IRSTI 52.01.25
Article

JLH. T'ymunes amviHdarsl Eypasus yimmeolk yHusepcumeminiy XAGAPIIBICHL.
ISSN: 2616-7263. eISSN: 2663-1261
TEXHUKAJIBIK FbUUIBIMJIAP 2KOHE TEXHOJIOTUSAJIAP CEPUSCBI /
TECHNICAL SCIENCES AND TECHNOLOGY SERIES/
CEPUA TEXHUYECKHUE HAYKU U TEXHOJIOTUH

DOI: https://doi.org/10.32523/2616-7263-2024-148-3-189-205

Mathematical and computer modeling of transmission
with non-traditional engagement for mining equipment drive

M.E. Isametova! , N.S. Seiitkazy*' ", N.D. Saidinbayeva? ", G.S.Abilezova!

K. Satpayev Kazakh National Research Technical University, Almaty, Kazakhstan
2Karaganda Technical University named after Abylkas Saginov, Karaganda, Kazakhstan

(E-mail:*seytkazy.nurgul@mail.ru)

Abstract. In modern gear mechanics, transmission mechanisms play a
crucial role in converting the rotational motion of a driving shaft into the
rotational motion of another shaft with varying angular speeds and torque. To
achieve optimal designs for the next generation of transmission mechanisms, it
is essential to develop mathematical models of their dynamic behavior, conduct
computer simulations of the meshing geometry of key components, and visualize
the operation of the mechanism. Despite the widespread use of involute gearing
in mechanical transmissions, there is ongoing research into new types of gearing
that offer advantages over traditional systems. The main challenges facing the
industry include increasing the gear ratio in a single stage, enhancing load
capacity, and improving efficiency compared to standard gear transmissions.
This paper presents the results of mathematical and computer modeling, along
with a comparative analysis of the eccentric-cycloid (EC) engagement with
the involute gear transmission. Through analytical calculations, the energy-
force parameters of the EC gearbox were determined, equivalent stresses and
static deflections of transmission shafts were obtained. The paper includes
the results of static analysis of elements of the new EC transmission, as well
as an algorithm for computer modeling of contact stresses occurring in the
engagement. Conclusively, by comparing contact stresses in traditional involute
gear transmission, calculated using various analytical methods, with those in
EC engagement determined through computer simulation, the advantages of
the new transmission type and its potential application in mining equipment
transmission mechanisms are highlighted.
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Introduction

In modern mechanical engineering, transmission mechanisms play a pivotal role in
converting the rotational motion of a driving shaft into rotational motion of another shaft with
varying angular velocities and torque. To achieve optimal designs for transmission mechanisms
of the new generation, it is necessary to create mathematical models of their dynamic behavior,
perform computer modeling of the engagement geometry of key components, and visualize the
mechanism's operation process. Concurrently with the development and improvement of the
widely used involute gear engagement in mechanical transmissions, there is a continuous search
for new types of engagement possessing various advantages over the involute gear system.

Modern industry faces several key challenges, including increasing the gear ratio in a single
stage, enhancing load capacity, and efficiency compared to standard toothed transmissions.
The standard involute profile, while widely used, has geometric limitations for external toothed
wheels, including undercuts and a small radius of curvature near the base circle. Special toothed
wheels with adapted profile geometry are employed to overcome these limitations, opening new
possibilities in design. Technological innovations such as additive manufacturing and 5-axis
milling enable cost-effective production of such special toothed wheels. Unlike involute toothed
wheels, the geometric description of non-involute toothed wheels is often non-standardized,
making it difficult to determine their properties. One such special tooth profile is the eccentric
cycloidal gear (EC-gear), which offers advantages over standard involute gears in certain
applications. This study presents a geometric description of the EC-toothed transmission based
on a defined set of parameters, including parameters describing the characteristics of the gear
transmission. This parametric description allows for the analytical determination of contact
geometry and characteristics without load, which is useful for creating gear transmissions that
meet practical needs [1-5].

When designing any gear transmissions, especially non-traditional ones, one of the important
parameters is the determination of contact stresses and contact fatigue strength of the gear teeth.

In the article [6] a mathematical model of the operation of a reducer using a new type of
engagement of working wheels, one of which is a helical eccentric, and the profile of the other is

based on a cycloidal curve, is built. Such engagement has increased force characteristics and
allows for high gear ratios in a single stage. A computer program illustrating the kinematically
coherent motion of ideal geometric figures - end sections of the working mechanism, is created,
allowing for the determination of numerical characteristics necessary for design, but the article
lacks research results on testing the new transmission for contact strength.

The stress-strain state (SSS) of the contact engagement largely determines such an important
parameter of the reducer as the efficiency coefficient. Analytical calculation of contact loads
always poses significant difficulties for both involute and other engagements with a large
contact area and a share of transmitted torque during sliding friction. The emergence of
computer programs has enabled modeling the SSS of contact, explaining the physical essence
of the engagement efficiency, and using the obtained results for verification calculations.

The objective of this article is to conduct an analysis of the static strength of elements of the
new EC engagement and to determine the level of contact stresses arising in the new type of
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transmission, as well as to perform a comparative analysis of existing studies on determining
contact stresses.

The methodology

New EC gear reducers have established themselves as precise and rigid mechanisms,
combining a good ratio of transmitted torque, overall dimensions, and weight. The main
advantage is the wide range of gear ratios. Gear reducers are most commonly used in modern
developing industries: CNC machines, automatic lines, transport machinery, and robotics. The
efficiency coefficient of such a transmission reaches 90%.

Due to the reduction in the number of stages in the EC gear reducer, fewer bearings are used,
which increases its efficiency. The developed gear reducer has a service life one and a half times
longer. The driven wheel of the EC has a profile enveloping a family of circles in different phases
of engagement and represents a cycloidal curve, which is an equidistant. Figure 1 shows the
diagram of the EC transmission.

Figure 1. EC transmission: 1 - driving shaft-eccentric, 2 - bearings, 3 - left stand, 4 - right stand,
5 - driven wheel, 6 - output shaft

The profile of the driving wheel in the end section is a circle eccentrically displaced from
the axis of rotation of the wheel by a distance €. The curvilinear helical profile of the wheel is
formed by sequentially and continuously displacing this circle along the axis of the wheel with
simultaneous rotation around the same axis.

Geometric Model of the Mechanism
The geometric model of the EC mechanism is shown in Figure 2. The tooth profile of the

smaller wheel 1 in the end section is a circle D with a diameter d=2r, eccentrically displaced
by a distance ¢ relative to the axis of rotation of the wheel 00,. The curved profile of wheel 1 is
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formed by the sequential and continuous displacement of this circle along the axis of wheel 001
with simultaneous rotation around this same axis. Thus, the tooth surface of wheel 1 forms a
helical eccentric P.

The tooth profile of the larger wheel 2 in the end section is conjugated with the eccentrically
displaced circle D of wheel 1. The profile is constructed as the envelope of a family of eccentric
circles in different phases of engagement and represents a cycloidal curve G, which is an
equidistant of the epicycloid [3]. The helical curved surface of the teeth of wheel 2 is formed
similarly to the tooth surface of wheel 1 by the sequential and continuous rotation of the cycloidal
end sections of the wheel around the axis CC1 of wheel 2. The helical surfaces of wheels 1 and 2
have opposite directions of rotation.

The general view of the reducer with plane P perpendicular to the axes of the wheels is shown
in Fig. 2, and a fragment of the contact area of the worm element with the larger wheel is shown
in Fig. 2. The toothed profile of the smaller wheel 1 in the end section is a circle D of diameter
d=2r, eccentrically shifted by a distance ¢ relative to the axis of rotation of the wheel 00,. The
curvilinear profile of the wheel 1 is formed by sequentially and continuously displacing this
circle along the axis of the wheel 00, with simultaneous rotation around the same axis. Thus,
the tooth surface of wheel 1 forms a helical eccentric P.

Figure 2. Diagram of the eccentric cycloid meshing

Determination of EC Transmission Parameters
The input parameters for determining the geometric dimensions of the EC gearing of the
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reducer for the gantry crane movement mechanism were taken according to the technical
specifications:

Gear ratio7 =9

Torque T _=2500 N-m

Based on the fundamental equations of the epicycloid (1), (2), the parameters of the driving
and driven wheels were determined.

X =(45+5)-cosr-u+2-cos (45+5)-2-7r-% 1)

Y = (@5+5)-sinr-u+2-sin| (45+5)-2.7-% @

Wheel diameter R=150 mm

Number of teeth of the larger wheel n=16

Profile diameter of the smaller wheel r=40 mm

Eccentricity of the eccentric shaft e=5 mm

Based on the calculated geometric parameters, engineering documentation for the EC
reducer was created (Figure 3).

Figure 3. 3D model of the EC reducer

The designed reducer is a single-stage cylindrical reducer with a mass of 41 kg. The reducer
is intended to replace a cylindrical two-stage involute reducer, which has a mass of 96 kg.
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Mathematical model of contact in the new evolvent-cycloid transmission.

As seen from the construction scheme (Figure 2) of the tooth surfaces of wheels 1 and 2, the
tooth profile of wheel 1 in any end section is represented by the eccentrically displaced circle D,
while the profile of wheel 2 is represented by the rotated cycloidal curve G. In any end section,
circle D has a contact point A with the corresponding cycloidal curve. The helical tooth of wheel
1 simultaneously has multiple contact points with the helical cycloidal tooth of wheel 2. These
points form a continuous helical (with variable curvature) contact line AA A.

The coordinates of the contact point A of circle D with the cycloidal curve G are found as
the sum of the radius vector of the center of circle D and the vector directed along the normal
to this circle at the contact point, having a length equal to the radius of circle D. To find this
normal, it is not necessary to resort to differentiation - it is sufficient to apply the property of
cycloidal curves: the normal at an arbitrary point of such a curve passes through the pole (the
point of tangency of the rolling circles used to generate the initial cycloidal curve). The line
AA A, is constructed using the interpolation function of the contact point array for adjacent
end sections, built into the MathCad package. The resulting vector function K9(9) (9=0,..., 21
- the angle of rotation of circle D around the axis 00,, which produces the corresponding end
section) of the points on line AA A, allows differentiation using the symbolic processor of the
MathCad package to determine the curvature at each point of this line at any given time. This
curvature turns out to be variable, i.e., the contact line is not helical.

According to Hertz's theory, the deformation state of contact between two cylindrical bodies
of radii R, and R, arising from normal forces P, is shown in Figure 2[7-8].

When both points A, and A, of the bodies shift toward point O along the z - axis by distances
661 and 832 respectively, the average contact pressure pm is determined by the equation:

pomaf Lo ][]

+— |/ —+— 3)
Rl R2 El E2

Thus, the contact pressure and the stresses it induces increase proportionally to the linear
size of the contact area. For cylinder contacts, the load per unit length of the axis is:

P=2ap, (4)

Then, from equation (5), we derive:

N | —

1 | 1 1
+ +

—| P| —+— |/ —+— 5
Py RN VA (5)

The dimensions of the semi-axes of the contact ellipse can be determined by the expressions:
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_PrPleth) 3P+ k)

= : (6)
4(A+ B) 4(A+B)
Here, m and n are coefficients dependent on cos ¢ = ;A ,» determined by the expressions:
+
2 A+ B 2 A+ B
m=i/—D(e,(0) ;n=\/—[E(e,go)—D(e,go)]\/l—ez (7)
V4 B T B

Where A and B are constant coefficients dependent on the magnitudes of the principal
curvatures of the contacting bodies and the angle between the planes of the principal curvatures
of their surfaces, and F (e, ¢) and D (e, q)) are elliptic D integrals given by:

T

2
E(e,(p)=f\/1—e2 sin” pd (8)
0

T

Deep)=] 4
0 —e

sin® pd @

(9)

Here, R, and R, are the radii of the cylinder, k, and k, are constants determined by the
equations:

18

— (10)
E, 7k,

From equations (5) - (6), it follows that the width of the contact ellipse and the contact
pressure increase as the square root of the applied load [10-13].

Hertz's theory defines the regularities of contact stresses and deformations as the compressive
load increases and determines the influence of the surface curvatures and the elasticity moduli
of the contacting bodies [7].

To find the contact stresses at the points along the line, it is necessary to know the radius of
curvature of the line on the larger tooth 2, which is obtained by the end section corresponding
to the contact point, i.e., at a given angle v. This line is the result of rotating the initial line G by
an angle:

—(3+0) (11)

Zy
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where § is the rotation angle of the generator. The radii of curvature are calculated by the
usual formula:

R(8.6) - X @O0 +V(p(8.6)°) W
X (9(8,0)Y"(9(3,0))— X (9(3,0))Y (9(3,0))
where:
0(9.5) =2 g4, (13)

2

and X (¢(v,9)), Y(¢(v,0)) - are the coordinates of the contact point on the corresponding
equidistant.

The formula for calculating the forces at the contact points at the rotor rotation angle § takes
the integral form:

F(%,0)=
M sin(y(9,0))

[ VX (@(8.8)—a) + Y (e(3,8)—a) sin (1(3,))d9 -

where M is the input torque on the generator, and y(v,8) is the angle between the radius
vector of the contact point.
The loading scheme of the teeth in the EC gearing is schematically shown in Figure 4.

Figure 4. Tooth loading schemes
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As a result of analytical calculation, the following energy-force parameters of the EC reducer
were determined:

1 Output shaft rotation speed: n=725 rpm

2 Torque on the input shaft of the reducer: T=4.8 kNm

3 Sum of the projections of all forces in engagement of the eccentric and driven wheel teeth
on the x-axis:

2F =4,025 kN

4 Sum of the projections of forces in engagement of the teeth on the y-axis:

2F, =-2,850.5iyFkN

5 Electric motor power: N=24 kW

Computer Modeling of Contact in EC Engagement

Thanks to the application of computer technology, the possibilities for calculating contact
stresses in mechanisms have significantly expanded. The NASTRAN/MARC program supports
three contact models: node-to-node, node-to-surface, and surface-to-surface. Each type of
model uses different types of contact elements. The finite element model recognizes the contact
pair by the presence of contact elements that are applied to those parts of the model that will
be analyzed for interaction. To form a contact pair, these elements use the concepts of "target
surface” and "contact surface". For determining two-dimensional contact pairs, finite elements
CONTA and TARGE are used, and for three-dimensional contact pairs, CONTA174 and TARGE170
are used.

The main steps for performing surface-to-surface contact analysis are outlined below:

Creating a geometric model and meshing;

Designing the contact and target surfaces;

Defining the contact and target surfaces;

Setting real constants;

Setting the necessary boundary conditions and solution options;

Solving the contact problem;

Analyzing the results.Boundary conditions for static analysis and calculation of contact
stresses are summarized in Table 1.

Table 1. Boundary conditions

Ne Parameter Value
1 Material Steel
2 Elastic modulus E 2.10'Pa
3 Poisson's ratio 0.3
4 Support 1 Hinge with rotation around the model axis
5 Axial force 4.025kN
6 Radial force 2850.5kN
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7 Calculation type Static

8 Output shaft rotation speed n=725rpm

Using this algorithm, a methodology for solving contact problems based on the finite element
method in the NASTRAN/MARC software was developed [9]. This methodology was tested on
contact problems, the solutions of which were obtained by classical mechanics methods.

Findings/Discussion

Analysis of Computer Modeling Results

Choosing the FEA system NASTRAN/PATRAN for strength analysis, we present the schematic
diagram of the rotor (Figure 3) as a finite element model. The schematic diagram represents
the elastic-mass characteristics of the mechanical system "rotor-support." There are several
approaches to creating FEA models [14]. Initially, we create the geometry of the rotor according
to the working drawings (Figure 5).

Figure 5. 3D model and finite element mesh of the components of the eccentric (EC) reducer

Equivalent stresses and static deflection values of the shaft were obtained as a result of the
static strength calculation.
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Figure 6. Stress and displacement diagrams in the driven wheel of the EC reducer
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The analysis of the results revealed a sufficient safety factor for the driven wheel. According

to the diagram (Figure 6a), the maximum stress O = 195MPa and the static deflection
S, =9.29-107 m. The allowable stress for steel is [g_] = 450 MPa , resulting in a safety

factor of 2 3.

The stress analysis diagrams of the main shaft (Figure 6b) indicate a maximum stress of
O, =44Mpa and a displacement of o, =3.16- 10°%m, yielding a safety factor of 3.2.

The stress analysis diagrams of the reducer frame show a sufficient safety factor. According
to the diagram (Figure 6c), the maximum stress and the static deflection & =2.43- 10°m.
The allowable stress for steel is [o-_] =450MPaq, resulting in a safety factor of 8.3.

Determination of Contact Stresses in Meshing in the NASTRAN/MARC System

Eccentric (EC) transmissions experience significant axial loads, necessitating appropriate
design of bearing assemblies. These loads lead to high contact pressures and significant friction
losses, resulting in low efficiency.

Contact pressure modeling was performed using the high-level CAD system NASTRAN/
MARGC, a nonlinear solver for determining contact parameters between two bodies[7-8]. The
results in the form of diagrams are presented in Figure 7.

181404
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157404
145404
133404
121408
1.08+04)
964408

844408
723408
6.03+08)
482408
362408
2.41+08)

1.21+08
0]

Figure 7. Contact stress diagram

The maximum pressure in the EC contact is 1810 MPa, with the greatest tensile stress on the
EC wheel being 1342 MPa, and on the EC eccentric 714 MPa. he EC eccentric requires surface
hardening such as cementation or SHKh15 steel with volumetric strengthening. The complex
configuration of the eccentric creates a triaxial stress state, which, combined with cyclic loading,
reduces its service life.

A comparative review of mathematical models of reducers with non-traditional gearing was
of interest. The inadequacy of the theory in its classical form is confirmed by calculated values
of p_max, found using various authors' methods. Comparison of transmissions based on key
parameters is presented in Table 2.
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Table 2. Comparison of transmissions by basic parameters

Measured Information Sources
Parameters Herz Kovalyov M.N | Makushin M.L. VNIINMASH IMASH
Do > MPa 9771 5843 9818 4473 5706
o 14,00 5,50 14,06 6,41 4,60
¢ — max
o *
O-max
Op = (P3 2743 167 2783 263 97
(o}

From Table 2, it follows that calculated stress values are approximately three times higher
than the stress observed in EC transmissions. This increase in corresponds to a decrease in the
load capacity of the EC mesh due to contact stresses.

Conclusion

Based on the analysis of static strength and contact stresses, which are the main causes of
failure in reducers with involute gearings, a mathematical and computer model of a reducer with
involute-cycloidal gearings has been proposed. Gearings with involute-cycloidal tooth profiles,
widely used, are expected to become one of the most effective and reliable types of gearings
used in various mechanical systems. The new type of EC gearing has a high gear ratio with
minimal dimensions. The teeth have a large effective radius of curvature, increasing contact
strength, while the tooth shape ensures high bending strength. In our opinion, EC gearing can
become a serious competitor not only to traditional involute gearing but also to other types of
gearings currently being developed. They provide high torque transmission accuracy, minimal
noise and vibration levels, and the ability to transmit large loads in compact sizes.

The material presented in our publication can be used in the design process of reducers,
transmissions, and other transmission mechanisms used in mining equipment, as a primary or
additional source of reference information.

The study was carried out with the financial support of the Ministry of Internal Affairs of the
Republic of Kazakhstan under grant BR18574141 «Comprehensive multi-purpose program to
improve energy efficiency and resource conservation in energy and mechanical engineering for
the industry of Kazakhstan».
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M.E. Isametova, N.S. Seiitkazy, N.D. Saidinbayeva, G.S. Abilezova

M.E. UcameToBal, H.C.CeliiTKa3er*!, H./I. Calizun6aeBa?, F.C. 96i;1e30Ba’
IK.H.Com6aes amuiHdarbl Kazak ¥ammuoik Texnukaawik 3epmmey YHusepcumemi, Aamamol, Kazakcmax
296iakac CarbiH08 ambiHdarsl KaparaHObl mexHukablK yHUsepcumemi, Kaparanovl, Kasakcmat

Tay-KeH TeXHHKACBIHBIH, »KeTeriHe apHaJIFaH JICTYPpJii eMec ijtiHici 6ap 6epiaicTi
MaTeMaTHKaJIbIK *K9He KOMNbIOTepJIiK MoAeJ/Ibjey

Anpgarna. 3amaHayu 6Gepisic MexaHHKacblHZA Gepisic MexaHU3M/Iepi »KeTeKIi OiMiKTIH alHaTy
KO3FaJIbICBIH OYPBIIITHIK JKbUIJAMJABIKTAapbl MeH MOMEHTi e3repeTiH 6acka O6iJikTiH ailHaLy
KO3FaJIbICbIHA TYpJIEHipy/ie eyl peJ aTKapaabl. KaHa 6ybIH 6epislic MexaHU3MIepiHiH OHTaN/IbI
KOHCTPYKUUSAJApblHA KOJ KeTKi3y YLIiH oJIapZblH, JUHAMUKAJBIK 63repicTepiHiy MaTeMaTHUKaJbIK,
y/IriJiepiH Kypy, Herisri KOMIOHEHTTEP/IH KOCbLJIY FeOMETPUSCbIHbIH, KOMIBIOTEPJIK MOZEeNbEYiH
JKYPri3y »oHe MeXaHU3MHIiH >XYMbIC TNpPOLECiH BH3yaju3auusiiay KaxeT. MexaHUKaJbIK OGepijic
KOpabblHAA 3BOJIbBEHTTI OepisicTiH KeHiHEeH KoJJaHbLIyblHA KapaMmacTaH, ASCTYpJi KydeleH
aApTHIKUIBLIBIFEI 6ap OepimicTepaiH *kaHa TypJepiH i37ey »xajfacyia. OHeEpPKacinTiH ajaAbIHIAA
TYypFaH Herisri MiHAeTTepre 6ip caTblabl Oepinic KOadPUIUEHTTEPIH aPTTHIPY, KYK KOTEPTillITIriH
apTThIPY K9He CTaHJAapTThl 6episic xeTekTepiHe KapaFaHAa TUIMJIMIKTI apTThIpy Kipeni. Makaiaza
MaTeMaTHKaJbIK XK9He KOMIIbIOTEPJIK MOJesib/ley HoTUKesepi KeaTipineni, confaii-ak Jll-ininicyqin
3BOJILBEHTTIK OG€pijliciMeH ca/lbICThIPMaJibl CUITAaTTaMachl 6epineni. TasgaMasnbl ecenTey HOTHXKeCIHE
peayktopAblH IJLll-HbIH 3HepPrusablK NapaMeTpJiepi aHbIKTaAAbl, OajlaMajbl KepHeysJep >KoHe
Gepisic GisikTepiHiH cTaTUKaNAbIK Wigy MaHAepi anblHAbL Makanaga 3l iniHicyi 6ap kaHa 6episic
3JIeMeHTTepiH CTaTUKaJbIK eCelTey HaTWXesepi KeJATipiiireH, cCOHAAW-aK iliHicyJeH TYybIHAAUTBIH
GaiylaHbIC KepHey/JepiH KOMIbIOTEPJIK Mojesbjey alropuTmi KesartipinreH. KomnbroTepJiik
MoJiesibJleyMeH adKbIHJanfFaH Jll-garel TypJi TanjaMasblK d/jicTeMesiep MeH Tyilicnesi kepHeyJep
OOMBIHIIA eceNTe/NreH JICTYypJli 3BOJBBEHTTIK Oepyzeri TyHicnesi KepHeyJsepZi cajblCThIpMaJsibl
Tajjay OOWbIHIIA KOPBITBIHAbIAA Oepy/liH aHa TYpPiHiH apTBIKWIBLIBIKTAPbl K9HE OHbI Tay-KeH
TeXHUKACbIH/A OTKI3y TETIKTEpPiHAe KOJJaHy MYMKIHZIT] TypaJibl KOPbITBIH/BI XKacaja/bl.

Ty#iH ce3aep: 3BObBEHTTIK-IUKJIOU/ATHIK OepijicTep, 3BOJIbBEHTTIK iJliHicy, HOBUKOBTHIH, iJiHicYi,
TyHicnesi KepHeyJiep, OpTaJbIKTaH TENKill KyUuITep.

M.E. HcameToBa?, H.C.Ceiiitka3snsr*!, H./I. CaiiguH6aeBa?, F.C. 96is1e3oBal
'Kazaxckull HayuoHa/bHblll uccaedosamensckuli mexHuveckuli ynusepcumem umenu K.HM. Camnaesa,
Aamamel, KazaxcmaH
‘KapaeanduHckull mexHuueckull yHugsepcumem umeHu Abuskaca CazuHosa, Kapazanda, Kazaxcmax

MaTtemaTu4ecKoe 1 KOMIBIOTEPHOE MOJAE/IMPpOBAHUE Tepeaadd C HeTpaAUIIMOHHbIM
3alenJieHueM AJid IpuBoja I‘OpHOﬁ TEXHUKH

AHHoOTanus. B coBpeMeHHON MexaHUKe Nlepe/iad MeXaHU3Mbl lepe/ladyy UTpaloT KIK4YEBYIO POJIb B
npeo6pa3oBaHMHU BpalllaTeJbHOI0 JBUXKEHUS BeAylLllero Bajia B BpallaTe/bHOe JBUKEHHE pYyroro Bajia
C U3MEHSALIMMUCA YITIOBBIMU CKOPOCTSIMU U KPYTALIMM MOMEHTOM. /IJIs1 JOCTUKEeHUA ONTUMaJIbHBIX
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KOHCTPYKL UM MeXaHW3MOB Ilepe/iaid HOBOI'O MOKOJIEHMsI He0OXOAUMO CO3JjaBaTh MaTeMaTH4yecKue
MOJleJId MX JUHAaMHUYEeCKOro IOBeJeHHs, NPOBOAUTb KOMIIBIOTEPHOE MOJeJIMpOBaHUE reoMeTpHUHU
3alleNJIeHUs KI04YeBbIX KOMIIOHEHTOB U BU3YaJIU3UpPOBaTh Npolecc paboThl MexaHU3Ma. HecMoTps Ha
IIMPOKOe MCI0JIb30BaHHUE 3BOJIbBEHTHOIO 3allellJleHUs B MexaHWYeCKHUX IlepefadaX, IpoA0KAITCA
IOMCKHU HOBBIX TUIIOB 3allellJIeHUs], 06/1aaLIMX IPeuMyllecTBaMHy 110 CPAaBHEHUIO C TPALULIUOHHON
cucteMoil. OCHOBHBIE 3aJjla4yM, CTOAILIME Iepes OTPACJbl0, BK/IOYAIOT yBeJWYeHHe NepefaTOYHOIo
Yyycjaa B OAHOW CTyINeHW, MOBbILIeHHEe IPy30N0JbeMHOCTH UM 3QPEKTUBHOCTH IO CPAaBHEHHUIO CO
CTaHZAPTHBIMHU 3yO4YaTbIMU IepejadyaMu. B cTaTbe NpHMBOAUTCA pe3yjbTaTbl MAaTEMAaTHU4YeCKOTO U
KOMIIBIOTEPHOI'0 MOJZle/IMPOBaHK4, a TAKXe JJaeTCsl CpaBHUTe/IbHAsA XapakTepucTuka Jll-3anensenus c
3BOJIbBEHTHOH Nepeiayeil. B pesynbpTaTe aHa/IMTUUECKOT 0 pacyeTa 6bLIM ONIpe/ie/IeHbl JHEPIOCUIOBbIE
napaMeTpbl 3l penykTopa, nosy4eHbl 3KBUBAaJIeHTHble HAIpPSKEHUs] U 3HAUYeHUA CTAaTHYECKUX
nporu6oB Ba/oB Nepefayd. B cTaTbe nmpuBeseHbl pe3y/nbTaTbl CTATUYECKOTO pacyeTa 3J€MEHTOB
HOBOMH Nepefayu c Il 3auenyieHneM, a TakKe NpUBeJieH aJITOPUTM KOMIIBIOTEPHOT'0 MOZ,eJINPOBaHUSA
KOHTAKTHBIX HallpSXKeHU U, BOSHUKAIOLIMX B 3aLlellJIEeHUU. B 3aK/1104eHUU 110 CpPaBHUTEBbHOMY aHaJIUu3y
KOHTAKTHBIX Halps>KeHUH B TPaJAULIMOHHOM 3BOJIbBEHTHOM NepeJiade, paCYUTAHHBIX N0 Pa3JIN4YHbIM
aHaJUTUYECKHUM MeTOJHMKAaM M KOHTAKTHBIX HanpskeHUM B DIl 3amensieHud, omnpeneseHHbIX
KOMIIBIOTEPHBIM MOJeJIMPOBAaHUEM [leJIaeTCHd BBIBOJ O NMpPeMMYyIlecTBaxX HOBOTO BHJA Nepesfadyu U
BO3MOXXHOCTH ee IPUMeHeHUsI B lepeJaTOYHbIX MexaHW3MaX B TOPHOU TeXHUKe.

Kio4eBble c/10Ba: 3B0JIbBEHTHO-LIUK/IOU/HbIe Iepe/jlauy, 3B0JIbBEHTHOE 3allellJIeHUE, 3alleNeHHe
HoBuKOBa, KOHTAKTHbIE HANPSX)KeHUH, eHTPOOeKHbIe CUJIBI.
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