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OPTIMIZATION OF THE MAIN CHARACTERISTICS OF A GEAR TRANSMISSION
AIMED AT REDUCING VIBRATION-INDUCED DYNAMIC LOADS

A dynamic model of a gear transmission has been developed taking into account the elastic
properties of gear wheels and shaft supports, which describe the corresponding oscillatory processes
and make it possible, in an interactive mode, to solve optimization problems of the main transmission
characteristics in order to reduce vibration-induced dynamic loads.
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Po3spobnena ounamiuna mooenb mMexaniyuHoi nepeoaui 3aUensieHHaM 3 YPaxy8aHHIM NPYHCHO-
cmi 3y6uacmux Kojic ma onop 8aiis, sIKa ONUCye 8iON0GIOHI KOMUBANbHI npoyecl, 0de€ MONCIUBICID Y
0ian02080My percuMi GUPIULY8AMU 3A80AHHL ONMUMI3AYIT OCHOBHUX XAPAKMEPUCTNUK nepedadi 3 Me-
MO0 3HUMHCEHHS, OUHAMIYHUX HABAHMAIICEHb 8IOPAYIIHO20 Xapakmep).

Knrouoei cnoea: mexaniuna nepedaua; 3y0uacmi Koneca, 3a4enieHtst; HCOPCmKICmb, amMnaimyoad.

Problem’s Formulation

The solution of multicriteria engineering problems based on mathematical modeling methods
provides an extended understanding of the interrelationships between components and parts of the de-
signed machine or mechanism as a whole. It also allows purposeful variation of the main parameters
of the mechanism, and, if necessary, its design, in order to achieve the stated objective. Based on mod-
eling data, the behavior of a corresponding unit or mechanism under extreme operating conditions can
be evaluated. However, as a rule, most models do not take into account the elastic properties of struc-
tural elements, and, accordingly, oscillatory processes arising during the operation of mechanisms are
ignored, although they can significantly affect strength and durability. Therefore, the development of a
dynamic model of a gear transmission that accounts for the elasticity of its elements in order to deter-
mine the corresponding oscillatory processes is a relevant task.

Analysis of recent research and publications

Most of the developed mathematical models of mechanisms with rigid links do not allow the ex-
planation of oscillatory processes arising during operation, since the elastic properties of parts and as-
semblies are not taken into account [1—7]. At the same time, during steady-state operation of a mecha-
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nism, there is a cyclic nature of changes in the angular velocity of rotating units of a gear transmission,
which causes corresponding oscillatory processes that can significantly affect strength and durability
[8—10]. Accounting for these oscillations plays an important role when placing a gear transmission on
load-bearing elements of an engineering structure in order to prevent resonance. In works [11,12], the
task of reducing vibration-induced dynamic loads of a gear transmission was addressed for various out-
put characteristics, at different points of the mechanism, and at different frequencies.
Formulation of the study purpose

The aim of this study is to develop a dynamic model of a gear transmission that takes into ac-
count the elasticity of its elements, which will make it possible to describe the corresponding oscillato-
ry processes occurring over the period of steady-state operation of the mechanism.

Presenting main material

The dynamic model of a gear transmission consisting of two gear wheels mounted on shafts

supported by rolling bearings, having six degrees of freedom, is shown in Fig. 1.

Fig. 1. Dynamic model of a gear transmission: 1 — pinion; 2 — gear wheel; 3 — bearing of
the high-speed shaft; 4 — bearing of the low-speed shaft; 5 — gear meshing zone; J;,J, — moments

of inertia of the gear wheels, kg:m?;, my,m, — masses of the gear wheels, kg; R;,R, — radii of the
base circles of the gear wheels, m; mg,m, — masses of the rolling bearings, kg; C;,C, — stiffnesses
of the gear wheels, H/m; C3,C,4 — stiffnesses of the rolling bearings, H/m; Cg — stiffness of gear
meshing, H/m; K; — damping coefficients of the corresponding system elements, H-s/m; N-N —
line of action
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According to this model, the gear wheels, taking into account the elasticity of the system ele-
ments, can perform not only rotational motion about their axes, but also linear displacements in the
direction of the line of action. Corresponding displacements along the line of action can also be per-
formed by the rolling bearings.

The choice of an optimal solution is carried out using a certain objective function, which is de-
termined by the main parameters of the elements of the dynamic model of the gear transmission. In the
process of solving the stated optimization problem, it is necessary to determine such parameter values
at which the objective function attains an extremum. The objective function plays the role of the main
optimality criterion in mathematical models used to describe engineering problems.

Let us denote the rotation angles in the direction of rotation of the gear wheels by ¢, and ¢, ,

the displacements of the gear wheels along the line of action by x; and x,, and the displacements of
the rolling bearings in the direction of the line of action by x3 and x4 .

According to the considered model, the oscillations of the gear transmission can be described
by a system of ordinary linear differential equations:

Yy =R+ X —Ropp — %o,
J1¢n + CsRyy + KgRyy = —CsRyAg sin e,
Joy —CsRoy — KRy y = C5RyA Sin wit,
Mm% +C (X — X3) + Cgy + Ky (% — X3) + K3y =—CgAp Sin at,
MyXy +Co(Xo —X4) —CsY + Ko (X — X4) — K5y = C5Aq Sin ait,
mgX3 — C1 (X — X3) + Caxz — Ky (% — X3) + K3¥X3 =0,
MyXg —Co(Xo — Xg) + CyXg — Ko (Xo — X4q) + KygX4 =0.
As a disturbance in the system, we consider the accumulation of error A=Agsinat of the
high-speed shaft assembly, under the condition that the calculated value A is chosen depending on

the required accuracy of the formulated problem. The rotational frequencies of the high-speed shaft
and the low-speed shaft, taking into account the operating conditions of the gear transmission, can
vary within the range

10< f <300,
where
f=9
2

Since the damping coefficients depend only on the frequency f , they can be represented in

the following form
Ki=e%f,

where ¢ — is a constant value.

Thus, if only steady-state oscillations of the gear transmission are considered, the solution of
the system can be represented in the following form

Xj = a; sin(at+¢;) .

According to the system of differential equations and the general solution, the parametric op-
timization problem can be solved by varying the masses m; or moments of inertia J; and stiffnesses
C; of the corresponding system elements with respect to the parameters of a certain initial model.

Accordingly, the following criteria can be selected for optimizing the adopted objective function:
- minimum and maximum values of the displacement amplitudes of the rolling bearings
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Z) = S3,.
Zp =53
Z3= S4,0
Zy=54_ ;
- minimum and maximum values of the acceleration amplitudes of the bearings
Zg = ag .
ZG = a3max ,
Z7 = ag .
Zg=ay  ;

- minimum and maximum values of the amplitudes of dynamic forces transmitted from the
rolling bearings to the foundation
Zg - I:,3min !
Z10=P3
le - P4min !
Zi1g=Py
- mass of the rotating units of the gear transmission
Zyz ="y +My;
- number of natural frequencies Z,,, falling within the operating range
fo < f < fy.
To ensure that the minimum number of resonances falls within the operating zone Z;,<2,

the following conditions must be satisfied:

1
fo— f

fi
j F(f)df,
k §

Finin = Fmax(f),

fo < f < fy.

According to the objective function, Q = q(si,ai : P,,mi) the admissible set is represented by a
multidimensional parallelepiped. Consequently, the search for an optimal solution within the frame-
work of this method can be carried out in an interactive mode. Such an approach provides the possibil-
ity of actively influencing the search process.

The search for the optimal solution of the numerical experiment of the proposed method con-
sists of the following stages:

- an initial system is selected with corresponding parameters for all fourteen optimization
criteria;

- at the first stage, values are selected that have minimal deviations from the corresponding pa-
rameters of the preliminarily chosen initial system;

- at the second stage, values are selected that are located in close proximity to the boundaries
of the admissible set for all criteria;

- for the optimization criteria that satisfy the condition of the second stage, values are assigned
with a certain small percentage deviation in both directions;

- analysis of changes in the corresponding characteristics makes it possible to determine the
optimal values of the optimization criteria.

F=
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Conclusions
The developed methodology for optimizing the parameters of a gear transmission makes it
possible, in a first approximation, to determine the numerical values of the optimization criteria while
taking into account the elastic properties of the elements, which describe the corresponding oscillatory
processes, with the aim of reducing vibration-induced dynamic loads.

References

[1] Lin, T., & He, Z. (2017). Analytical method for coupled transmission error of helical gear system
with machining errors, assembly errors and tooth modifications. Mechanical Systems and Signal
Processing. 91. 167-182. DOI https://doi.org/10.1016/j.ymssp.2017.01.005

[2] Fajraoui, A., & Kamel, M. (2016) Method for Selecting the Optimal Solution for the Design of
the Gear Train. Journal of Mechanics Engineering and Automation. 6. 260-264.

[3] Gulida, E.M., & Vasylieva, O.E. (2007). Optymizacija konstruktyvnykh elementiv cylindrych-
nykh zubchastykh peredach v procesi jikh proektuvannja [Optimization of structural elements of
cylindrical gears in the process of their design]. Problemy jakosti ta dovghovichnosti zubchastykh
peredach reduktoriv, jikh detalej ta vuzliv, (21), 191-197. [in Ukrainian]

[4] Romaniuk, O.D. (2019). Development of rotary units mechanical transmission mathematical
model. Matematychne modeljuvannja, (2(41)), 53-61. DOI https://doi.org/10.31319/2519-
8106.2(41)2019.185045

[5] Romaniuk, O.D. (2020). Optimizatsiya mas valiv i pidshipnikiv mekhanichnoi peredachi [Opti-
mization of masses of shafts and bearings of mechanical transfer]. Matematychne modeljuvannja,
(1(42)), 41-47. [in Ukrainian]. DOI https://doi.org/10.31319/2519-8106.1(42)2020.206940

[6] Vasilieva, E., & Kuzio, I. (2014). Optimization of the structural components of gearwheels of cy-
lindrical reducing gears. Econtechmod. An international quarterly journal on economics in tech-
nology, new technologies and modeling processes, (1), 127-133.

[7] Romaniuk, O.D. (2018). Osnovni pidkhody optymizaciji mas zubchastykh kolis mekhanichnoji
peredachi [Basic approaches to mass optimization of toothed wheels of mechanical transmission].
Matematychne modeljuvannja, (1(38)), 118-123. [in Ukrainian]. DOI
https://doi.org/10.31319/2519-8106.1(38)2018.129038

[8] Pengyuan, Q., Ning, Z., Yanjun, P., Yanhu, L. (2023). Analysis of tooth contact for cylindrical
gear with high-order topological modification and misalignment. Journal of vibroengineering. 25.
189-208. DOI https://doi.org/10.21595/jve.2022.22753

[9] Sanchez, M., Pleguezuelos, M., Pedrero, J. (2019). Influence of profile modifications on meshing
stiffness, load sharing, and trasnsmission error of involute spur gears. Mechanism and Machine
Theory. 139. 506-525. DOI https://doi.org/10.1016/j.mechmachtheory.2019.05.014

[10] Li M, Azarm S, Boyars A. (2006). A new deterministic approach using sensitivity region
measures for multi-objective robust and feasibility robust design optimization. J Mech Des.
128(4). 874-883. DOI https://doi.org/10.1115/1.2202884

[11] Karadere, G., & Yilmaz, I. (2018) Investigation of the Effects of Profile Shift in Helical Gear
Mechanisms with Analytical and Numerical Methods. World Journal of Mechanics. 8. 200—2009.
DOl https://doi.org/10.4236/wjm.2018.85015

[12] Faggioni M., Samani F., Bertacchi G., & Pellicano F. (2011). Dynamic optimization of spur
gears. Mechanism and Machine Theory, Vol. 46. No. 4. 544-557. DOI
https://doi.org/10.1016/j.mechmachtheory.2010.11.005

© Pomantok O.[]., Teninko JLII., Pomanrok 51.0., )Kykos @.®., Hescrakaii O.C., 2026.
Jlinensis Creative Commons CC BY 4.0


https://doi.org/10.1016/j.ymssp.2017.01.005
https://doi.org/10.31319/2519-8106.2(41)2019.185045
https://doi.org/10.31319/2519-8106.2(41)2019.185045
https://doi.org/10.31319/2519-8106.1(42)2020.206940
https://doi.org/10.31319/2519-8106.1(38)2018.129038
https://doi.org/10.21595/jve.2022.22753
https://doi.org/10.1016/j.mechmachtheory.2019.05.014
https://doi.org/10.1115/1.2202884
https://doi.org/10.4236/wjm.2018.85015
https://doi.org/10.1016/j.mechmachtheory.2010.11.005

38 36ipuuk HaykoBux mpaip JJTY Ne 1(48) 2026

OITUMI3ALISA OCHOBHUX XAPAKTEPUCTUK MEXAHIYHOI NEPEJAYI
3AYEIVIEHHSIM 3 METOIO 3HWKEHHST JMHAMIYHAX HABAHTAJKEHD
BIBPAIITMHOI'O XAPAKTEPY

Pedepar

BukopucTanHsS METOIB MAaTEMAaTHIHOTO MOJCITIOBAHHS IS BUPIMIEHHS OaraToOKpUTepialbHIX
IHXEHEePHUX 3a]1a4 Ja€ PO3IINPEHE YSIBICHHS PO B3a€MO3B'SI3KH BY3IIIB 1 ieTaliell MalTiHu, 0 Tpoe-
KTY€ThCsI, a00 MeXaHi3My B LiIOMYy. AJie, SK MPaBHJIO, OUIBIIICTh MOJENEH He BPaxOBYIOTh NPYIKHi
BJIACTHBOCTI €JIEMEHTIB KOHCTPYKIIii, a BiIMOBITHO ITHOPYIOTHCS KOJIHBAJIBHI MPOIECH, 1[0 BUHUKA-
I0Th TiJ 9ac poOOTH MeXaHi3MiB, SIKi MOXYTh CYTTEBO BIUIMBATH HAa MIIHICTH Ta JOBrOBIUHICTH. Bin-
MOBiTHO, PO3poOKa TMHAMIYHOT MOJIeIIi MeXaHIuHOI Mepeaayi 3 ypaxyBaHHSIM MPY>KHOCTI JIaHOK 3 Me-
TOO0 BU3HAYCHHS BiNIOBITHUX KOJIMBAIBHUX MPOLECIB € aKTYyaJIbHOIO.

MeTtoro poboTH € po3poOKa TUHAMIYHOI MOJETl MEXaHivyHOI Tepeadi 3a4eryieHHsIM 3 ypaxy-
BaHHSM TPY>KHOCTI JIAHOK, 1[0 JIO3BOJIUTH OITMUCATH BiMOBIIHI KOJIMBAJIbHI MPOIIECH, SIKI MAIOTh MiCIe
3a TIepioJ] YCTAICHOTO PEKUMY POOOTH MEXaHI3MYy.

Y po6oTi po3po0IIeHO AMHAMIYHY MOJIENb MEXaHIgHOI Iepenadi 3a4eIICHHSM, 10 CKIala€Th-
s 3 IBOX 3yOUYaCTHX KOIIIC, 3aKPITUIEHNX Ha BaJax, sSKi pOo3TalloBaHi B MiANINITHUKAX KOYEHHS. 3T1IHO
3 Mi€I0 MOJICIUTIO, 3y0UacTi KoJieca, 3 ypaxXyBaHHSIM MPYKHOCTI €JIEMEHTIB CUCTEMH, MOXKYTh 3]IiHCHIO-
BaTH HE TITBKW 00epTaibHI PyXH HABKOJO OCI, aJie i JiHiiHI TepeMIllleHHs B HAIPAMKY JiHil 3a4dern-
neHHs. BiAmoBigHI nepeMileHHs 1o JiHil 3a4eTuieHHs TaKOK MOXYTh 3IIHCHIOBATH MiAMIAITHAKN KO-
yeHHs. KonuBanpHi TporiecH, sKi MarOTh Miclie 3a MepioJl YCTalIeHOr0 PeKUMY POOOTH MEXaHi3My,
OTMCYIOTHCS] CUCTEMOIO 3BHYAHHUX JHIHHUX nIudepeHiadbHuX piBHAHb. CHcTeMa TaHUX PiBHAHB Ta
il 3aranmpHUI pPO3B’A30K 320€3MeUyI0Th BUPIMICHHS 33/1a4i TapaMeTpUYHOI ONTHMI3AaIlii 3a TOTIOMOTO0
BapifOBaHHS Mac a00 MOMEHTIB i1HEpIii Ta YKOPCTKICTIO BIAMOBIIHUX CIEMEHTIB CHCTEMH, MO BiTHO-
IICHHIO JI0 TapaMEeTPiB MEBHOT BUXITHOT MOJIEITI.

Po3pob6iiena MeTouka onTrMizaiii mapaMeTpiB MEXaHIYHOI Tepeadi 3a4eTUIeHHSIM Ja€ MOXK-
JUBICTh BU3HAYMTH B MEPIIOMY HaOMIDKEHHI YMCENbHI 3HAYEHHS KPUTEPIiB ONTHUMI3allii 3 ypaxyBaH-
HSIM TIPY’KHUX BIIACTUBOCTEH JIAHOK, SIKI OMHCYIOTH BIJIIMOBIJHI KOJWBAJIBHI MPOIECH 3 METOIO 3HU-
JKEHHS IMHAMIYHUX HaBaHTa)KEHb BiOpaIlifHOTO XapakTepy.
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