HATA HA KOHTAKTa
Mexay (PUKIMOHHHTE Kojena cropen dhopmynara
Ha Herz-benses e Ob1e:

Ty EE, (Pl +P2)
bud, pp, (E +E,)

O H max =0,916 (15)
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C E,E,,p,p, ca 03HAaUEHU CBOTBETHO KOe-

(ULUEHTUTE Ha €NaCTUYHOCT M PaJUyCUTe Ha KpU-
BUHA B TOUKAaTa HA KOHTAaKTa 3a KojenaTa oT (puk-
IIMOHHATa npenaBka. [lopaau ToBa , 4e (pUKIMOH-
HHUTE KoJleNa ca LMIMHAPUYHY, paJUyCUTe Ha KpH-
BUHA Ca KOHCTaHTH Y Ca PaBHU Ha KOHTaKTHUTE pa-
JUYCH T.€.:

d, d,

=—; =—, 16
P 5 P > (16)

Cnen 3amectBane Ha (16) B (15) ce cTura 10 u3pasbr
2071, E\E, (d, +d,)
bu did,(E, +E,)

Kakto e m3BecTHO Mexay auameTpure d;,d, ,

(a7

OHmax = 0’

MEXJYyOCOBOTO Pa3CTOSHUE - @ U NPEAaBaTEIHOTO
YHCIO - ¥ Ha IIMHAPUYHA NpeJaBKa ca B CHJa
BPB3KHTE:

u+l1
a

u+l"

Crnen nonarane Ha (18) B (17) u nmaiiku npeaBun, de
JBETE KOJeNa ca OT eJHaKbB MaTepual (¢ MOIyN Ha
enactiyHocT E) ce monyyaBa Bpbh3Kara

(18)

h =

Ofmax = 0916, ——=——, (19)
a’buy u
OT KOSITO MOJKEM Ja M3pa3skM MaKCHMAITHO JIOIyC-
THUMUST BBPTSII MOMEHT Ha BXOJIa Ha pasIiiekIaHara
mpeaBKa:
2 2
ua’b o
T, =1,192y————max (90
1 3 E
(u + 1)
Karo ce umat mpenBui, Ye B CIy4asT ca BaJUIAHU
paBeHcTBaTa
6 11

Chimax = Opp1»Oppr = 700.10°, E=2,1.10", 1= 0,12[5]
(koeduIMEHT HAa TPHEHE MPHU TUIH3TaHe Ha 3aKajeHa
CTOMaHa 10 3aKaJleHa CTOMaHa) MOXEM J1a CbCTaBUM
OTHOILICHUETO HAa MAaKCUMAJHUTE MOMEHTH, KOHTO
Morar Jia MmoHecar 3b0Ha npejgaBka M (PUKIUOHHA
TakaBa [P €IHH U ChIM ycioBus. Ciex pasaeisiHe
Ha (10) ¢ (20) ce monyyaBa paBeHCTBOTO

h:2,37(u+1)‘ 2D

Ty u

B®3 ocHoBara Ha (21) Moxe 1a ce HadepTae rpadu-

T, T,
kara (¢ur.3) Ha (yHKUEITA —L-= ﬂ(u) npu
o T
W3MEHEHHE Ha MPEeAaBaTeNHOTO uucio 1<u <4 |
KOSITO [1aBa HAIJIe[HA IPEACTaBa 3a ChOTHOIICHHETO

MEX]y TOBApPOHOCUMOCTHUTE Ha

[*E|
[™]
.

¢ur.3
3b0HHTE U (QPUKIHOHHHUTE NPENABKH IPH CIHAKBH
rabapuTH ¥ NpeaaBaTeIH YUCIIA .

4.13BO1A

Ot HanpaBeHUAT B paboTaTa CpaBHUTEIICH aHAJIN3
M0 OTHOLICHHWE TOBAapPOHOCHMOCTTA Ha 3bOHHUTE U
(pUKIMOHHNTE TPEeNaBKH MOXKE J1a c€ HalpaBH U3-
BOJa, Y€ IIpHU CAHAKBU MEXKAYOCCBU PA3CTOAHHUA U
MIpelaBaTeHA YHCNIAa OTHOIIEHUETO MEXIY MaKCH-
MaJTHATe MOMEHTHU NpeIaBaHd OT 3bOHUAT M (HpHUK-
[MOHHUAT MEXaHW3BM € B TpaHuuute oT 3 10 4,6 .
ToneMuTe CTOWHOCTH Ha TOBa OTHOLICHHE Ca IPH
MaJIKUTE T[peJaBaTeIHM 4Yuclia, KaTo HaMalsiBaT
MOHOTOHHO C YBEJIHYaBaHE Ha MPEAaBaTEIHOTO
YHCIIO0, T.€. (PPUKLMOHHHUTE NPEAaBKU Ca HOAXO SN
3a pealau3upaHe Ha 0-BUCOKU PEIYKIHU.
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COMPARATIVE ANALYSIS ABOUT LOAD CAPACITY BETWEEN GEAR
AND FRICTIONAL PAIR

Kostadin STOICHKOV! Yavor Sofronov?
ITheory of mechanisms and machins department, Technical University-Sofia, Bulgaria

e-mail: kks@tu-sofia.bg

2Theory of mechanisms and machins department, Technical University-Sofia, Bulgaria
e-mail: ysofronov(@tu-sofia.bg

Abstract: In the following article authors make comparative analysis about load capacity of gear and frictional pair. Only
spur gear and frictional mechanism with cylindrical friction wheel are considered. The analysis is performed under the
following conditions: transmission ratio and wheelbase distance of both pairs is equal; load on both pairs is static i.e. it’s
not time dependent; machine elements (spur gears, frictional wheels, shafts, bearings) on both pairs are regarded as rigid
bodies; safety factors for both pairs are the same. It was also assumed that the elements of the two pairs were made of high
quality alloy structural steel after an appropriate heat treatment - in this case carburizing and hardening. The strength pa-
rameters of the gear were made according to methodology regulated by the relevant standard. The contact stresses are
determined using Herz-Belyaev formula.

Keywords: gear pair, frictional pair, load capacity

44



Bwarapcko crucanue 3a HHKEHEPHO MIPOeKTUpaHe, Opoit 24, okroMspu 2014r.

AHAJIN3 HA COBCTBEHUTE YECTOTH HA KOIIA HA CHELIUAJIM3UPAH BAI'OH
3A IIPEBO3BAHE HA HACUITHU TOBAPHU CEPUSA FALNS

Cgerociap CJABYEB
kaTeznpa ,,)KenesonbTHa TexHuka”’, Texuuuecku ynusepcurer - Codust, beirapus
e-mail: slavchev_s_s@tu-sofia.bg

Pe3iome: JloknaabpT ChabpKa pe3yaTaTd OT NMPOBEICHUTE TEOPETUYHH U3UHCICHUS HA COOCTBEHNUTE YECTOTH Ha KOIIA Ha
BaroH 3a NpeBO3 Ha HAacuMHM ToBapu cepust Falns 3a moBumeHo oceBo HaroBapBaHe 25,0 t/oc. Pa3zpaborenu ca
MPOCTPAHCTBEHH M3YMCIIMTEIHNA MOJEIH, OMUCBAIY MHOTO TOYHO '€OMETpPHUsTA Ha BaroHa ¢ IMOMOIITA HA MPOrPAMHUS
nponykt SolidWorks. CoOCTBEHUTE 4eCTOTH Ha KOIlIa Ha BaroHa ca OIMpEAEICHH C MOMOIITa Ha METO/a Ha KpaiHHTe
CJIEMEHTH, KaTO € U3I0J3BaH MOAyIbT “frequency” Ha mporpamMHus MPOAYKT. 3a Aa Ob/e IOIMyCHAaTa HOBOIPOSKTHPaHATa
BaroHHa KOHCTPYKLHS 10 IPOBEXKIAHE Ha peaH IbTHU U3MUTBaHus, COOCTBEHUTE YE€CTOTH Ha KOLIIa Ha BaroHa TpsioBa 1a
Ce OTJIMYaBaT OT TE3U Ha LICJIUs BaroH, T.€. 1a HE HACTBIIAT PE30HAHCHH SIBJICHUSI.

Kiarwuosu nymu: MKE, co6cTBenn uectoTi, BaroH

1.YBOJ

u3rpajied ot kpaitnu enementd Ttun 3D (solids).
MoneapT € ONTHMH3MpPAH Karo ¢ H3CJIeABaHa
CXOMMOCTTA Ha PEIICHHUETO.

B cratmATa ca npencTaBeHH pe3yiATaTH OT
NPOBEACHUTE  TEOPETHYHW  HM3YHCICHHS  Ha
COOCTBEHHTE YECTOTH Ha KOIlIa HA BaroHa 3a MpeBo3
Ha HACWIIHH ToBapu cepus Falns 3a oceBo
HatoBapBaHe 25,0 t/oc mpoektHpan ot ¢upma
TPAHCBAI'OH A/, rp. byprac u anamusz Ha
MOJY4YEHHUTE pe3yjITaTH C OIJIe]] HAa YECTOTUTE Ha
PECOPHOTO OKayBaHE Ha BaroHa. TeopeTHYHHUTE
U3CIIeBaHMS Ca HAIPaBeHH [0 METOJa Ha KpalHUTe
eseMeHTH. M3MOM3BaH € MpOrpaMHUAT HPOAYKT
SolidWorks Simulation. Pa3paboTeHn ca CIOXHH
MIPOCTPAHCTBEHH M3UHCIUTEIHH MOJIEIH, OTMCBAIIN
MHOTO TOYHO T€OMeTpHsTa Ha BaroHa [4]. B mpomeca
Ha CBb3JaBaHe Ha MOJENUTE € U3CleJBaHa
CXOJMMOCTTa Ha pelIeHneTo. ToBa Imo3BosiBa J1a ce
Pa3paboTAT Bb3MOXKHO HAIl-TIOAXOSIIUTE CXEMH T10
OTHOILICHUE HAa: TCOMETPUYHOTO IPEACTaBSIHE Ha

¢ur.1 Baron Falns

Ta6.1.1 OCHOBHY ITapaMeTPpH Ha U3CIICABAHUS BarOH

o0ekra, BBBEKAHETO Ha JelCTBaIIHTE
HATOBAPBAHMA M pEaKUMM M TONY4aBaHe HA [ raganyr Gl
JOCTaTHYHO TOYHM DESYNTAaTH 32 HSCHEHBAHHM | 4
e — pOYi Ha OCHUTE
ToBapoHnocumoct, t 78,5
2. OBEKT HA U3CJIEABAHETO Tapa, t 21,5
HarosapBane Ha oc, t 25
OOEKTBT Ha U3CIEABAHETO € BaroH 3a NPeBo3 Ha
ba3a Ha Barona, mm 6500
HacunHU ToBapu cepus Falns ¢ur. 1 3a oceBo 0
npaseH
HatoBapsare 25,0 t/oc. KoncrpykrusHa ckopoct, km/h P
OCHOBHU ITapaMeTpH Ha BaroHa ca JaJieH: B TaOIuIa HatoBapeH | 100

1.

3a H3BBPHIBAHC HA IKOCTHUA U YCCTOTHHUSA aHAJIU3
(S pa3pa60TeH MIPOCTPAHCTBEH U3YUCIIUTCICH MOACLII,

OnTuMH3HpaHUT MOJEN € u3rpajaeH ot 697 047
Bp3ena u 349 371 kpaiinu enementa — ¢wur.2.
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MaxkcuMallHUAT pa3Mep Ha KpallHUTE €JIEMEHTU €
42,6 mm. Cna3eHn ca BCHYKH TEOPETUYHO
M3UCKBAIlM CE€ CHOTHOLICHUS MEXAY NapaMeTpHuTe
Ha KpalHHUTE €JIEMEHTH, MO3BOJISABAILY MOJENNPaHE
Ha KOHCTPYKIMATA Ha KOIIa ¢ momorira Ha solids.

¢ur.2 OnTuMHU3UPaHUAT MOJEI Ha KOIlla Ha BaroHa
3. METOAUKA HA U3CJIEABAHETO

3a uW3MBIHEHHE Ha IIOCTAaBeHaTa 3ajada ¢
HM3MON3BaH  MPOTPAMHUAT TpoaykT SolidWorks
Simulation, Ounamuuer MmoOyn, NpPEAHA3HAUYCH 3a
ompeleNiiHE HAa  YECTOTUTE Ha  COOCTBEHHTE
TPENTeHUs Ha aHaM3upanus ooekt. M3cnenBanero e
HalpaBeHO KaTro € M3MoJ3BaHa  paboTHara
nokymeHTauus ot [3]. BeBenenu ca HeoOXoquMuTe
TPaHUYHU YCJIOBHS M Ca TMOJYYCHH JAHHU 3a
COOCTBEHUTE 4YECTOTH Ha IbpPBUTE 5 (GOpMHU Ha
TpENTEeHe.
Wscnensanu ca cnenHuTe 2 ciayydas:
e [Ipasen Barow;
e [InneH BaroH A0 JOCTHraHE Ha OCEBO
HaToBapBaHe 25 t/oc.

B cnenmanusupanara aurepaTypa 0OMKHOBEHO Ce
uscnensar mbppBuTe 2 GopMH Ha TpenteHe. B
KOHKPETHHSI Ciy4yall aHauu3bT € pas3lIMpeH JI0
nppBUTE 5 GopMu Ha Tpentene. [IpuunHuTe 32 TOBA
ca TpamulMUTEe TIIPU HU3CIEABAHE HAa BAarOHHH
KOHCTPYKIMH ¥ HACTOSIBAHETO HA IPOU3BOJIUTENS Ha
BaroHa. 3a Hy>KAUTE Ha U3CIIC[BAHUSITA € U3II0JI3BaH
0a30B M3YUCIUTEICH MOJEIN, HAITBJIHO UJICHTUYEH C
TO3M OT T. 2, pa3paboTeH 3a NPOBEXHAHE Ha
CTaTHYHUS SKOCTHO-Ie(OopMalnMoHEeH aHaiu3. 3a
CHUMyJIallUs Ha HATOBapBaHETO JONBIHUTEIHO ca

CB3Ia7eHH eJIeMEHTH c TIOXOISAIIN
XapaKTEPUCTHKH, MOJIEIUPAIIHN TTOJIE3HUS TOBAP.

B croTBeTCTBHE € [3], B UBUHUCIUTEITHUTE MOJICITH
ca 3aJaJIcHU peallHuTe MapaMeTpH Ha H3I0JI3BaHaTa
oT KOHCTpyKTOpuTe cromana S355J2, EN 10025),
YHUTO OCHOBHU MOKAa3aTeN! ca JaJeHH B Tabnuia 2:

Ta6.1.2 [TapamMeTpu Ha U3MOI3BaHNs MaTepuall

Cromana S355J)2
JeGenuna Ha TaMapHHaTa B mm 31016
Mus. rpannna Ha nposnadane Re - MPa 355
MuH. sikocT Ha onbH Rm - MPa 470
Marepuanbt e MOJICITUpaH Karo

JIMHEHHO-EJIaCTHYCH W HM30TPOIEH. XapaKkTepu3nupa
ce C MmapaMeTpure:

— w™oxya Ha FOur — E=210 000 MPa;

— koeduuueHt Ha [Toacon — u=0,3.

rpaHI/I‘IHI/ITe ycioBuUsi Ca BbBEACHU B 30HUTE HA
JABaTa LEHTPAJIHU JIarepa KaKTo CJIeaBa:

B ennnus narep — cnopen tabauua 3:

Ta0,1.3 ['paHnyHUTE YCIOBUS 32 IBPBUS JIarep

I'mo6anna IIpemecTBane 3aBbpTane

KOOp/IMHATHA OC

X Ux=R ox=R

y Uy=R ¢y=F
Uz=R oz=F

BB BrOpU: Narep — criopen Tabnuna 4:

T20.1.4 I'paHUYHUTE YCIOBUS 32 BTOPUS J1arep

I'mo6anna IIpemecTBane 3aBbpTane
KOOPJMHATHA OC

X Ux=F px=R

y Uy=R oy=F

z Uz=R oz=F

B tabmumm 3 um 4 ca W3MNOA3BaHU CIIEIHUTE
O3HAYCHUS:

e R -  mpeMecTBaHETO/3aBBPTAHETO €
OrPaHHUYCHO;

e F - [peMecTBaHETO/3aBBPTAHETO HE €
OTPaHUYCHO.
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HpI/I MOJQJIHUA aHaJIn3 HATOBAaPBAHETO BKIIIOYBA:

e 3a CBCTOSIHUETO ,,[IPa3eH BaroH’—
coOCTBeHaTa Maca Ha KolIla,

e 3a  CBbCTOSHHMETO  ,,IBJICH  Baron”’  —
coOCTBeHaTa Maca M MacaTa Ha IIOJC3HHS
TOBap.

4. OTIPEJAEJISIHE HA YECTOTUTE HA
COBCTBEHO TPEIITEHE HA
OKAYBAHETO HA BAT'OHA

Yecroture Ha COOCTBEHHTE TPENTEHHS HA
PECOPHOTO OKayBaHe Ha MPA3HMS U ITBJIHHS BaroH ce
ompexaensT o Gpopmymnara [1, 5]:

1 /cz
=— |— 1
fo 2r \m, M
KBJETO:

® C; € eJacTUYHA KOHCTAaHTa Ha OKAYBaHETO 3a
enHa Oykca (KoJeno);

ema, — oOpecopeHa Maca Ha eaHa Oykca
(xoseno).

Karo ce uma npeasun, ue BarousT Falns e
obopyaBan ¢ tanmurn Y25Ls1-(K) cee cranmaptHu
UIC npyxuHHM 1 IapaMeTpH, TO IIpU cOOCTBEHa Maca
Ha BaroHa T = 21 500 kg Bropara mpyxuHa Iie
3al0vHe J1a ce HaTOBapBa IMPU Maca Ha IIOJIE3HUS
toBap 1155 kg, KoATO € HEe3HaYWTEeNHA CIIPSIMO
MakcuManHaTta ToBapoHocumocT — 78 500 kg. Tosa e
MpUYMHATA Ja OBJAaT H3CIEABaHH JBETE OCHOBHHU
CBCTOSIHUSI — TIPa3eH U IIbJICH.

JlaHHUTE 32 W3YMCICHHATA W pPE3yJITaTHTE 3a
COOCTBEHHTE 4YECTOTH Ha TPENTEHUE ca JaJeHU B
tabnuua 5.

Ta6J1.5 Pe3ynrarture 3a COOCTBEHUTE YECTOTH

Hatosapen

BATOH 11885

22,5 2664033 | 2,3852

5. PE3YJITATHU OT MOJAJIHUSL
(UECTOTHMUS) AHAJIN3 HA KOIIIA 11
TAXHATA OHEHKA

Pesynratute OT TpPOBEACHUS C IporpaMara
Mo/ajieH (4eCTOTeH) aHallu3 ca aJeHu B Tabmumu 6
u 7 u Ha Qurypute 3 U 4 W KOPECHOHIUPAT C
pe3ynaTaTute MyOnuKyBaHu B [2, 6 1 7].

Ta0J1.6 HO.IIy‘IeHI/ITG YECTOTH 3a IIpa3cH Baron

CobGcrBeHa opma

Ha TpenTeHe Ha CobcrosiHue YecroTa, Hz
Komia
IIspBa npaseH 16,05
Bropa npases 26.67
Tpera npas3eH 28:38
YerbpTa npases 30,24
Ileta npaseH 30,89

Ta6.1.7 [loyueHnTe 9eCcTOTH 32 HATOBAapEH BaroH

CobcrBeHa Gopma

Ha TpeNTeHe Ha CocTosiHuE YecroTta, Hz
KoIa
IIspBa HaTOBapeH 471
Bropa HaTOBapeH 7:82
Tpera HaTOBapeH 8.32
YerBbpTa HaTOBapeH 8:87
Ilera HaTOBapeH 9.06

— <
< e < =
5 o o s )

fos] — —
= = < B = = N
@ 2 g = EZ =
< < < = >
A S| £2| 28 >
(]
g 5| 28| =& 5
=) = 1) O e
= 3 < = =
o) o 8 E g« 3
I ] a, = = e}
Q = & o 5 " =
a [} g o
@) Q o !

o 5

IIpazen
BATOH 6,5 | 2072,5 1015228 | 3,4978

¢ur.3 IIspBa cobcTBeHa (hopMa Ha TPENTEHE Ha KomIa 32
MIpa3eH BaroH
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URes (o)

¢ur.4 IIspBa cobcTBeHa (hopMa Ha TPENTEHE Ha KOMIA 32
HATOBAapeH BaroH

OneHkata Ha pe3yjiTaTUTe OT IPOBEICHUS
MOJaJieH aHalW3 € HampaBeHa C MOMOINTa Ha
maHauTe oT Tabmuima 8. B mHes ca 0000mmeHn
pe3ynTaTuTe 3a MbPBUTE NET POPMU Ha TPENTEHE Ha
ITBJIHUSL ¥ TIPA3HKSl BATOHEH KOII M Ca ChIIOCTABEHU
ChC COOCTBEHHTE YECTOTH Ha TPENTEHE HA PECOPHOTO
OKauBaHe.

T20.1.8 CpaBHHUTEIICH aHAIN3 HA MOJIyYEeHUTE
COOCTBEHHU 4eCTOTH

g5 5 SN
s 2 g g N e
Z o o 0= = < E &
[a T = o S =B o B =1
_a < = 5§88 % s &9
= = O & ;= & B =
< o o < O = & o <
el 5 T 58 8 S ?
O O 2 o8 =] g (SR =
=) 538 & O O s
5 E © 1 ©a = a3
S g E < jn Q
s & 5= =]
S =
O = S
IIspBa Ipa3eH 16.05
Bropa [pa3eH 26.67
Tpera mpa3eH 28,38 3,49
YerBbpT | mpaseH 30.24
Ileta npaseH 30.89
IIspBa IIbJIEH 471
Bropa IIbJIEH 782
b
Tpera IIbJICH 8.32 2,38
YerBbpT | IBICH 8.87
Ileta IIbJIEH 9.06
b

AHamu3BT Ha JAaHHUTE OT Tabauia 8 mo3BoisgBa
JIa Ce HAMPABSIT CIICHUTE OCHOBHH H3BOJIH:

1. CobcTBEeHHTE UECTOTH Ha TPENTEHE Ha KOIla,
KakTO B HAaTOBapeHO, Taka M B HEHATOBAPECHO
ChCTOSIHHE Ca ChIllecTBeHO mo-rojemu (ot 1,97 3a 1o
8,83 mbTH) OT COOCTBEHHMTE YECTOTH HAa BaroHa c
OTYUTaHE Ha PECOPHOTO okayBaHe. ToBa NpeBUIaBa

CUMTAHAaTa 32 KPUTHYHA CTOMHOCT + V2.

2. V3mbIHEHO €  YCIOBHETO  COOCTBEHHTE
YEeCTOTH Ha TpEeNTeHe Ha Koma (B HAaTOBApEHO U B
HEHAaTOBApPEHO CBCTOSHHE) Ja C€ pa3luyaBaT OT
COOCTBEHHTE YECTOTH Ha BaroHa C OTYHMTAaHE Ha
pecopHOTO OoKauBane ¢ moseue ot 0,5 Hz.

6. OBOLLIEHUA U 3AKJITIOYEHUE

0O060011aBaiiki TOPHOTO CJI€/Ba, Y€ € U3IIBIHEHO
m3uckBaHero Ha TSI-WAG ,,SIkocT Ha OCHOBHaTa
KOHCTPYKIMS Ha IPEBO3HOTO CPEICTBO — BUIOBE
tpenteHus”: Ilo BpeMe Ha  HPOEKTUPAHETO
/KOHCTpyupaHeTo/ TpsOBa Aa ce B3eMe MpEIBUI, ue
yecTrorara Ha COOCTBEHUTE TPENTECHUS Ha KOIla Ha
BaroHa TpsOBa 1a ce pa3rpaHUYaBaT JOCTATHYHO
Jn00pe OT Te3 Ha OKAYBAHETO.

CrenoBaTeiHO B HOBOIIPOEKTHpaHaTa
KOHCTPYKIIHS HE C€ 0YaKBa J1a HACTHIIAT PE30HaHCHH
SIBTICHUS. M BaroHbT MOXe Ja ObJe IOMyCHAT IO
MPOBEXIAaHE Ha PEaHU IbTHH H3ITUTBAHUSL.
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ANALYSIS OF EIGENFREQUENCIES OF WAGON BODY OF SPECIALIZED
WAGON FOR CARRIAGE OF BULK GOODS SERIES FALNS

Svetoslav SLAVCHEV
Railway engineering department, Technical University-Sofia, Bulgaria
e-mail: slavchev_s_s@tu-sofia.bg

Abstract: This paper contains results from the conducted theoretical calculations of eigenfrequencies of the wagon body
for transporting bulk, series Falns, for increased axle load 25,0 t/axle. Using the software SolidWorks three-dimensional
computational models were developed describing precisely the geometry of the wagon. Eigenfrequencies of the wagon
body are determined using the finite element method, with the module "frequency” of the software. In order the newly
wagon design to be admitted to conducting real tests, the eigenfrequencies of the wagon body must differ from those of the
entire vehicle, so that resonance phenomena not occurs.

Keywords: FEM, Eigenfrequencies, railway wagon.

49



50



Bwarapcko crucanue 3a HHKEHEPHO MIPOoeKTUpaHe, Opoit 24, okroMspu 2014r.

DESIGN AND SIMULATION OF OP-AMP-RC SINE WAVE OSCILLATOR

Khalid Awaad Humood Adham Hadi Saleh Wurod Qasim Mohammed
Electronic Department, Engineering College, Diyala University, Iraq
email: humoodkhalid@yahoo.com

Abstract: The frequency oscillator can be considered as a one of basic circuits, which must be existing in most electrical,
electronic, communication circuits and systems. In this paper, a proposed design of sine wave oscillator type RC phase shift
has been performed using three approaches. The first approach proposed design is done theoretically using the basic the-
orems used to generate oscillations, such as the condition of oscillation criteria. Secondly it is done using simulation
technique (multisim11).. All the obtained results from the above two approaches (3.800 kHz and 3.510 kHz respectively)
are seems to be equal approximately. These obtained results from the designed oscillator were very encouraging.

Key Word: RC,OP-AMP, Oscillator

1. INTRODUCTION

Oscillators are circuits that produce specific, pe-
riodic waveforms such as square, triangular, saw
tooth, and sinusoidal. There are two main classes of
oscillator relaxation and sinusoidal. Relaxation os-
cillator generates the triangular, saw tooth and other
non-sinusoidal waveforms. Sinusoidal oscillators
consist of amplifiers with external components used
to generate oscillation, or crystals that internally
generate the oscillation (1). The focus here is on sine
wave oscillators, created using the operational am-
plifiers (Op-Amps).

Sine wave oscillators are used as references or test
waveforms by many circuits. A pure sine wave has
only a single or fundamental frequency ideally no
harmonics are present. (Thus, a sine wave may be the
input to a device or circuit, with the output harmonics
measured to determine the amount of distortion). The
waveforms in relaxation oscillators are generated
from sine waves that are summed to provide a speci-
fied shape [1,2]. A small signal voltage amplifier is
shown in Figure (1a).

The operational amplifier has an extremely high
gain under these circumstances and this leads to sat-
uration within the amplifier. As saturation implies
working in the non-linear section of the characteris-
tics, harmonics are produced and a ringing pattern
may appear inside the chip. Because of this, a square
wave output is produced for a sinusoidal input. The
amplifier has ceased to amplify and it has become
unstable. There are many reasons why an amplifier
may become unstable, such as temperature changes
or power supply variations, but in this case, the

problem is the very high gain of the operational am-
plifier [3.4].

Figure (1b) shows how this may be overcome by
introducing a feedback network between the output
and the input. When feedback is applied to an am-
plifier, the overall gain can be reduced and controlled
so that the operational amplifier can function as a
linear amplifier. Note also that the signal feedback
has a phase angle, due to the inverting input, which is
in opposition to the input signal (Vi). Negative
feedback can therefore be defined as the process
whereby a part of the output voltage of an amplifier is
fed to the input with a phase angle that opposes the
input signal [5,6].

Negative feedback is used in amplifier circuits in
order to give stability and reduced gain. Bandwidth is
generally increased, noise reduced and input and
output resistances altered. These are all desirable
parameters for an amplifier, but if the feedback is
overdone then the amplifier becomes unstable and
will produce a ringing effect [7].

In order to understand stability, instability and its
causes must be considered. From the above discus-
sion, as long as the feedback is negative, the amplifier
is stable, but when the signal feedback is in phase
with the input signal then positive feedback exists.
Hence, positive feedback occurs when the total phase
shift through the operational amplifier (Op-Amp) and
the feedback network is 360° (0°). The feedback
signal is now in phase with the input signal (Vi) and
oscillations take place [8]. There are many types of
oscillator circuits depending on the component used
in the circuit. These oscillator circuits are RC oscil-
lator, LC oscillator , Colpittes oscillator , Hartley
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oscillator, Wien bridge oscillator and Crystal oscil-
lator [9].

The simplest, form of a negative feedback system
is used to demonstrate the requirements for oscilla-
tion to occur. Figure (2) shows the block diagram for
this system in which VIN is the input voltage, VOUT
is the output voltage from the amplifier gain block
(A), and B is the signal, called the feedback factor,
that is feed back to the summing junction. E repre-
sents the error term that is equal to the summation of
the feedback factor and the input voltage [10,11].

2. GAIN IN THE OSCILLATOR

The oscillator gain must be unity (4f = 1£~180%)
at the oscillation frequency. Under normal condi-
tions, the circuit becomes stable when the gain ex-
ceeds unity, and oscillations cease. However, when
the gain exceeds unity with a phase shift of —180°, the
nonlinearity of the active device reduces the gain to
unity and the circuit oscillates. The nonlinearity be-
comes significant when the amplifier swings close to
either power rail because cutoff or saturation reduces
the active device (transistor) gain. The paradox is that
worst-case design practice requires nominal gains
exceeding unity for manufacturability, but excess
gain causes increased distortion of the output sine
wave.

When the gain is too low, oscillations cease under
worst-case conditions, and when the gain is too high,
the output waveform looks more like a square wave
than a sine wave. Distortion is a direct result of ex-
cessive gain overdriving the amplifier; thus, gain
must be carefully controlled in low-distortion oscil-
lators. Phase-shift oscillators have distortion, but they
achieve low-distortion output voltages because cas-
caded RC sections act as distortion filters. In addi-
tion, buffered phase-shift oscillators have low dis-
tortion because the gain is controlled and distributed
among the buffers.

Most circuit configurations require an auxiliary
circuit for gain adjustment when low-distortion out-
puts are desired. Auxiliary circuits range from in-
serting a nonlinear component in the feedback loop,
to automatic gain control (AGC) loops, to limiting by
external components such as resistors and diodes.
Consideration must also be given to the change in
gain resulting from temperature variations and
component tolerances, and the level of circuit com-

plexity is determined based on the required stability
of the gain. The more stable the gain, the better the
purity of the sine wave output [12].

3. THEORY OF THE PROPOSED DESIGN

Op-Amp oscillators are circuits that are unstable
but not all types, that are sometimes unintentionally
designed or created in the lab but ones that are inten-
tionally designed to remain in an unstable or oscil-
latory state. Oscillators are useful for generating
uniform signals that are used as a reference in such
applications as audio, function generators, digital
systems, and communication system [12].

Op-Amp sine-wave oscillators operate without an
externally applied input signal. Instead, some com-
bination of positive and negative feedback is used to
drive the op-Amp into an unstable state, causing the
output to cycle back and forth between the supply
rails at a continuous rate. The frequency and ampli-
tude of oscillation are set by the arrangement of pas-
sive and active components around a central Op-Amp
[13].

Op-Amp oscillators are restricted to the lower end
of the frequency spectrum because op-Amps do not
have the required bandwidth to achieve low phase
shift at high frequencies. Voltage-feedback Op-Amps
are limited to a low kHz range because their domi-
nant, open-loop pole may be as low as 10 Hz. The
new current-feedback op-Amps have a much wider
bandwidth, but they are very hard to use in oscillator
circuits because they are sensitive to feedback ca-
pacitance [14].

In this paper, for the proposed design, RC of
feedback components are rearranged as shown in
Figure (3) shows the use of an Op-Amp version of
this type of oscillator apply in this design. It is clear
that the feedback type is voltage series and to obtain
the output voltage and the phase shift oscillator the
analysis was done as follows:

From Figure (4), it is clear that the feedback type
is voltage series and to obtain the output voltage and
the phase shift oscillator the analysis is as follows:-

Loop 1

1 1
(R‘+ﬁ)ﬁ_ Ly 0l = Ve

jue (1
Loop 2
i 2 1
—.Rd—cf1+(ﬂ+.m—c)fz'ﬁg3=0 (2)
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From the circuit shown in Flgure (4) it can be obtain:
g= Y
Vour (6)

T s )

" WV, (8)

By substituting  Equation (5) in Equation (8), getting
that:
.y .
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Imaginary part =0
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Substitute for
6

w2 = Racz

in Equation (11)
-1 -1 1
f- 2.4 30—1 29
5R? th"fc -1

Oscillator condition:

1-48=0
The voltage gain of the circuit must have negative
gain.

4. SIMULATION OF PROPOSED DESIGN

In this paper proposed design of Op-Amp Sine
wave oscillator is simulated using multisim tech-
nique . The circuit diagram of this design is shown in
Figure (5).The output signal which obtained from the
operation of this proposed circuit is shown in Figure
(6). It obvios that the output of frequency 3.51KH.

As shown in the Figure (5) , there are two types of
feedback : negative and positive.The first type is a
technique that used to improve the performance of
the operated amplifier to obtain high bandwidth,
however this reduce the gain . Also it has the fol-
lowing advantages,make the circuit stable , operates
without noise and could be able to obtain matching.
The positive feedback which has a very important
characteristic which make the circuit introduces the
oscillation.

6. RESULTS AND CONCLUSIONS

This paper presented the design of op-amp sine
wave oscillator, which is achieved by three ap-
proaches. Firstly, using theory and analysis of basic
circuits of oscillation as shown: in Figures (3) and
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(4). Secondly the design was achieved using multisim
11(electronic simulation technique) as shown in.
shown in Figures (5) and (6) .The output frequencies
for the two approaches are ; 3.8 kHz and 3.51 kHz
respectively. These obtained results approximately
seem to be constant so that it is very encouraging.

Op-Amp oscillators are restricted to the lower end
of the frequency spectrum because they do not have
the required bandwidth to achieve low phase shift at
high frequencies.

The performance results of the proposed design
can be extended as future work for the facts that the
bandwidth is an important factor and this was re-
stricted using Op-Amp. So that it can be improved
using trans-conductance (gm) instead of Op-Amp.
All of the presented output results can be improved
using current mode technique.
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STUDY THE EFFECT OF ADDING NANOPARTICLES ON THE MECHANICAL
PROPERTIES FOR COOLANT FLUIDS
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Abstract: Study the impact of adding nano materials on the mechanical properties of the cooling liquids. The objective of
this research is to investigate the effect of adding nano materials on cooling liquids performance for vehicles engines.
CuO and A2Os have been added to the cooling liquids in vehicles cooling systems (radiator). The results show that there
was increasing in the convection heat transfer coefficient. There fore the cooling liquids properties improved in comparison
to the cooling liquid without these nano materials. Moreover, this improving in the cooling liquid properties may contribute
on decreasing cooling system size and cost for vehicles engines, and decreasing environment pollution
Design/methodology/approach: - The performance of automotive radiator using nanofluids as coolants has been done to
study its performance improvement; - The using of nanofluid as a coolant in radiator improves the effectiveness, cooling
capacity with the reduction in pumping power; - The using of nanofluids for thermal management in radiator improves fuel
economy by reducing radiator weight, size and shape; - saving the environment (Reducing air pollution); The suspended

nano-particles remarkably increase the convective heat transfer coefficient of the base fluid.

Keywords :Erosion Corrosion, Solid particles, Nanofluid, Heat transfer, Nanoparticles

INTRODUCTION

Nanotechnology is a new approach that refers to
understanding and mastering the properties of matter
at the Nano-scale: one Nano-meter (one billionth of
meter) is the length of a small molecule [8]. At this
level, matter exhibits different and often amazing
properties. Hence the strong interdisciplinary char-
acter that is associated with nanotechnology. The
addition of nanoparticles to fluids improves the me-
chanical properties of these fluids, which is named
Nanofluids.

A Nanofluidis a fluid containing nanometre
-sized particles, called nanoparticles. These fluids are
engineered colloidal suspensions of nanoparticles in
a base fluid [14]. The nanoparticles used in nanoflu-
ids are typically made of metals, oxides, carbides,
or carbon nanotubes. The basic concept of dispersing
solid particles in fluids to enhance thermal conduc-
tivity can be traced back to Maxwell in the 19th
Century. Since Choi conceived the novel concept of
nanofluids in the spring of 1993, talented and studi-
ous thermal scientists and engineers in the rapidly
growing nanofluids community have made scientific
breakthrough not only in discovering unexpected
thermal properties of nanofluids, but also in propos-
ing new mechanisms behind enhanced thermal
properties of nanofluids, developing unconventional

models of nanofluids, and identifying unusual op-
portunities to develop next-generation coolants such
as smart coolants for computers and safe coolants for
nuclear reactors. In 1995 [5,17] described this new
class of nanotechnology-based heat transfer fluids
that exhibit thermal properties superior to those of
their host fluids or conventional particle fluid sus-
pensions. From 1995 to 1999 the nanofluids com-
munity has published more than 150 nanofluid re-
lated research articles. In 2005 alone, 71 research ar-
ticles were published in Science Citation Index (SCI)
journals such as Nature Materials Physical Review
Letters, and Applied Physics Letters.

LITERATURE REVIEW

Numerous theoretical and experimental studies of
suspensions containing solid particles. [Xuan and
Roetzel 2000] considered two approaches to illustrate
the heat transfer enhancement by nanofluids, the first
approach was the single phase model in which both
the fluid phase and the particles are in thermal equi-
librium state and flow with the same velocity, in the
second analysis they adopted dispersion model to
interpret nanofluid heat transfer enhancement re-
sulting from chaotic movement of nanoparticles in
the main flow [14, 15] and [16]. The radiator is the
main component as it was designed to remove heat
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from an engine block with circulated coolants. In
fact, the coolants have poor heat transfer properties in
nature. Generally, the coolant in the radiator is water
or water with additional liquid of ethylene glycol
(anti-freezing fluid), which flows inside the tubes. By
introducing nanofluids with high heat transfer prop-
erties, the radiator size can be reduced but offering
same heat transfer rate. The frontal area of a car can
be redesigned to reduce aerodynamic drag so that less
fuel consumption is required .Therefore, it is im-
portant to investigate the nanofluids thermal physical
properties.

Argonne researchers proved that despite
nanofluids thermal conductivity depends on temper-
ature and particle volume fraction [16], it showed
high thermal conductivity than conventional radiator
coolants [11] Measured the pressure drop, ero-
sion-corrosion effect and convective heat transfer
coefficient of water — based Al,O3 nanofluids flowing
through a uniformly heated circular tube in the fully
developed laminar flow regime, the experimental
results showed that the nanofluid friction factor can
be analytically predicted by the Darcy’s equation for
single-phase flow. [3] Focus on developing a new
model by combining the single particle erosion model
developed previously with additional information
about the nature of the abrasive particles, target ma-
terial and the liquid flow based on the turbulent flow
theory. The new model shows that erosion rate
mainly depends on slurry mean velocity. The expo-
nent of flow velocity for pure erosion is 2-3.575. The
model also demonstrates the effects of particle shape,
size, density, liquid viscosity, pipe size and its prop-
erties on erosion rate.

NANOFLUIDS APPLICATION FIELDS

Nanofluids can be used to improve heat transfer
and energy efficiency in a variety of thermal systems.
Much of the work in the field of nanofluids is being
done in national laboratories and academia and at a
stage beyond discovery research. Recently, the
number of companies that see the potential of
nanofluid technology and are in active development
work for specific industrial applications, is increas-
ing.

Table (1) some applications of fields of nanoflu-
ids [7].

table 1

Field Application

Electronics Cooling of high performance com-
puter and servers, high power lasers

diodes, chip.

Power generation
and transmission

Transformer cooling.

Nuclear Primary coolant in pressurized water
reactors (PWR) and emergency safety

system.

Renewable en-
ergy

To enhance heat transfer and energy
density from solar collectors.

HVAC Energy efficient cooling, heating of
building without increased pumping
power in heating, ventilation and air

conditioning (HVAC)

Production and
Fabrication

Cooling and lubrication of drill bits
grinding wheel, cooling of welding
equipment.

Defense Cooling of power electronics, directed
energy weapons, military vehicles,

submarines.

Space Requires simplifying an lighter cool-
ing systems which are feasible with
nanofluid due to their low fluid in-

ventory

Medical Biomedicalindustry. For example,
traditional cancer treatment method,
kill cancers cells, drugs radiation
without damaging,cool the brain, safer

surgery.

PROJECT OBJECTIVES

- The suspended Nano-particles remarkably increase
the thermal properties of the base fluid.

- Eliminating or decreasing the erosion corrosion by
reducing the pumping power by using nanoparticles
with the base fluid.

- Minimizing the engine size (Stay away from large
engine and complex design).

- Decreasing pumping power and saving the energy
by using efficient heat transfer and smaller heat
exchangers.

- Minimizing the cost (reducing energy consumption
(fuel), maintenance, and spear parts).

- Saving the environment (reducing air pollution).

METHODOLOGY

1- Coolant System Fluids

58




Brirapcko crycaHue 3a MHDXKEHEPHO IpoeKTHpane, Opoii 24, okromepu 2014r.

Fluids heating and cooling play important roles in
many industries including power stations, production
processes, transportation and electronics. Fluids, such
as water, ethylene glycol and engine oil have poor
heat transfer performance and therefore high com-
pactness and effectiveness of heat transfer systems
are necessary to achieve the required heat transfer.
Among the efforts for enhancement of heat transfer
the application of additives to liquids is noticeable

[1].
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fig.1 A comparison of the thermal conductivity for different
materials

Nanofluids are engineered by suspending nano-
particles with average sizes below 100 nm in tradi-

Expansion tank and cap

Top radiator hose

Radiator core

Bottom tank

Engine-driven fan

The thermostat valve
is opened by the melting
and expanding of the wax inside.

Water pump

tional heat transfer fluids such as water, oil, and eth-
ylene glycol. A very small amount of guest nanopar-
ticles, when dispersed uniformly and suspended sta-
bly in host fluids, can provide dramatic improve-
ments in the thermal properties of host fluids. Figure
(1) shows the thermal conductivity for different ma-
terials [2].

2 - Cars Cooling System

Although gasoline engines have improved a lot,
they are still not very efficient at turning chemical
energy into mechanical power. Most of the energy in
the gasoline (perhaps 70%) is converted into heat,
and it is the job of the cooling system to take care of
that heat.

The primary job of the cooling system is to keep
the engine from overheating by transferring this heat
to the air, but the cooling system also has several
other important jobs.

The engine in the car runs best at a specific range
of temperature. When the engine is working out of
this range, it is less efficient and emits more pollu-
tion. So another important job of the cooling system
is to allow the engine to heat up as quickly as possi-
ble, and then to keep the engine at a constant tem-
perature.

Water channelsin

the block and head Heater blower fan

Hose from heater

Hose to heater from block.

How the coolant circulates

Atypical water-cooling system with an engine-driven
fan: note the bypass hose taking off hot coolant for
the heater. The pressure cap on the expansion tank
has a spring-loaded valve which opens above a
certain pressure.

Bottom radiator hose

fig.2 Car engine (internal combustion engine)
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3- Nano vs Micro Particles

Many applications used suspensions of milli-
meter and micrometer sized particles, which
showed some enhancement of heat transfer, expe-
rienced problems such as poor suspension stability
and channel clogging, extra pressure drop, and
cavitation phenomenons which happen by high
pressure at that point in flow, this phenomenon
leads to a significant damage to structural material
due to erosion — corrosion effect [5, 17]. Table (2)
shows a comparison between the Microparticles
and Nanoparticles behavior in the base fluids.

table 2 Comparison between the Microparticles and
Nanoparticles behavior in the base fluids

Criteria Microparticles Nanoparticles
Satable (remain in
Stability Settle suspension almost
indefinitely)
Surface/ vol- 1 1000 times larger
ume ratio than that of micro-

particles
Conductivity Low High
Clog in mi- Ves No
crochannel
Erosion Yes No
Pumping Large Small
Power

The major goal of nanoparticles to achieve good
mechanical properties at a smallest possible con-
centration (preferably < 1%) in the base fluid
(coolant fluid). In addition, the presence of nano-
particles is to reduce or eliminate the erosion which
its interaction with corrosion can result damage in
system. The erosion is a result various mechanical
forces produced by fluid, on the other hand, the
corrosion produced by the chemical reaction. In
contrast, erosion —corrosion is a result between
chemical reaction and mechanical processes by
fluids.

Why Nanoparticles Are Better Than Microparticles

Heat transfer
fluid in & pipe

Manoparticles flow
while
microparticles sink.

Haat transfer
fluid in a pipe

Manoparticles
have about 20
percent of their
atoms near the
surface, allowing
them to absorb
and transfer heat
efficiently.

Microparticles
have most of
their atoms far
beneath the
surface, where
thay cannot
participate in
heat transfer.

| The relatively large mass of the
microparticles can damage the pipe's wall.

fig.3 The behaviour of nanoparticles and micro particles inside the pipes [10]

4- Erosion-Corrosion behaviour

Erosion-corrosion produces a distinctive surface
finish:Grooves, waves, gullies, holes, etc., all ori-
ented with respect to the fluid flow pattern.Most
metals/alloys are susceptible to ero-
sion-corrosion.Metals that rely on protective surface

film for corrosion protection are particularly vul-
nerable. Attack occurs when film cannot form be-
cause of erosion caused by suspended particles (for
example), or when rate of film formation is less than
rate of dissolution and transfer to bulk fluid.[13]
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fig.4 The effect of flow velocity on erosion-corrosion
rate[13]

Erosion-Corrosion found in aqueous solu-
tions,gases, organic liquids, liquid metal. If fluid
contains suspended solids, erosion-corrosion may be
aggravated. Vulnerable equipment is that subjected
to high-velocity fluid, to rapid change in direction of
fluid, to excessive turbulence as shown in the table
below [4].

-pipes (bends, el- -flow-measuring orifices,
bows, tees); venturis;

- valves; - turbine blades;

- pumps; - nozzles;

- blowers; - baffles;

- propellers, impel- - metal-working equipment
lers; (scrapers, cutters,

- stirrers; grinders, mills);

- stirred vessels; - spray impingement com-
- HX tubing (heaters, | ponents;

condensers) - etc.

5- Thermal Property Enhancement
- The present work explores the nanofluid effects

produced by the addition of (Al,O3) and (CuO) na-
noparticles to water and compares the performance
with the base fluid without nanoparticles.

- The suspended nano-particles remarkably in-
crease the convective heat transfer coefficient of the
base fluid.

- The performance of automotive radiator using
nanofluids as coolants has been done to study its
performance improvement.

- The using of nanofluid as a coolant in radiator
improves the effectiveness, cooling capacity with the
reduction in pumping power.

- The using of nanofluids for thermal manage-
ment in radiator improves fuel economy by reducing
radiator weight, size and shape.

- saving the environment (Reducing air pollu-
tion).

QUALITY CONTROL OF COOLANT SYSTEM

In light of all the mentioned nanofluid property
trends, development of a heat transfer nanofluid re-
quires a complex approach that accounts for changes
in all important thermophysical and mechanical
properties caused by introduction of nanomaterials to
the fluid.

Understanding  the  correlations  between
nanofluid composition and thermo-physical proper-
ties is the key for engineering nanofluids with desired
properties. The complexity of correlations between
nanofluid parameters and properties presented on
Figure (5) indicates that manipulation of the system
performance requires prioritizing and identification
of critical parameters and properties of nanofluids[6].

Nanofluid Parameters
4 ; Nanofluid Properties

E—

Nanoparticles

<

Base fluid N
[ Heat Transfer Performance

|

fig.5 Complexity and multi — variability of nanparticle
suspensions

61



Sami Ali Nawi ALazzawi

MANUFACTURING - NANOFLUIDS PREP-
ARATION

Two nanofluid production methods have been
developed to allow selection of the most appropriate
nanoparticle material for a particular application.

1. Two-step process for oxide nanoparticles
(“Kool-Aid” method), nanoparticles are produced by
evaporation and inert-gas condensation processing,
and then dispersed (mixed, including mechanical
agitation and Sinification) in base fluid.

- Good for oxides nanoparticles (Pros)

- Not suitable for metallic nanoparticles (Cons)

2. A patented one-step process (see schematic)
simultaneously makes and disperses nanoparticles
directly into base fluid; best for metallic nanofluids.

- Nanoparticles agglomeration is minimized

(Pros)

- Only suitable for low vapor pressure fluid

(Cons)

MATERIAL SELECTION AND APPROXI-
MATE COST ANALYSES

Materials content

In the present work, the study investigated ther-
mal and mechanical properties for CuO and Al,O;
oxide nanoparticles in distilled water at different
concentrations (1-3% vol.).

Approximate cost

The approximate cost of producing nanofuid
coolant system is as following: the total quantity of
water in the cooling system for internal combustion
engine which is used in the cars is (5-7 liters), this
required nanoparticles (1-3% vol.) then the approx-
imate cost is shown in the table (3) [9]:

table3 Approximate cost

Material Volume Volume Volume

Type fraction fraction fraction
1% 2% 3%

Cuo (50 gr)=89 (100 gr)= (150 gr)=

EUR 178 EUR 267 EUR

ALOs (50 gr)= 68 (100 gr)= (150 gr)=

EUR 99 EUR 167 EUR

NOVELTY OF THE APPLICATION AND THE
RESULTS

The novelty of this project is to increasing the
thermal and mechanical properties of the water
which is used in the radiator (coolant system) of the
internal combustion engine by adding nanoparticles
(CuO or AL,Os for example) to the water (coolant
fluid), which is used in these engines. Also, to reduce
or eliminate the erosion corrosion in such systems by
reducing the pumping power. Therefore, the above
factors lead to minimizing the size of the coolant
system (reducing energy consumption in the engine)
and saving the environment.

These results show noticeable enhancement in the
thermal conductivity especially for the CuO / dis-
tilled water nanofluid which reaches to (2.07%),
while reaches to (1.05%) for the AI203/ distilled
water nanofluid at the concentration of (3 % vol.)

THE FUTURE APPLICATIONS

Future engines (Figure (6)) that are designed us-
ing nanofluids cooling properties would be able to
run at more optimal temperatures allowing for in-
creased power output. With a nanofluids engine,
components would be smaller and weigh less al-
lowing for better gas mileage, saving consumers
money and resulting in fewer emissions for a cleaner
environment.

Applied

—>
Nanotechnology

Current Engine Future Engine

fig.6 Current and Future Engine
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FULLY HOMOMORPHIC ENCRYPTION
TESTING AND COMPARISON TO RSA
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Abstract: New digital cryptographical solutions are required to provide secure calculations of sensetive data in cloud
systems. This article describes how Homomorphic encryption can be used in cloud computing, it's efficancy and compares

it to RSA.

Keywords: homomorphic encryption, RSA, encryption, decryption.

1. INTRODUCTION

A fully homomorphic public key encryption
scheme has been something everyone wanted to
achieve in cryptography for a long time. Couple of
years before this problem has been solved by Gentry
who was studying properties of ideal lattices. Various
cryptographic schemes make use of lattices, some-
times just to argue about their security (e.g. NTRU),
in other cases lattices are vital to understand the work-
ings of the scheme algorithms. Gentry’s fully homo-
morphic scheme falls into the latter category. In this
article we present a fully homomorphic scheme which
can be described using the elementary theory of alge-
braic number fields, and hence we do not require lat-
tices to understand its encryption and decryption op-
erations. However, this scheme does fall into the cat-
egory of schemes whose best known attack is based
on lattices. At a high level this scheme is very simple,
and is mainly parametrized by an integer N. The pub-
lic key consists of a prime p and an integer o modulo
p. The private key consists of either an integer z (if
we are encrypting bits), or an integer polynomial Z(x)
of degree N — 1 (if we are encrypting general binary
polynomials of degree N — 1). To encrypt a message
one encodes the message as a binary polynomial, then
one randomizes the message by adding on two times
a small random polynomial. To obtain the ciphertext,
the resulting polynomial is evaluated at o modulo p.
As such, the ciphertext is simply an integer modulo p
(irrespective of whether we are encrypting bits or bi-
nary polynomials of degree N — 1). To decrypt in the
case where we know the message is a single bit, we
multiply the ciphertext by z and divide by p. We then
round this rational number to the nearest integer
value, and subtract the result from the ciphertext. The

plaintext is then recovered by reducing this interme-
diate result modulo 2. When we are decrypting a bi-
nary polynomial we follow the same procedure, but
this time we multiply by the polynomial Z(x) and di-
vide by p, to obtain a rational polynomial. Rounding
the coefficients of this polynomial to the nearest inte-
ger, subtracting from the original ciphertext, and re-
ducing modulo two will result again in recovering the
plaintext.

2. SOMEWHAT HOMOMORPHIC
SCHEME

In this section we present somewhat homomor-
phic scheme and analyze for which parameter sets de-
cryption works. To simplify the presentation we pre-
sent the scheme at this point as one which just en-
crypts elements in P = {0, 1}.

2.1 The Scheme
A somewhat homomorphic encryption scheme

consists of five algorithms: {KeyGen, Encrypt, De-
crypt, Add, Mult}. We shall describe each in turn; no-
tice that the most complex phase is that of KeyGen.
The scheme is parametrized by three values (N, 7, u).
A typical set of parameters would be (N, 2‘m,\/ﬁ ).
Later we shall return to discussing the effects of the
sizes of these values on the security level 1 and per-
formance of the scheme.
KeyGen():

—  Set the plaintext space to be P = {0, 1}.

—  Choose a monic irreducible polynomial

F(x) € Z[x] of degree N.
— Repeat:
0 S(x) < B,.N(n/2).
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0 G(x) « 1+2-S(x).
0 p<« result(G(x),F(x)).
—  Until p is prime.
- D(x) « gcd(G(x),F(x)) overF, [ x].
— Let a € F,, denote the unique root of D(x).
—  Apply the XGCD- algorlthm over Q[x] to ob-

Z(x)= Zz x' €Z[x] such that

i=0
Z(x)-G(x)=p mod F(x)
— B+« zy(mod 2p).
—  The public key is PK = (p, a), whilst the
private key is SK = (p, B).
Encrypt(M,PK):
— Parse PK as (p, ).
- IfM ¢ {0, 1} then abort.
- R(x) <« B,,N(u/2).
- C(x) «— M + 2'R(x).
- c<—C(a) (mod p).
—  Output c.
Add(cl, c2, PK):
— Parse PK as (p, a).
— ¢, « (¢ + ¢,) (mod p).

tain

— Output c3.

Decrypt(c, SK):

— Parse SK as (p, B).

—M «— (¢ —[c - B/p]) (mod 2).
— Output M.

Mult(cl, c2, PK):

— Parse PK as (p, a).

— ¢, « (¢ ¢,) (mod p).

— Output c3.

2.2 Analysis

In this section we analyze for which parameter
sets this scheme is correct and also determine how
many homomorphic operations can be performed be-
fore decryption will fail.

KeyGen algorithm. We can see that KeyGen
generates an element y = G(6) of prime norm p in the
number field K defined by F(x). As such we have con-
structed a small generator of the degree one prime
ideal p =y - Z[#)]. To find the two element representa-
tion of p, we need to select the correct root o of F(x)
modulo p. Since y = G(0) € p, we have that G(a) =0

mod p, so G(x) and F(x) have at least one common
root modulo p. Furthermore, there will be precisely
one root in common, since otherwise y would gener-
ate two different prime ideals, which clearly is impos-
sible. This explains the fact that D(x) has degree one;
we are using D(x) to select the precise root of F(x)
which corresponds to the ideal p generated by y. The
two element representation of the ideal p then simply
is p:p-Z[H] + (9—0{)2[9].

Encrypt algorithm. The message M is added to
twice a small random polynomial R(x) resulting in a
polynomial C(x). The co-norm of the polynomial R(x)
is controlled by the parameter x. Encryption then
simply equals reduction of C(f) modulo p using the
public two element representation (p, 8 — ). As ex-
plained before, this simply corresponds to evaluating
C(x) in @ modulo p. Furthermore, note that this pre-
cisely implies that C(H) - cep.

Decrypt algorithm. By definition of encryption,
we have that C (9) — c€ p.and p is principal and

generated by y = G(6). Hence, we can write C(6) — ¢
=q(0) -y, with g(0) € Z[0)]. 1t is clear that if we re-
cover the element C(6), then decryption will work
since C(0) = M +2:R(6) . Note that y—1 is pre-
cisely given by Z(6)/p, where Z was computed in Key-
Gen. Dividing by y therefore leads to the following
equality

(CO)-29))

29 _ y0)-
p

[[oo <

The above equation shows that if || —c-@
p

1/2, then simply rounding the coefficients of
A
p

will allow for correct decryption by computing

C(0) =c+q(0) - y. The crucial part therefore is to
obtain a bound on ||Z(X)||«.[1, p. 15].

Add and Mult algorithms. It is clear that both al-

gorithms are correct. However, we need to consider

how the error values propagate as we apply Add and
Mult. In particular, decryption of ¢ = C(a) will work

for a polynomial C(x) if C(x)eB,,y (.. ). How-

ever, as we apply Add and Mult to a ciphertext the
value of C(x) starts to lie in balls of larger and larger

will result in the correct quotient ¢(6). This
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radius. As soon as C(x)¢&B,,, (7. ), we are no

longer guaranteed to be able to decrypt correctly. This
is why this basic scheme is only somewhat homo-
morphic, since we are only able to apply Add and
Mult a limited number of times.

Let ¢; and ¢, denote two ciphertexts, correspond-

ing to two randomizations C, (x) =M, +N,(x) and
C,(x) = M, + N,(x); where M; € {0, 1} are the
messages and N, (x)eB,,, (r,—1) is the random-
ness, i.e. C,(x)eB,,, (7).
We let
C,(x) =M, +N,(x)=(M, +N,(x))- (M, +N,(x))
Ci(x) =M, +N,(x)=(M;+N,(x)- (M, +N,(x))
where M3,M, € {0, 1}. Then
(O (x) eB .,y (r1 +r2)
and
C4(x) € Bw,N(é‘w n 'rz)
Initially we start with a ciphertext with C(x) lying in
B,y (u+1). After executing a circuit with multipli-
cative depth d, we expect the ciphertext to correspond
to a polynomial C(x) lying in a ball B, ,, (r) with

re (8, u)”
Thus we can only decrypt the output of such a circuit
if 7 <rpec, 1.€.
dlog2 <loglogr,, —loglog(o, - 1) =

~loglog(\/ﬁ
2-6

”]—log log(8, - 1)
3. PRACTICAL TESTS AND COMPARI-
SON TO RSA

We now examine a practical instantiation of this
scheme.

We compare fully homomorphic scheme with
RSA encryption (with 1024 bits key length). All tests
were run on the following machine:

Processor: Intel(R) Core(TM) i7-4790T CPU
@ 2.70GHz, 4 Core(s), 8 Logical Processor(s)In-
stalled Physical Memory (RAM): 16.00 GB

System Type: x64-based PC

OS Name: Microsoft Windows 7 Professional

OS Version: 6.1.7601 Service Pack 1 Build
7601.

3.1 Setup configuration

Tests were run both locally and via network con-
nection. Though, results are presented for local tests
in order to exclude network time affections. It does
not matter what kind of message we are working with,
the only thing that matters is the length of the mes-
sage.

While using fully homomorphic scheme, client is
assigned to perform encryption and decryption by
himself so that before sending any information to
server it will encrypt its data and after the result is
received from the server, it must be decrypted back in
order to get plain text.

3.1.1 Client-side operations

3.1.2  Server-side operations

Server in this setup is only required to perform only
three basic operations:

e Adding
e  Multiplying
e Modulo

3.2 Testresults
3.2.1 Key pair generation time

On fig 3.1 we see that for RSA it takes around a
second to generate public-secret key pair, but for FHE
it may took up to 3.5 seconds to do the same.

-FHE
«R5A

2
.

Execution time. seconds

0 20 40 Ley] s 101

Tiest e

fig. 3.1 Key pair generation times

3.2.2  Message payload length

On fig. 3.2 you can see typical increasing of a
message payload for RSA encryption is in about 30
times while for FHE this number depends on selected
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parameters in these tests resulting in 40 times in-
crease.

4,000 FLE
% o HSA

0 20 il [E1] B0 L]

Tnput message length, symbols

fig.3.2 Message payload size
3.2.3  Encryption time
As we see on fig. 3.3, encryption time drasti-
cally differs between RSA and FHE. Encryption
times for RSA is nearly zero, but for FHE it may take
dozens of seconds to encrypt a very small message.
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fig. 3.3 Encryption times

3.24  Decryption time
Same as for encryption, in fig.3.4 decryption time
drastically differs between RSA and FHE.
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fig. 3.4 Decryption times

4. CONCLUSIONS

While [10] gave some hints to implementing a
fully homomorphic scheme, no source code was pub-
lished and as was shown above there are significant
implementation
and parameter issues. Presenting and discussion these
details is vital to the development of cryptographic
systems. This implementation is a step towards mak-
ing fully homomorphic encryption available for a
broad audience of practitioners.

In this article we summarized analysis, shed
light on basic principles of homomorphic scheme.
Discovered advantages and disadvantages comparing
to RSA. Long key pair generation time, key encryp-
tion time, key decryption time, but high level security.

References

1. Nigel P. Smart, Frederik Vercauteren, Fully
Homomorphic Encryption with Relatively Small Key and
Ciphertext Sizes, Public Key Cryptography 2010, Springer
10.1007/978-3-642-13013-7

2. Z. Brakerski, C. Gentry, V. Vaikuntanathan, Fully
homomorphic  encryption  without  bootstrapping,
Cryptology ePrint Archive, Report 2011/277, 2011,
http://eprint.iacr.org/2011/277.pdf.

3. Buchmann, J.: An Accelerated Buchmann Algorithm
for Regulator Computation in Real Quadratic Fields, pp.
148-162,2002 - ISBN 978-3-540-43863-2

4. Buchmann, J., Maurer, M., MKoller, B.: Cryptography
based on number fields with large regulator. Journal de
Threorie des Nombres de Bordeaux 12, pp. 293-307, 2000
5. Cohen, H.: A Course in Computational Algebraic
Number Theory. Springer GTM 138, Chapter 6, 1993 —pp.
536 — ISBN 978-3-662-02945-9

6. Lenstra, A.K., Lenstra Jr., H.W., Lovrasz, L.:
Factoring polynomials with rational coefficients.
Mathematische Ann. 261, pp. 513534, 1982

7. Nguyen, P.Q., Stern, J.: The two faces of lattices in
cryptology. In: Silverman, J.H. (ed.) CaLC 2001. LNCS,
vol. 2146, pp. 146—180. Springer, Heidelberg, 2001

8. de Weger, B.M.M.: Algorithms for Diophantine
Equations. PhD thesis, University of Leiden (1987)

9. C. Gentry, A fully homomorphic encryption scheme,
Standford, 2009. http://crypto.stanford.edu/ craig/

10. Craig Gentry, Fully Homomorphic Encryption Using
Ideal Lattices, STOC ’09: Proceedings of the 41st annual
ACM  symposium on Theory of computing,
DOI:10.1145/1536414.1536440

68



Bwirapcko crimcanue 3a MHXEHEPHO HpOeKTUpaHe, Opoit 24, okromBpu 2014r.

ANALYSIS OF FLUX CORED ARC WELDING PROCESS PARAMETERS BY HYBRID
TAGUCHI APPROACH

P. Sreeraj! T.Kannan? S. Maji3
'Department of Mechanical Engineering, YOUNUS College of Engineering and Technology, Kerala,India.
email: pathiyasseril@yahoo.com.
2SVS College of Engineering, Coimbatore, Tamilnadu, India.
email: kannan_kct@yahoo.com
3Department of Mechanical Engineering IGNOU, Delhi, India.
email: subhmaji@rediffmail.com

Abstract: This paper presents calculation of the welding process parameters for obtaining optimal weld bead geometry in
Flux Cored arc welding (FCAW) process. Bead on plate welding was carried as per Li¢ orthogonal array. In this paper weld
bead geometry such as penetration, bead width, reinforcement and percentage of dilution of IS 2062 structural steel plates
investigated. Two hybrid techniques firstly Taguchi method coupled with Grey relational analysis and secondly Taguchi
method in combination with desirability function (DF) approach has been applied in this paper. Comparison made between
two hybrid optimization techniques are made to analyze to choose the best method. Optimal results have been confirmed

by confirmatory experiment which showed satisfactory results.

Key words: FCAW, weld bead geometry, Taguchi’s concept, Grey-based Taguchi method, Desirability approach.

1. INTRODUCTION

Flux cored arc welding is a multi-factor, multi-ob-
jective manufacturing process. Because of easy con-
trol of process variables, high quality, deep penetra-
tion and smooth finish, it is widely preferred in fabri-
cation industry [1]. In the present work, the effect of
voltage, current, wire speed and stick out on bead ge-
ometry has been studied. Mechanical and chemical
properties of good weld depend on bead geometry.
Bead geometry has a direct effect on process param-
eters. So it is necessary to study the relationship be-
tween process parameters and weld bead geometry.

Fig. 1 shows the weld bead geometry. Mechanical
strength of weld metal is highly influenced by the
composition of metal but also by weld bead shape.
This is an indication of bead geometry. It mainly de-
pends on wire speed, welding current, arc voltage etc
[2]. Therefore it is necessary to study the relationship
between in process parameters and bead parameters
to study weld bead geometry. This paper highlights
the study carried out to develop mathematical models
to optimize weld bead geometry, on bead on plate
welding by FCAW.

In this study Taguchi method and grey relational
analysis coupled with desirability approach known as
hybrid Taguchi approach is used for solving the opti-
mization problem. This method utilizes a well bal-

anced experimental design with limited number of ex-
perimental runs called orthogonal array (OA) and sig-
nal to noise ratio (S/N ratio) which serve the objective
function to be optimized, within experimental do-
main.The traditional Taguchi method cannot solve
multi-objective optimization problems. In order to
overcome this difficulty, the Taguchi method coupled
with grey relational analysis and desirability ap-
proach is used to solve the optimization problem in
this study.

e—— Width (W) ——»

f

A

{ Reinforcement (R)
/ Welded metal I
\ . / Penetration (P)
Basc metal T

fig.1 Weld bead geometry. Percentage dilution (D) = [B/
(A+B)] X 100

2. TAGUCHI METHOD

Taguchi method uses a special type of design of
orthogonal arrays (OA) to study the entire parameter
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space with smaller number of experiments. The ex-
perimental results are then transferred to signal- to-
noise (S/N) ratio [3]. This ratio can be used to meas-
ure the quality characteristics deviating from desired
values. Usually there are three categories of in the
analysis of the signal-to-noise ratio, that is the lower-
the- better, higher- the- better and nominal- the- bet-
ter. Regardless of category of quality characteristics
larger signal-to-noise ratio corresponds to the better
quality characteristics. The optimal process parame-
ters are the levels with highest signal-to-noise ratio.
ANOVA tests are performed to see the process pa-
rameters are statically significant. Finally a confirma-
tion experimented is conducted to verify the optimal
process parameters.

3. GREY RELATIONAL ANALYSIS

3.1 Data processing

In Grey relational analysis, experimental data are
first normalized from zero to one. This process is
known as Grey relational generation. Based on the
normalized data, Grey relational coefficient is calcu-
lated to represent the correlation between the desired
and actual experimental data. Overall Grey relational
grade is determined by averaging the Grey relational
coefficient corresponding to selected responses [4].
The overall performance characteristics of the multi-
ple responses process depends on the calculated Grey
relational grade. This process converts a multiple re-
sponse process optimization problem with objective
function as Grey relational grade. The optimal para-
metric combination is then evaluated which would re-
sult highest grey relational grade.

In Grey relational generation, Normalized bead
width and reinforcement ,corresponding to lower-the-
better (LB) criterion can be termed as:

max yi(k)—yi(k
i (k) - max yi(k()—)min(yi)(k (1)

Bead penetration and dilution should be the larger

the better and is expressed as:
i (k)— min yi (k

xi (k) = mj;x(yz(k)—mij; ;izk) @
where x;(k) is the value after the grey relation gener-
ation, min yi(k) is the smallest value of yi(k) for kth
response, and max yi(k) is the largest value of yi(k) for
k-th response.An ideal sequence is xo(k) where £=1,
2, 3....16, for the responses. The definition of Grey
relational grade in the course of grey relational anal-
ysis is to reveal the degree of relation between the 16

sequences [xo(k) and xi(k),i=1,2,3....16] . The grey re-
lational coefficient shown in equation (3)
__ Amin +yAmax

€i(k) " 20i(K) +WAmax Q)
where Ao= ||xo (k) — x; (k)|| is the difference of the
absolute value xo(k) and xi(k) ;y is the diminishing
coefficient 0< 9 <i;Vmin=V ™" € Vk ™" [|x, (k) —
x; (k)| is the smallest value of Ag;; and Ape=Vj™*
€i Vk™*||xo (k) — x; (k)|| = largest value of A¢;. After
averaging the Grey relational coefficients, the grey
relational grade y; can be calculated as:

= Srea & () )
where n is the number of process responses. The
higher value of grey relational grade corresponds to
intense relational degree between sequence xo(k) and
the given sequence xi(k). It means that higher grey re-
lational grade it is closer to the optimal point.

4. DESIRABILITY FUNCTION APPROACH

The desirability function approach to optimize
multiple equations simultaneously was proposed by
Derringer and suich [5] . For bead width and rein-
forcement lower —the-better and for depth of penetra-
tion and dilution (HB) criterion has been selected.

The desirability function of lower the better can
be written as:

For smaller- the- better:
Ifj; < Ymin 5 dizl;
ImeinS /5/ < Ymax ,
di= (I = Ymax|Ymin — Ymax)" Q)
Ify > Ymax , di=0.

The value of y;is expected is the smaller the bet-
ter. When the y is less than the particular criteria
value. The desirability value equals to 1: if the y ex-
ceeds a particular criteria value the desirability value
equals to 0.

For larger- the- better:
If}’; < Ymin , d[:();
If Yminf /J\/'SYmax,
d=(F = Ymin!Ymax — Ymin)" (6)
IfY>ym,di=1.

The value of Y, is expected be larger the better.
When y exceeds a particular criteria value. Which can
be viewed as the requirement, the desirability value
equals to 1: if the y is less than a particular criteria
value, which is unacceptable. The desirability value
equals to 0.
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The value of y; is required to achieve a particular
target, when y equals T, the desirability equals to 1; if
the departure of y exceeds a particular range from the
target, the desirability values equals to 0, and such sit-
uation represents worst case.

Then compute the composite desirability (dg).
The individual desirability index of all can be com-
bined to form a single value called composite desira-
bility (dg), calculated using following equation:

Dg= (dl""l xd"2. din"i) n @)

Then determine the optimal parameter and level
of combination. The higher composite desirability
value indicates better product quality. Therefore, on
the basis of composite desirability (dg), the parameter
effect and optimum level for each controllable param-
eter are estimated. Then ANOVA test is performed
for identifying significant parameters.

5. EXPERIMENTATION

Test plates of size 300 x 200 x 6 mm were cut
from mild steel plate of grade IS — 2062 and one of
the surfaces is cleaned to remove oxide and dirt be-
fore welding. E7 IT-1C wire of 1.2 mm diameter was
used for depositing bead on plate welding. The prop-
erties of base metal and filler wire are shown in Table
1,which is taken from manufactures manual.

The selection of the welding electrode wire based
on the matching the mechanical properties and phys-
ical characteristics of the base metal, weld size and
existing electrode inventory.A candidate material for
cladding which has excellent corrosion resistance and
weld ability is stainless steel [6]. These have chloride
stress corrosion cracking resistance and strength sig-
nificantly greater than other materials. These have
good surface appearance, good radiographic standard
quality and minimum electrode wastage.

table 1: Chemical Composition of Base Metal and Filler Wire

Elements, Weight %

Materials C SI Mn S Al Cr | Mo Ni
IS 2062 | 0.150 | 0.160 | 0.870 | 0.015 | 0.016 | 0.031 | - - -
E7IT-1C | 0.12 | 0.90 1.75 | 0.030 | 0.030 - 0.30 | 0.50

6. PLAN OF INVESTIGATION

The research work is carried out in the following
steps.
e Identifying the quality characteristics and pro-
cess parameters to be evaluated.
e Select appropriate orthogonal array and assign
process parameters.
e Determine the number of levels for the process
parameters and possible
e Orthogonal array.
e Conduct experiment as per arrangement of or-
thogonal array.
e Analyze the experiments through Grey —based
Taguchi approach.
e Conduction of confirmation experiment.
e Select the optimum level of process parameters.
e  Conduct desirability approach.
6.1 Identification of factors and responses

The percentage of dilution has got a very domi-
nating effect in welding. The properties of the weld-
ing is the significantly influenced by dilution ob-
tained. Hence control of dilution is important in weld-
ing where a high dilution is highly desirable [6].
When dilution is quite low, the final deposit compo-
sition will be closer to that of filler material and hence
corrosion resistant properties of welding will be
greatly improved. The chosen factors have been se-
lected on the basis to get optimal dilution and optimal
weld bead geometry [1]. These are wire speed (T),
welding voltage (V), welding current (I) and stick out
(N). The responses chosen were weld bead width
(W), height of reinforcement (R), depth of Penetra-
tion (P) and percentage of dilution (D). The responses
were chosen based on the impact of parameters on fi-
nal composite model.

6.2 Finding the limits of process variables
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Working ranges of all selected factors are fixed by
conducting trial run. This was carried out by varying
one of factors while keeping the rest of them as con-
stant values [7]. Working range of each process pa-
rameters was decided upon by inspecting the bead for
smooth appearance without any visible defects.The
chosen level of the parameters with their units and no-
tation are given in Table 2.

table 2: Welding Parameters and their Levels

Parame- Factor Levels
ters

No-

Unit | ta- 1 2 3 4

tion
Welding \V \V4 20|22 |24 |25
Voltage
Welding | I 87 | 123 | 138 | 155
Current
Stick out | mm N 15120 |25 |30
Wire mm/ T 25140 |50 |53
speed min

6.3 Development of Orthogonal array

Design matrix chosen to conduct the experiments
was Taguchi’s robust design. The design matrix com-
prises of L6 (4*) designs. This is shown in Table 3.

table 3: Design Matrix

Trial Design Matrix
Number | v |1 |N| T
1 Ll1f1]1
2 112]2]2
3 13|33
4 1 (44 |4
5 2 |1(213
6 202(1 |4
7 2 13411
8 2 (4]3 |2
9 301(3 |4
10 3120413

11 3131 |2
12 31412 |1
13 4 (1|42
14 4 12|31
15 41312 |4
16 4 141113

V - Welding voltage; I - Welding current; N —Stick
out; T —Wire speed.

6.4 Conducting experiments as per orthogonal ar-
ray

In this work sixteen experimental run were al-
lowed for the estimation ofeach treatment combina-
tion of parameters on bead geometry as shown Table
3 at random. At each run settings for all parameters
were disturbed and reset for next deposit. This is very
essential to introduce variability caused by errors in
experimental set up. The experiments were conducted
at Younus College of Engineering and technology,
Kollam, 649010, India.

6.5 Recording of Responses

For measuring the clad bead geometry, the trans-
verse section of each weld overlays was cut using
band saw from mid length. Position of the weld and
end faces were machined and grinded. The specimen
and faces were polished and etched using a 5% nital
solution to display bead dimensions. The clad bead
profiles were traced using a reflective type optical
profile projector at a magnification of X10, in YCET
Kollam [8]. Then the bead dimension such as depth
of penetration height of reinforcement and weld bead
width were measured [6]. The profiles traced using
AUTO CAD software. This is shown in Fig 3.This
represents profile of the specimen (front side).The
welded specimen is shown in Fig. 4. The measured
weld bead dimensions and percentage of dilution is
shown in Table 4.Fif 5.shows scanned specimen.

7. FLUX CORED ARC WELDING

In flux cored arc welding the electrode is flux cored.
That is the flux contained within the electrode which
is hollow. In addition to flux mineral and Ferro alloys
in the core can provide additional protection and com-
posite control. Schematic diagram is shown in Fig 2.
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fig.2 FCAWDiagram

fig.4 Bead on plate welding specimen

fig.3 Traced Profile of bead geometry

fig.5 Scanned specimen

table 4: Design Matrix and Observed Values of weld Bead Geometry

) Design Matrix Bead Parameters
Trial No. 1|s|N|T|WmmM) | pm) | R@mm) | D)
1 11| 1]|1] 8306 1.235 2815 | 17.623
2 112]2]2]| 8243 1.347 2.543 | 17.462
3 113]3]3] 8731 1.388 2.675 | 17.842
4 114]4]4]| 8925 1.425 2931 | 17.442
5 211]2]3] 979 1.657 2.449 | 18.332
6 2121114 10415 1.586 2.779 | 16.692
7 213]|4|1] 8869 1.456 2.863 | 17.823
8 214|3|2]| 8614 1.738 2.597 | 20.424
9 311(31]4| 8908 1.416 2.538 | 17912
10 3121413 9371 1.537 2397 | 18.182

73



P. Sreeraj T.Kannan S. Maji

11 3131112 9.087 1.465 2432 | 18.218
12 314121 8.853 1.368 2,672 | 17.512
13 411142 9125 1.487 2423 | 18.221
14 412131 8.753 1.398 2.567 | 17.943
15 413124 8971 1.457 2.697 | 17.841
16 4141]1]|3]| 9807 1.868 2243 | 21.512
W-Width; R — Reinforcement; P - Penetration; D - Dilution %

8. OPTIMIZATION OF FCAW PROCESS

8.1 Evaluation of optimal process condition
Experimental data have been normalized first, that
is Grey relational generation. Table 5 shows experi-
mental data. For bead width and reinforcement lower-
the-better (LB) and for depth of penetration and dilu-
tion higher-the better (HB) criterion has been se-
lected. Normalized data is shown in Table 6. This is
known as Grey relation calculated using Equation (1)
and (2).The quality loss estimation (Ag;) related to in-
dividual features of bead geometry is furnished in Ta-
ble 7. Here  is taken as 0.5 and grey relational coef-
ficients of each characteristics calculated by Equation
(3), which is the overall representative of all features
of weld quality.This is shown in Table8. Then overall
grey relational grade is calculated by using Equation
(4).Thus using a combination of Taguchi approach
and grey relational analysis multi criteria optimiza-
tion problem has been transformed in to a single

equivalent objective function. Higher the value of
Grey relational grade, the corresponding factor com-
bination is said to be close to optimal. The mean re-
sponse Table for the overall Grey relational grade is
shown in Table 9 and is represented graphically in Fig
6.The overall Grey relational grade is calculated us-
ing larger-the-better criterion using Equation (8).

S/N (Larger-the-better) = -10 10g[% ?=1yiz ®)
where n is the number of measurements and yij is the
measured characteristic value. For orthogonal exper-
imental design, it is possible to separate out the effect
of each welding parameter at different levels. Total
mean Grey relational grade is the average of all en-
tries shown in Table 9.With the help of Fig 6, the op-
timal parametric combination has been determined as
V14N, T;. Table 10 shows response table for mean for
grey relational grade.

table 5: Experimental Data

W (mm) | P (mm)
8.306 1.235
8.243 1.347
8.731 1.388
8.925 1.425
9.792 1.657
10.415 1.586
8.869 1.456
8.614 1.738

R (mm) | p (%)
2.815 | 17.623
2.543 | 17.462
2.675 | 17.842
2931 | 17.442
2449 | 18.332
2.779 | 16.692
2.863 | 17.823
2.597 | 20.424
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8.908 1.416 2.538 | 17.912

9.371 1.537 2.397 | 18.182

9.087 1.465 2432 | 18.218

8.853 1.368 2,672 | 17.512

9.125 1.487 2423 | 18.221

8.753 1.398 2.567 | 17.943

8.971 1.457 2.697 | 17.841

9.807 1.868 2243 | 21.512

W-Width;R- Reinforcement W - Width; P - Penetration; D - Dilution %

table 6: Grey relational generation

Bead Parameters

W R P D

1(Ideal) | 1(Ideal) | I(Ideal) | 1(Ideal)

1 0 1 0.193154
09129 | 0.176935 | 0-8230 | 0.159751
0.7078 | 9.241706 | 07582 | 0.238589
0.6263 | 0300158 | 0-6999 | 0.155602
0.2618 | 0.666667 | 9-3333 | 0.340249
0 0.554502 | 04454 | o
0.6498 | 0349131 | 0-6508 | 0234647
0.7570 1 0.794629 | 02053 | 0.774274
06326 | 028594 | 07140 | 0253112
0.2875 | 0.477093 | 05229 | 0.309129
0.5582 1 0363349 | 06287 | 0316598
0.6565 | 9210111 | 07898 | 0.170124
0.5422 | 9.398104 | 0-6018 | 031722
0.6986 | 0.257504 | 0-7429 | 0.259544

0.6069 | (350711 | 0-6429 | 0238382
02543 | 0 !
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table 7: Evaluation of Ao; for each response

Bead Parameters

W P R D
1 1 1 1
0 1 0 0.806846

0.0871 | 0.823065 | 0.177 | 0.840249

0.2922 | 0.758294 | 0.2418 | 0.761411

0.3737 | 0.699842 | 0.3001 | 0.844398

0.7382 | 0.333333 | 0.6667 | 0.659751
1 0.445498 | 0.5546 1

0.3502 | 0.650869 | 0.3492 | 0.765353
0.243 | 0.205371 | 0.7947 | 0.225726
0.3674 | 0.71406 | 0.286 | 0.746888

0.7125 | 0.522907 | 0.4771 | 0.690871

0.4418 | 0.636651 | 0.3713 | 0.683402

0.3435 | 0.789889 | 0.2102 | 0.829876

0.4578 | 0.601896 | 0.3982 | 0.68278

0.3014 | 0.742496 | 0.2571 | 0.740456

0.3931 | 0.649289 | 0.3571 | 0.761618

0.7457 0 1 0

table 8: Grey relational coefficient of each performance characteristics (with y=.5)

Bead Parameters

W P R D
1 1 1 1
10333333 1 | 0382601

0.851644 | 0.37791 | 0.738552 | 0.373065
0.631154 | 0.397363 | 0.674036 | 0.396382
0.572279 | 0.416722 | 0.624922 | 0.371914
0.403812 0.6 0.428559 | 0.431127
0.333333 | 0.528822 | 0.474113 | 0.333333
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0.588097 | 0.434454 | 0.588789 | 0.395147
0.672948 | 0.708847 | 0.38619 | 0.688965
0.576435 | 0.411841 | 0.636132 | 0.400998
0.412371 | 0.488803 | 0.511718 | 0.419861
0.530898 | 0.439889 | 0.573855 | 0.422511
0.592768 | 0.38763 | 0.704027 | 0.375975
0.52203 | 0.453763 | 0.556669 | 0.422733
0.623908 | 0.402416 | 0.660415 | 0.403078
0.559848 | 0.435052 | 0.583363 | 0.396316
0.41666 1 0.3333 1

table 9: Overall Grey relational grade

Experiment No Grey relational grade
1 0.678984
2 0.585293
3 0.524734
4 0.496459
5 0.465875
6 0.4174
7 0.501622
8 0.614238
9 0.506352
10 0.458188
11 0.491788
12 0.5151
13 0.488799
14 0.522454
15 0.493645
16 0.68749
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Main Effects Plot for SN ratios
Data Means

v I

-5.0

Mean of SN ratios

&
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Signal-to-noise: Larger is better

N T

1 2 3 4 1 2 3 4

fig.6 Main effects plot forS/N ratios

table 10: Response Table (mean) for overall Grey relational grade

Level A\ 1 N T

1 -4.925 -5.531 -5.093 -5.189
2 -6.112 -6.165 -5.795 -5.317
3 -6.154 -5.972 -5.346 -5.567
4 -5.311 -4.833 -6.268 -6.428
Delta 1.229 1.332 1.175 1.239
Rank 3 1 4 2

9. ANALYSIS OF VARIANCE (ANOVA)

Analysis of variance (ANOVA) technique was
used to test the adequacy of the model. This method
is very useful to reveal the level of significance of in-
fluence of factors or interaction factors on particular
response. It separates the total variability of responses
into contributions rendered by each of parameter and
error.
SSt =SSk +SS. 9

where
SS1=37_, (¥irYm)? (10)
SSr=Total sum of squared deviations about the mean;
SSr = Sum of squared deviations due to each other;

SSe =Sum of squared deviations due to etror; y=Mean
response for jth experiment; y, = Grand mean of re-
sponses.

In ANOVA table mean square deviation is de-

fined as:
MS _ Ss (sumofsquareddeviation) (1 1)
DF (Degreeof freedom)
F-value of Fishers F ratio (variance ratio) is defined
as:

_ MSforaterm (12)
MSfortheerrorterm

Depending on F-value, P- value (probability of

significance) is calculated. If P value of a term is less

than .05 (95% confidence level) it can be concluded
that effect of factors is significant.

table 11:Analysis of Variance for SN ratios

Source DF Seq SS Adj SS Adj MS F P
v 1 0.001178 0.001178 0.22 0.652
I 1 0.003758 0.003758 0.69 0.425
N 1 0.009766 0.009766 1.79 0.208
T 1 0.011442 0.011442 2.09 0.176
Error 11 0.060170 0.005470
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Total 15 0.086314

ANOVA for overall Grey relational grade is shown in
Table 11. It can be shown that P value for welding
current is about 0.652. It can be evident that welding
current is the most significant factor.

Surface Plot of V vs I, GRG

1
0.6 07
GRG

fig.7 Interaction effects of Voltage and Current on Grey
relational grade

Surface Plot of N vs T, GRG

fig. 8 Surface plots for Stick out and Wire speed and Grey
relational grade

Surface Plot of T vs V, GRG

fig.9 Interaction effects of Wire speed and Voltage on
Grey relational grade

10. VALIDATION OF MODELS

The estimated Grey relational grade § using the
optimal level of design parameters can be calculated
as:

7=Ym + 201 (P —Ym) (13)
where yn is the total mean Grey relational grade, iis
the mean Grey relational grade at the optimal level
and o is the number of the main design parameters
that affect the quality characteristics. This means that
the predicted Grey relational grade is equal to the
mean grey relational grade plus the summation of the
difference between overall mean Grey relational
grades for each of the factors at optimum level. Table
12 represents the comparison of the predicted bead
geometry parameters with that of actual by using op-
timal welding conditions; good agreement between
the two has been observed and improvement of over-
all Grey relational grade is the result. This proves the
utility of the proposed approach in relation to process
optimization, where more than one objective has to be
fulfilled simultaneously.

table 12: Results of conformity experiment

Parameters Initial factor setting

Prediction Experiment
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Level of factors VilikNi Ty
Bead width 8.306
Reinforcement 1.235
Penetration 2.815
Dilution (%) 17.235
S/N ratio for overall Grey 4.5214
relational grade

Overall grey relational grade  0.76473

Improvement in grey relational grade = 0.13

ViLN T, ViLkN T,
8.325
1.247
2.985
16.957

1.67032 3.2597

0.640 0.8908

11. OPTIMIZATION USING DESIRABILITY
FUNCTION

In this part individual desirability values have
been calculated using equations (5) and (6). For bead
width and reinforcement lower-the better (LB) crite-
ria and for dilution and penetration higher-the-better
(HB) criteria is used. The individual desirability val-
ues of these responses have been accumulated to con-
vert overall desirability value. In this study the desir-
ability function index has been assumed as » = 1.
After calculating composite desirability value, the
next step is to maximize it. From Table 13, it has been

found that some factor combinations of overall desir-
ability are zero. I n this case Taguchi’s S/N ratio can-
not be calculate it. To overcome this, analysis has
been made use of mean of all overall desirability
value.

11.1 Results of desirability optimization

Fig. 10 shows the main effect plots for overall de-
sirability .Optimum value is V| I4 N3 T>.From Table
10 voltage is significant factor than others. Table 15
shows confirmatory experiment. This shows good
agreement.

table 13: Calculation of desirability value (r=1)

Bead Parameters

W R P

D oD

1 0

0.193154 0

0.9129 | 0.176935

0.8230

0.159751 | 0.381742

0.7078 | 0.241706

0.7582

0.238589 | 0.419429

0.6263 | 0.300158

0.6999

0.155602 | 0.378265

0.2618 | 0.666667

0.3333

0.340249 | 0.375083

0 0.554502

0.4454 0 0

0.6498 | 0.349131

0.6508

0.234647 | 0.431427

0.7570 | 0.794629

0.2053

0.774274 | 0.556078

0.6326 | 0.28594

0.7140

0.253112 | 0.42521
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0.2875

0.477093

0.5229

0.309129

0.385878

0.5582

0.363349

0.6287

0.316598

0.448246

0.6565

0.210111

0.7898

0.170124

0.36897

0.5422

0.398104

0.6018

031722

0.450549

0.6986

0.257504

0.7429

0.259544

0.431557

0.6069

0.350711

0.6429

0.238382

0.424982

0.2543

1

0

1

0

Mean of SN ratios

OD = Overall desirability

Main Effects Plot for SN ratios

Signal-to-noise: Larger is better

fig. 10 Mean plot for overall desirability

Data Means

\' | N T
-6.0
-6.5
-70
<75
-8.0
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

table 14 Analysis of variance (ANOVA) of overall desirability

Source DF  AdjSS Adj MS F-Value P-Value
\% 1 0.000006 0.000006 0.00 0.976
I 1 0.009409 0.009409 1.39 0.263
N 1 0.000129 0.000129 0.02 0.893
T 1 0.019526 0.019526 2.88 0.118

Error 11 0.074482 0.006771

Total 15 0.103552

table 15 Results of conformity experiment

Parameters

Initial factor setting

Prediction

Experiment

Level of factors

ViLiNI T,

Vi1sN3 T,

ViLiN; T,
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Bead width 8.306
Reinforcement 1.235
Penetration 2.815
Dilution (%) 17.235

9.425

2.347

3.985

18.657

12. EFFECTS OF THE DESIRABILITY FUNC-
TION

The choice of the desirability function index de-
pends on the optimization solver. Change in index
changes individual desirability values and overall de-
sirability. In this part different indexes have been se-
lected to study the effect of function index on optimal
setting. Tables 11-12 represent this approach.

12.1 Effect of individual response weightages

In this study it is assumed that all bead geometry
parameters are equally important. Therefore same
weightages are given to all responses. But when deal-
ing with responses having different weightages, the
equation of overall desirability changes to [S]:

do =(d™'xd"2 d (14)

In order to investigate whether the optimal setting is
sensitive to response weighatge, Different weightages
have been assigned to different responses. Then over-
all desirability values have been calculated using
Equation (14).

table 16: Calculation of desirability value (r=0.1)

Individual desirability and overall desirability

W R P D oD

1 0 1 0.84838 0
0.990929 0.840972 0.980709 0.832424 0.908191
0.966031 0.867618 0.972699 0.866493 0.916781
0.954285 0.886615 0.964947 0.830236 0.90736
0.874575 0.960265 0.895949 0.8978 0.906594

0 0.942736 0.922306 0 0
0.957807 0.900117 0.957954 0.865051 0.919371
0.972545 0.977274 0.85357 0.974742 0.943004
0.955241 0.882323 0.966874 0.871628 0.918037
0.882803 0.928668 0.937221 0.88923 0.90917
0.943363 0.903717 0.95465 0.891355 0.922893
0.95879 0.855549 0.976679 0.837677 0.905106
0.940624 0.91201 0.950485 0.89153 0.923367
0.964768 0.873129 0.970718 0.873818 0.919399
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0.951287

0.900523

0.956785

0.866418

0.917988

0.872036

Mean of SN ratios
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fig.11 Main effect plot with r=0.1
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table 17: Calculation of desirability value (r=0.3)

1

Individual desirability and overall desirability

4

R

P

D

OD

1

0

1

0.61062

0

0.973032

0.594763

0.943235

0.57681

0.749085

0.901515

0.65311

0.920312

0.650572

0.770544

0.86903

0.696955

0.898485

0.572275

0.747031

0.668946

0.885468

0.719202

0.723667

0.745141

0

0.837859

0.784558

0

0

0.878686

0.729284

0.879092

0.647328

0.777092

0.919875

0.93336

0.621894

0.926122

0.838573

0.871643

0.686883

0.903877

0.662207

0.773715

0.688005

0.800905

0.823238

0.70314

0.75151

0.839531

0.738069

0.870028

0.708194

0.786059

0.881395

0.626231

0.931655

0.5878

0.741477

0.832239

0.758576

0.858689

0.708611

0.787268

0.897984

0.665634

0.914701

0.667211

0.777162

0
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0.860865

0.730272

0.875877

0.650402

0.773591

0.663138
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fig.12 Mean plot of overall desirability with r=0.3

table 18: Calculation of desirability value (r=3)

Individual desirability and overall desirability

W

R

P

D

oD

1

0

1

0.007206

0

0.760798

0.005539

0.557442

0.004077

0.05563

0.354594

0.014121

0.435864

0.013582

0.073786

0.245667

0.027043

0.342853

0.003767

0.054124

0.017944

0.296297

0.037026

0.03939

0.05277

0

0.170494

0.088359

0

0

0.274372

0.042556

0.27564

0.012919

0.080301

0.433798

0.501757

0.008653

0.464177

0.171952

0.253156

0.023379

0.363994

0.016216

0.07688

0.023764

0.108595

0.142974

0.029541

0.057458

0.173928

0.04797

0.248502

0.031734

0.090064

0.282946

0.009276

0.492665

0.004924

0.050231
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0.159396 | 0.063094 | 0.21795 | 0.031921 | 0.091459
0.340946 | 0.017075 | 0.410007 | 0.017484 | 0.080374
0.223538 | 0.043137 | 0.265724 | 0.013546 | 0.076756
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fig.13 Mean plot of overall desirability with r=3

13. RESULTS AND DISCUSSIONS

In this study the detailed methodology of hybrid
Taguchi optimization technique coupled with Grey
relational analysis and desirability analysis has been
adapted and applied for evaluating the optimal param-
eters that is deeper penetration maximum dilution,
minimum bead width and reinforcement produced by
flux cored arc welding. This study has intended to
prove the application feasibility and merit of Grey re-
lational Taguchi method and desirability analysis for

solving multi objective optimization technique in the
field of flux cored arc welding process. Figures 7, 8
and 9 show the various interaction effects on grey re-
lational grade by process parameters. Fig 11, 12
and13 shows main effects plot with different desira-
bility indexes. Fig 14 and 15 shows microstructure of
HAZ. Table 16, 17 and 18 shows composite desira-
bility with different indexes. Table 19 shows the op-
timum values of flux cored arc welding parameters
with different desirability indexes. With different de-
sirability indexes the optimum values change.

table 19: Results of analysis of the desirability function index

Case 1 case 2 Case 3
Desirability
function index 0.1 0.3 3
Optimal setting V3I3N3T2 V3I3N3T2 V114N3T|
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ﬁ.iS Microstructure of weld zone
14. CONCLUSIONS

1. Grey —Taguchi method and desirability ap-
proach are two important hybrid techniques that can
be used to sole multi criteria optimization problems
in welding. Both approaches first evaluate a compo-
site quality indicator which is finally optimized to
search optimal combination of process parameters. In
Grey Taguchi method composite quality indicator is
the overall grey relational grade where as in desirabil-
ity approach it is overall desirability index.

2. The optimization of flux cored arc welding car-
ried out by using Grey based Taguchi approach and
desirability approach. Two methods have the same
purpose but the way they derive composite quality in-
dicator differs. Grey based Taguchi is based on qual-
ity loss function. Grey relational coefficient is deter-
mined taking inverse function of quality loss.

3. In this study, a detailed methodology of
Taguchi optimization technique coupled with Grey
relational analysis and desirability approach has been
presented for evaluating the bead geometry, and par-
ametric combinations in Flux cored arc welding pro-
cess. For achieving optimal parametric combination
in order to get deeper penetration and maximum dilu-
tion, minimum reinforcement, bead width of the
weldment produced by flux cored arc welding.
Taguchi method is very popular and efficient method
for optimization that can be performed with limited
number of runs. The study has intended to prove the
efficient of Grey based Taguchi method and desira-
bility approach for solving multi objective optimiza-
tion problem in the field of submerged arc welding.
Based on the study following points were noticed.

4.The optimization of submerged arc welding by
calculating Grey relational analysis and desirability
approach and using the recommendation of design for
determining welding parameters was successful and
optimal parameter combination achieves is V14N3T4
for desirability approach and for grey relational anal-
ySiS it is ViI4N; T;.

5. Based on ANOVA results of grey relational
analysis error is 4% and is more accurate than desira-
bility approach in order to obtain good bead geome-

6. In this analysis welding current has the most
significant effect in grey based Taguchi method and
welding voltage in desirability approach.

7. Predicted result confirmed higher penetration
and dilution, lower reinforcement and bead width.
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