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OPTIMIZATION OF MECHANICAL TRANSMISSION PARAMETERS FOR THE
STABILIZATION OF KINEMATIC AND DYNAMIC CHARACTERISTICS OF MACHINE
ASSEMBLIES

ONTUMIBALIA MAPAMETPIB MEXAHIYHUX ITEPEJAY 3 METOIO CTABLII3AILII
KIHEMATUYHUX TA JIUHAMIYHUX XAPAKTEPUCTUK MAIIUHHOI'O AT'PET'ATY

Based on theoretical investigations, a new methodology for the design of mechanical trans-
missions is proposed. The approach involves determining the geometric parameters of gear wheels
through the introduction of an equivalent flywheel mass, calculated on the basis of a dynamic model of
the machine’s actuating mechanism. This eliminates the need to install a separate flywheel within the
drive system, thereby reducing the overall dimensions and total weight of the machine assembly.

Keywords: mechanical transmission, gear, wheel, mass, flywheel moment, moment of inertia.

Cunme3 KOHCMPYKMUBHUX eleMEHMI8 00epMAaNbHUX 8Y31i68 YUNIHOPUYHUX pedYKMOpI8 Ha OcC-
HOGI onmumizayii ix xapaxmepucmux AIAEMbCs CKIAOHOI0 0A2amoKpumepiaibHoIO iHJICeHepHOIO 3a-
oayero, max K KilbKichv Hegi0oMUX 8euyUH Habazamo Oinbuie HIdIC PIBHAHD 38 3Ky, WO 00YMOBII0E
000amKo8y 3ampamy 4acy ma pecypcie 0ns ix ONmuMizayiro 8 3a1elCHOCmi 6i0 NOCMAasieHol 3a0aui.
Tomy, 3a0aua onmumizayii napamempie MexaHiuHux nepeday 3 Memorw cmaoinizayii KinemMamuuHux
Ma OUHAMIYHUX XAPAKMEPUCIMUK MAWUHHOZ0 azpe2amy HA emani nonepeonbo20 NPOEKMYBaH A ABIA-
EMbCS AKMYATLHOTO.

Ananiz memooié npoexmyanHs KOHCMPYKMUBHUX eNeMeHmi6 YUNTHOPUUHUX PeOYKMOopia no-
Kazas, wo 3a0a4y onmumizayii napamempis MexaHivHux nepeoay 3 Mmemoio cmaobinizayii Kinemamuy-
HUX MA OUHAMIYHUX XAPAKMEPUCTNUK MAWUHHO20 azpe2amy Oiibul ONMUMAanbHO Po36 A3y8amu GUKO-
PUCMOBYIOUU OUHAMIYUHY MOOENb NOOYOOBAHY HA OCHOBI NPUHYUNY 36€0CHHS CUL A MAC.

Memoio pobomu € pospodka memoOuKy SUIHAYEHHA SCOMEMPULHUX NAPAMEMPIE 3y0uacmux
KOJIiC YUNHOPUYHUX PEeOYKMOPIE 3 GUKOPUCIMAHHAM MAX080i Macu, sSKa HeoOXiOna 01 cmabinizayii
KIHeMAMUYHUX ma OUHAMIYHUX XAPAKMEPUCMUK BUKOHABYO20 OP2aHY MAULUHU.
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Y pobomi posensinymo mineku 3a0ay4y GUIHAUEHHS 2OMEMPULHUX NAPAMEMPIE 3y0UACMUX KO-
JiC Yepe3 Maxo8ull MOMEHm MAxXo8uKd, max K 2adapumui po3mipu ulecmepHi ma Koieca 3Ha4Ho nepe-
sUWYIOMb 2aOapUmMHi po3MIpU 8aJli6 HA AKUX 0HU po3mauiogyromucs. Bionosiono, 3ybuacmi xoneca
MEXAHIYHOT nepedai MOJNCYymMb GUKOHYBAMU POIb MAXO0GUKA AKUL HeoOXIOHUU 01 cmabinizayii Kike-
MAMUYHUX A OUHAMIYHUX NApaMempie MawunHo2o azpeeamy. Buxopucmosyiouu danuil nioxio 6y1o
MeopemuiHoO 8UBEOEHO PIBHAHHA BUSHAYEHHS OLIUIbHO20 diamemp)y WeCmepHi No 8eIUUUHT MAX08020
MOMEHmMY pO3paAx08aH020 HA 0A3i OUHAMIYHOI MOOeNi 20108HO20 8ANLY BUKOHABYUO20 OP2aHY MAULUHU,
wo 3abe3neuye po3pooKy IHHOBAYIIHO20 NIOX00Y 00 NPOEKMYBAHHS YUTTHOPUHHUX PeOYKMOpPIS.

Ha niocmasi meopemuunux 00CniodxiceHb NPONOHYEMbC HOBA MEMOOUKA NPOEKMYBAHHA Me-
XaHIYHUX nepedau, AKa NONA2A€ y GU3HAUEHI 2e0MeMPUYHUX NaApaMempie 3y0Uacmux Koaic 3 00nomo-
2010 MAX080I MACU, PO3PAX08AHOL HA OA3I OUHAMIYHOL MOOei GUKOHABH020 OP2aHY MAWUHU, WO YCY-
8A€ HEOOXIOHICMb BCMAHOBNICHHS MAXOBUKA 8 CXeMI NPUBOOY, | BIONOBIOHO 3MEHULYE 2abAPUMHI PO3-
Mipu ma 8azy MAWUHHO20 azpezamy 8 YiloMy.

Knwwuogi cnoea: mexaniuna nepedaya, uiecmepHs, KOIeco, Macad, Maxo8uil MOMeHm, MOMeHm
inepyii.

Problem’s Formulation

The synthesis of structural elements of rotating components in cylindrical gear reducers, based
on the optimization of their performance characteristics, represents a complex and multifaceted engi-
neering challenge. This problem is typically addressed using optimization methods for the parameters
of mechanical transmissions. Existing modern approaches [1—6] are aimed at improving the efficien-
cy, reliability, compactness, and durability of gear reducers by varying such parameters as mass, over-
all dimensions, strength, service life, reliability, and ergonomics. However, these parameters are typi-
cally determined only upon completion of the design phase, which necessitates additional time and
resources for subsequent optimization depending on the specific design objectives. Therefore, the
problem of optimizing mechanical transmission parameters with the aim of stabilizing the kinematic
and dynamic characteristics of a machine assembly at the preliminary design stage is of significant
relevance.

Analysis of recent research and publications

The design of mechanical transmissions that accounts for the optimization of their component
parameters is a multicriteria problem, as the number of unknown variables significantly exceeds the
number of constraint equations [7—9]. Furthermore, the design variables are interdependent, which
substantially complicates the formulation of mathematical models describing the transmission system.

This problem is often addressed by reducing the number of unknowns [9] through the imposi-
tion of appropriate constraints on the parameters, thereby allowing them, in the first approximation, to
be treated as constant quantities. In works [9,10], optimization of gear wheel mass was performed using
six primary design variables. The resulting mathematical relationships for determining gear wheel mass
are expressed as functions of interdependent variables, which complicates the optimization process.

An analysis of design methodologies for the structural elements of cylindrical gear reducers
has shown that optimization of transmission parameters with the objective of stabilizing the kinematic
and dynamic characteristics of the machine assembly can be performed more effectively through the
use of a dynamic model.

Formulation of the study purpose

The objective of this study is to develop a methodology for determining the geometric parame-
ters of gear wheels in cylindrical gear reducers based on the equivalent flywheel mass required to sta-
bilize the kinematic and dynamic characteristics of the machine’s actuating mechanism.

Presenting main material

In this study, the problem of optimizing the parameters of mechanical transmissions for the
stabilization of kinematic and dynamic characteristics of a machine assembly is addressed through the
development of a design methodology for mechanical transmissions. The proposed approach deter-
mines the geometric parameters of the gear wheels using an equivalent flywheel mass calculated from
the dynamic model of the machine’s actuating mechanism.
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The dynamic model is constructed according
to the principle of reduction of forces, moments, mass-
es, and moments of inertia of the mechanism’s links,
as illustrated in Fig. 1. The main shaft of the actuating
mechanism is taken as the reference link [11].

The principal characteristics of the model are
as follows: M3— reduced moment of all resistance

forces acting on the mechanism’s links, N-m; J3—
reduced moment of inertia of all links of the mecha-
nism, kg-m? @,— angular velocity of the reference
link, 1/s; ¢, — angular displacement of the reference

link, degree.
The dynamic model significantly simplifies the research process, which is reduced to solving
the differential equation of motion for the reference link

Fig. 1. Dynamic model of the mechanism

2
solo) 202 -2 95y
dt 2 d(ﬂz
According to the differential equation, the reduced moment of inertia is a function of the gear
ratio of the reducer u. Therefore, let us first consider the problem of determining the optimal value of
the gear ratio and its influence on the calculation of the flywheel mass during the steady-state opera-
tion of the mechanism. According to [12], the optimal value of the gear ratio is determined by the

equation
ZZA

3103

where: ZA—totaI work, J; up — initial value of the transfer function.

The calculation of the gear ratio magnitude according to the obtained equation can only be
performed using dedicated software. Therefore, to simplify the procedure for calculating the required
flywheel mass, we solve this equation with respect to J; and determine the optimal values of both the

moment of inertia and the effect of the gear ratio on it.
Accordingly, we have
22 A

3105
Solving this equation with respect to J;, we obtain

ZZA

+UO

2 2"
u- — UO
The value of J; reaches its optimal level under the condition that its derivative equals zero:
dy;
du
Since
) = ﬂ )
u

then accordingly
ZZAXU
‘u _uzj 2

In the first approximation, it can be assumed that
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and therefore

Accordingly,
dJ;  2uug(u-up) 0
du u? —ud ’
only under the condition that
u=Uuq

Thus, the optimal value of the moment of inertia, which can serve as the flywheel moment,
occurs under the condition of equality u =ug, corresponding to the steady-state operation of the ma-

chine assembly. Therefore, determining the optimal transfer function in solving the given problem is
not necessary.

During steady-state motion, the change in the reduced moment of inertia corresponds to the
change in total work; hence, the increment of the mechanism’s kinetic energy AT is defined by the
equation

2
w
AT =AJ3 = DA

Accordingly, the reduction principle provides for determining the flywheel moment of inertia
according to the equation
AT
025’
where: 6 — coefficient of motion irregularity of the mechanism.

Thus, to avoid the use of an additional flywheel mass, it is necessary to select or design a re-
ducer whose moment of inertia of the rotating components corresponds to the required flywheel mo-
ment. Considering that the overall dimensions of the gear and wheel are significantly larger than those
of the shafts on which they are mounted, we will consider only the problem of determining the geo-
metric parameters of the gear wheels through the flywheel moment required to stabilize the kinematic
and dynamic parameters of the machine assembly.

Accordingly, let us consider the problem of determining the mass of the pinion and wheel of a
single-stage cylindrical reducer [9].

The equation for the pinion mass can be written as

Im =

1
m =Vip =Zwb1d12,
where V;— pinion volume, m? p — specific weight of the shaft material, kg/m?;. d; — pitch diameter

of the pinion, mm; b;— rim width of the pinion, mm.
Considering that the center distance is

1
ay =5 (0 +d;)

and
b = Wpadw
and
ulo.
dq

the equation takes the form
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1
My =y bal+u)d;

Similarly, we obtain the equation for the wheel mass:
1 1),3
my, == 1+=1d5.
2=3 ﬂP!//ba( uj 2
Since a gear wheel is a cylinder that performs rotational motion about the shaft axis, the mo-

ment of inertia of such a component is determined by the following equation:
1

J==mR2.
Accordingly, taking into account that
roty,
2
the moment of inertia of the pinion is
1 2
Jy==md
1=gm%
and that of the wheel is
1 2
Jo==md5 .
2 8m1 2

The total moment of inertia of the pinion and the wheel of the reducer is equated to the fly-
wheel moment required to stabilize the kinematic and dynamic parameters of the machine assembly:
J M = ‘]1 + J2 .
Substituting m; and m, into this equation, we obtain the relationship for determining the total
flywheel moment:
1,71 1 1
I =2 df| S pw pa+u)ds + = Aoy pau| 1+= [d3 |.
8 7|8 8 u
Assuming that

1
X ==
647?3‘//ba

and considering that
d2 = dlu ,
we obtain
Iy = XdP(+ u)(1+ u4).
Solving the resulting equation with respect to the pitch diameter of the pinion, we have

]
X(1+u)+u?)

Accordingly, the calculated value of the pitch diameter of the pinion is determined by the

equation
d1=5 J 7\
X(L+u)t+u

To simplify the calculation of the pinion pitch diameter during the design process, the ob-
tained equation can be expressed as
d =23y -
Where
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The coefficient Z is a function of the width coefficient of the gear rim relative to the center
distance, which is selected depending on the helix angle and the gear ratio of the reducer known at the
design stage.

The values of the coefficient X for spur and helical gears are presented in Tabl. 1 and 2, re-
spectively ( p =7820kg/m?, steel 30X, 45X, 40XN, 45XN).

Table 1. Values of coefficient X for spur gears

Yba 0,125 0,15 0,175 0,2 0,225 0,25
X 47,9825 57,579 67,1755 76,772 86,3685 95,965
Table 2. Values of coefficient X for helical gears

Yba 0,25 0,3 0,35 0,4 0,45 0,5
X 95,965 115,158 134,351 153,544 172,737 191,93

The variation of the coefficient X, as evident from the calculations, is linear. Therefore, to
evaluate its behavior, it is sufficient to consider only the minimum, average, and maximum values of

the coefficient X . The corresponding values of Z are presented in Tabl. 3 and 4.

Table 3. Values of coefficient Z for spur gears

u 2,0 2,25 2,8 3,55 4,0 4,5 5,0 5,6 6,3
Xmin | 0,209 | 0,189 | 0,154 | 0,124 | 0,110 | 0,100 | 0,089 | 0,080 | 0,071
Z Xaver | 0193 | 0,174 | 0,142 | 0,114 | 0,102 | 0,091 | 0,082 | 0,073 | 0,065
Xmax | 0,182 | 0,164 | 0,134 | 0,107 | 0,100 | 0,086 | 0,078 | 0,069 | 0,062
Table 4. Values of coefficient Z for helical gears
u 2,0 2,25 2,8 3,55 4,0 4,5 5,0 5,6 6,3
Xmin | 0,182 | 0,164 | 0,134 | 0,107 | 0,100 | 0,086 | 0,078 | 0,069 | 0,062
VA Xaver | 0,170 | 0,152 | 0,124 | 0,099 | 0,088 | 0,079 | 0,071 | 0,064 | 0,057
max | 0,158 | 0,143 | 0,117 | 0,094 | 0,084 | 0,075 | 0,067 | 0,060 | 0,054
Conclusions

According to the obtained relationship d; = Z2/J), , a new methodology for the design of me-

chanical transmissions is proposed. This methodology involves determining the geometric parameters of
gear wheels through the use of a flywheel mass calculated on the basis of a dynamic model of the ma-
chine’s actuating mechanism. This approach eliminates the need to install a separate flywheel in the drive
system, thereby reducing the overall dimensions and total weight of the machine assembly as a whole.
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