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Abstract. A two-carrier planetary gear train (PGT) configuration, named S13WN, was developed for a specific application with a
negative transmission ratio in the interval between -20 and -21. 72 valid combinations of component PGTs ideal torque ratios
have been developed for this configuration, from which kinematically feasible combinations providing minimal dimensions and
maximum efficiency within the required interval have been selected. The minimal dimensions of the PGT were achieved with a
cylindrical case shape, i.e., with the ratio of the ring gears reference diameters close to unity. Nine other PGT configurations have
been synthesized for the same transmission ratio, and their design parameters optimized. The two solutions that offer the most
improvements over S13WN have been developed into design concepts.

Keywords: Two-carrier planetary gear train, transmission ratio, efficiency, planetary gear train radial dimensions, ring gear
reference diameter ratio.

1. Introduction

Almost all machines require some form of mechanical power transmission, as it enables the transfer of mechanical energy
from the driving machine to the driven machine. The transmission often provides other useful functions, such as changing the
direction, frequency or magnitude of forces or torques acting on the driven machine [1]. Geared transmissions are some of the
most used forms of power transmission. Because of that, they are often subject to the interest of numerous authors, who consider
the various aspects of their modelling and simulation [2,3,4], design [5], thermal effects [6], overall efficiency [7], and optimization
[8, 9], to name just a few.

Planetary gear trains (PGTs) are a special variant of geared transmission which offers several advantages in relation to
conventional gear trains, the most notable being a compact design and improved durability and reliability due to the beneficial
effect of power being split over several planet gears, which may be even further enhanced by vibration analysis [10] and
customized bearing solutions [11]. This has enabled the design of PGTs having high power ratings combined with a wide range of
transmission ratios, especially in an ever-expanding area of industrial applications. However, a large diversity of kinematic
schemes and the need for relatively complex calculations in comparison to conventional gearboxes, means that systematic
research must be undertaken to realize the full potential of planetary gearboxes.

Current research shows that industrial applications use transmission ratios in the range from 18 to 90 [12]. A basic (single
carrier) PGT designated as 1Al is usually used for transmission ratios in the range from 3 to 8 and may be exceptionally used up to
12. This means that compound PGTs, created by combining two basic PGTs must be used to achieve the required transmission
ratios [13-17].

Gearboxes using such compound PGTs have found a range of applications in cranes and transportation technology in general,
for example as a replacement for worm and involute elevator main drive gearboxes. Machine tool gearboxes are another
important application, which was covered in [18], and optimization of two-carrier two-speed PGTs with brakes on coupled shafts
was covered. The possibility of optimization of two-carrier two-speed PGTs with brakes on single shafts for fishing boat main
propulsion gearboxes is covered in [9].

Planetary gear trains have been widely used in the aviation industry, due to their small size and weight, quiet, smooth running,
high loading capacity and a long service life. Unequal load sharing between gears in the PGT is a very common issue, so its
impact on reliability of the PGT cannot be ignored, and a method for predicting the reliability of planetary gear train in partial
load state is presented in [19].
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PGTs also have broad applications in the automobile and automation industries, notably in epicyclic automatic transmissions
containing any number of basic, compound or complex-compound planetary gear sets are the subject of [20], where a generalized
formulation for the analysis of speeds and forces acting on the gear components of planetary automatic transmissions is
presented. Furthermore, the correct calculation of the internal power flows of a PGT is prerequisite to a successful design because
the internal power flows may yield significant power losses at gear meshes and fail the concept. New concepts for the calculation
of internal power flows such as the split-power ratio and the virtual split-power ratio are introduced and presented in [21].

PGTs are also used in electric vehicles because of their high power density and ability to be designed and operated as a multi
speed transmission. Furthermore, PGTs are resistant to conditions that can be encountered in an electric vehicle drivetrain, e.g.,
high input speed, large input speed variations, and motor torque fluctuations. A hybrid dynamic model for helical PGTs that
operate in conditions of high and variable input speed was proposed in [22].

The application of PGTs in epicyclic transmission has led to multilink planetary gear trains that are the subject of interests of
many studies.

The conjoint analysis of the overall efficiency and transmission ratio ranges that can be achieved with all the possible
constructive solutions of four-, five-, and six-link planetary gear trains was the objective of [23]. The range of transmission ratios
that can be achieved with each train was obtained, and the overall efficiency as a function of the transmission ratios within that
range was also calculated.

Similarly, seven speed PGTs based on six-speed PGTs for heavy-duty commercial vehicles have been proposed [24]. To reduce
the design cost of PGTs using a torque converter as the power input, a systemic synthesis method of seven-speed PGTs was
proposed, while a design approach to systematically synthesize feasible configurations for series-parallel and parallel hybrid
transmissions subject to design constraints and required operation modes using a basic PGT was presented in [25].

The analysis of PGTs is a complex issue that involves the task of conceptualizing the configuration of a PGT, and the definition
of its fixed, clutched and input-output interconnections between gear members to achieve a desired set of input-output ratios.
Mathematical representation of a PGT is central to all such procedures. The generalized lever is a useful tool in gear train
representation [26] and sees important usage in many studies.

There has been relatively little research into two-carrier PGTs, mostly sporadic, however some systematic research into multi-
carrier PGTs has been carried out in the last decade or so. The structures or means of connection between the component gear
trains have been systematically researched in [27] and methodology has been provided to determine the transmission ratios and
overall efficiency by means of lever analogy.

The kinematic properties of the structures have been extensively researched in [28, 29] as well as the efficiencies of single and
two-speed PGTs by means of the torque method from [30, 31]. Furthermore, within the research carried out in [12] the DVOBRZ
software was developed, enabling the synthesis, analysis, and optimal selection of two-carrier PGTs. Some of the results obtained
by means of this software package have been used in this paper.

2. The Researched Two-Carrier, Single Speed Planetary Gear Train

The subject of this paper is a single speed two-carrier PGT, schematically shown in Fig. 1. The application constraints require a
kinematically negative transmission ratio between -21 and -20, with the component PGTs being of similar size. This will result in
the casing having the simplest possible shape, which will reduce manufacturing costs.

This particular gear train is composed of component gear trains I and II. Input A is to sun gear I, while planet carriers I and II
are connected together to output B. Ring gear I is connected to hollow sun gear II through which the shaft connecting planet
carriers I and II is passing. A large rolling bearing supports the rotation of ring gear I, while ring gear II is locked to the gear train
casing. The application also demands the use of this particular gearset, which is described in [32].

In this article, the way in which two-carrier PGTs are composed will be introduced first, and the layout variants explained as
well. DVOBRZ software will be then applied to determine possible solutions which satisfy the design requirements. However, this
will result in other two-carrier PGTs capable of fulfilling the same application being identified. Their efficiencies will then be
determined, and dimensional analysis carried out to determine the optimal design solution. The analysis and comparison of all
variants can be performed then to determine whether improved solutions are possible.

3. Component PGTs and Two-Carrier Single Speed PGTs

The most commonly used basic PGT, 1Al, is shown in Fig. 2 together with the specific torques on its shafts and its Wolf-
Arnaudov symbol [16]. This PGT is also commonly used as a component of complex PGTs [33]. It is of relatively simple
construction, its parts being the sun gear 1, the planet gears 2, the ring gear (annulus) 3 and planet carrier S.
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Fig. 1. Schematic overview of the researched two-carrier, single speed planetary gear train.
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Ti=-(1+0)

Fig. 2. 1Al, the most used basic PGT with the specific torques on its shafts indicated (left) and its Wolf-Arnaudov symbol (right).
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Fig. 3. General case of two-carrier PGT symbol with shafts labelled (left) and the symbol of an actual PGT with shaft torques marked (right).

The 1AI PGT has imposed itself over other PGTs as it offers most of the positive sides of PGT application. Internal gearing
ensures lower contact loads and smaller dimensions as all other gears are placed inside the ring gear. Having a single row of
planet gears provides for a compact build and ease of manufacture due to multiple equal parts. Due to all those benefits, the 1AI
PGT is commonly used in gearbox manufacturing, and besides that it is commonly found in complex PGTs [14]. It should be noted
that the ideal torque ratio t of the PGT is given by Eq. (1), while the shaft torque ratio is given by Eq. (2), where z: is the number of
teeth of the sun gear, z3 is the number of teeth of the ring gear, T: is the torque acting on the sun gear shaft, Ts is the torque acting
on the ring gear shaft, Ts is the torque acting on the planet carrier shaft, and To is the differential torque:

L_T 24|

t= — “Dmax __ [73] > +1 1
Tl TDmin Zl ( )
T T Ty=+1:+t:—(1+t) ()

Multi-carrier PGTs are created by connecting the shafts of various basic PGTs, commonly known as basic types (1Al) [15]. As
two-carrier PGTs are the subject of this paper, we shall consider one-speed, two-carrier PGTs with three external shafts composed
of two basic PGTs. Of the three external shafts, two are single shafts and one is a compound shaft, as indicated in Fig. 3.

Some two-carrier PGTs are capable of relatively high transmission ratios while having a reasonably high overall efficiency. Fig.
3 schematically shows the connection between two basic component gear trains. A general case of the connection between
component PGTs is shown in the left side of the image, complete with the names of the parts being connected, while the right
side shows the symbol of an actual two-carrier PGT with torque markings on the external shafts. The torque markings of the
external shaft torques (Tw, Tn and Tg) follow the cardinal directions (W, N, E), and are ordered from power input to power output.
The symbol contains the markings of the ideal torque ratio (t: and tu) and efficiency (no and non) for every basic component PGT [9].

An overview of possible structures of two-carrier single speed PGTs has been given in Table 1 [16]. It shows that the basic
component PGTs can be combined in 36 possible ways, giving 36 different PGT symbols. As some layouts are isomorphous, this is
reduced to 21 practical layouts. Every PGT can provide six different operating modes, as the stationary member may be any of
three external shafts, with the remaining two external shafts acting as input and output.

Therefore, it is possible to achieve a total of 126 (21 layouts x 6 operating modes = 126) different transmission variants [16]. The
scheme and operating mode are noted with a matrix type designation (e. g. S15 - line 1, column 5), while the power input and
output are marked by cardinal directions, the stationary element being placed in parentheses. Therefore, SISWN(E) points to
layout 15 with power input being in the west, power output being in the north, and the eastern shaft being locked. However, as we
explicitly state that the PGT has three external shafts, it is not necessary to state the stationary element, therefore it is enough to
write just SISWN to fully designate a PGT.

4. Research of Single Speed Planetary Gear Train S13WN

After confronting the schematic of the researched single speed PGT already shown in Fig. 1 with the schematics from Table 1,
it has been determined that according to the classification used in this paper, the PGT in question is layout S13, operating mode
WN(E), hence S13WN (Fig. 4). Therefore, SI3WN will be the first variant to be researched, after which the research will be extended
to all other variants fulfilling the application conditions.

A\V,A Journal of Applied and Computational Mechanics, Vol. 8, No. 2, (2022), 699-709
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Table 1. Overview of existing PGT layouts.
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Fig. 4. Schematic overview of the two-carrier, single speed planetary gear train SI3WN.

The design parameters required to manufacture the PGT were determined from constraints suggested in the literature,
although it is expected that all gears will be made from the same material. Torque method analysis and the DVOBRZ software
package will be used to identify valid solutions having a kinematically negative transmission ratio between -21 and -20, according
to the criteria of minimal dimensions (cylindrical casing) and maximum efficiency (stepped casing).

4.1 Torque Method Analysis

Structural analysis has shown that PGT variant S13WN features internal power circulation [8]. Fig. 5 shows the ideal (white
background) and real (gray background) specific torques on all PGT shafts. Red solid lines denote the absolute power flow, the
green dashed lines denote the relative power flow within the PGT, Pa denotes input shaft power, while Ps denotes output shaft
power.

The transmission ratio is given by Eq. (3), while the relation of the PGT efficiency to the ideal torque ratios (t;, tn) and internal
efficiencies (noy, non) is given by Eq. (4). Equations (3) and (4) have been integrated into the DVOBRZ package and present the basis
for the determination of the transmission ratio and overall efficiency of the SI3WN PGT.

The internal efficiencies nor and non are determined according to the expressions in [28], which consider the number of teeth of
the sun gear, ideal torque ratio of the component PGT, coefficient of churning losses k., coefficient of planet bearing losses k» and
coefficient of seal frictional losses ks.

i:_*:_(tl‘tn_l) (3)
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Fig. 6. Influence of ideal torque ratios t; and t; on the overall transmission ratio i.
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Fig. 7. Influence of the overall transmission ratio i on PGT efficiency n.

Equation (3) has been used to plot a graph of possible transmission ratios as a function of ideal torque ratios of the component
PGTs tr and tn in Fig. 6. The largest negative transmission ratio can be achieved for ideal torque ratios tr = 12 and tn = 12. Equation
(3) can be used to calculate the exact transmission ratio range, going from the maximum value of -143 to the minimum value of -3.
This minimum value will be achieved for the smallest ideal torque ratios of t; = 2 and tu = 2. The ideal torque ratios for three
coplanar planet gears cannot exceed 12 because of interference issues [18]. It is possible to determine the relation of the
transmission efficiency to the overall transmission ratio, as visible in Fig. 7. It has been determined that the overall efficiency
increases with the transmission ratio for this PGT type. Furthermore, it can be concluded from the diagram in Fig. 7 that PGTs
with transmission ratios in the -21 to -20 interval have significant variations in efficiency. This enables optimisation for maximum
PGT efficiency.

4.2 Principle of Operation of the DVOBRZ Software Package

As the DVOBRZ software was used to identify viable solutions under application constraints, the principle of operation of the
software must be explained. The DVOBRZ program was originally developed to identify the variants of two-carrier PGTs and their
parameters that fulfil the kinematic requirements, and list them in order of priority according to the selection criterion, e.g.,
maximal efficiency, minimal weight, or size. Support for multi-criteria optimisation has been provided as optimisation criteria do
not have to be equally important. The weighted coefficient method can be used as the weight coefficients represent the
importance of every optimisation criterion, as every two-speed drive may be realised with several combinations of basic
component gear trains. The program can provide solutions for two-speed and single-speed gearboxes, depending on whether the
actual gearbox will have a fixed transmission ratio or a user operated shifting mechanism. A flow diagram of the software can be
seen in Fig. 8.

A\V,A Journal of Applied and Computational Mechanics, Vol. 8, No. 2, (2022), 699-709
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The program operates by checking the ideal torque ratios of every possible combination of basic component gear trains and
discards those that cannot provide the required transmission ratios. The range of the ideal torque ratios is determined by design
limits, notably the number of planet gears per component gear train. The transmission ratio for both gears is calculated for every
possible combination of ideal torque ratios and is checked whether it is within the tolerance range for the desired transmission
ratios. The ideal torque ratios are represented using the numbers of teeth on sun and ring gears for both component gear trains
(Eq. 5 and Eq. 6):

241
t, =12l
! ZlI (5)

ty= @ (6)

Z111

The tooth numbers of the sun gears zi and zm must be set on program initialization. The program will then enlarge one ring
gear (usually za) by one tooth and check whether the ideal torque ratio is valid, which is achieved if the basic component gear
train satisfies the assembly conditions. If it does not, the ideal torque ratio is discarded, and the ring gear enlarged by one more
tooth. This procedure is repeated until a valid ideal torque ratio is found or the maximum allowable ideal torque ratio for that
component gear train is reached. The same procedure will then be carried out for the second basic component gear, creating a set
of possible transmission ratios.

The program calculates and stores the values of different parameters for each valid member of the set of ratios (basic
geometry of component gear trains, component efficiency, transmission ratios, overall efficiency for each transmission ratio etc.)
as a function of the ideal torque ratios of the component gear trains t; and tn. The resulting database is then used to select the
best gearbox variant for the application, whether according to a single criterion (overall efficiency, minimal ratio of ring gear
reference diameters, reference diameter of the largest ring gear etc.), or by multi-criteria optimisation. In the case of multi-criteria
optimisation, the weighting coefficients for each optimisation criteria must be determined according to the application
conditions, depending on how important each criterion is for the application demand.

DVOBRZ START

Read
input data

Initialize variables

assembly
OK?

&
within
range?

Reset z;; to Yes No
initial value

A

assembly
OK?

A4
Sort database
based on criteria
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tu
within
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Calculate full data ‘

A 4

( DVOBRZSTOP

Output to
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Fig. 8. Flow diagram of the DVOBRZ program.
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However, a kinematic scheme must be created for any selected layout variant to check out whether the solution is
kinematically valid, and that it meets the relevant design and technological criteria. This will result in the most appropriate
variant being selected.

The program has been coded using Fortran 95 as a 32-bit console application. One full calculation cycle required to prepare
data ready for kinematic validation takes about 10 minutes on a 7™ generation i7 CPU. Generally speaking, the program running
time significantly depends whether additional calculations have to be performed, e.g. whether the numbers of the teeth of the
sun gears, and the numbers of the planet gears are being preset or varied. Most of the running time, however, is spent on post-
processing and sorting of valid ideal torque pairs according to the optimization criteria. This could be somewhat improved by
rewriting the code into C, or a more modern variant of Fortran.

4.3 Application of the DVOBRZ Software Package

The DVOBRZ software package was used to determine the basic parameters of transmissions fulfilling the application
demands. The most important input data is summarised as follows:

Number of teeth of the first sun gear zi = 21(selected value),
Number of teeth of the second sun gear zin = 21 (selected value),
Overall transmission ratio i € (-21...-20) (application demand),
Average value of planet bearing losses coefficient kv = 0,065 [12,14],
Average value of seal frictional losses coefficient ks = 0,05 [12,14],
Average value of churning losses coefficient k. = 0,125 [12,14],

Gear width to diameter ratio b/ di = 0,7 (selected value),

Number of planets per PGT k = 3 (application demand),

Gear material 16MnCr4 steel (application demand),

Overall efficiency 7 > 0,93 (application demand).

YVVVVVYVYVVYY

The analysis module finds 72 possible solutions or combinations of ideal torque ratios for layout S13WN which provide the
required transmission ratio (Fig. 9 and Fig. 10).

Every point in the domain (horizontal x-y plane) presents a pair of ideal torque ratios enabling an overall torque ratio in the
desired range. The vertical (z) axis on Fig. 9 presents the size ratio of the larger and smaller PGT ring gear. The chart shows that
this ratio can variate between 1 and more than 4. Further analysis of the results has shown that PGTs with z - axis values equal or
close to 1 will have minimal radial dimensions. The z - axis in Fig. 10 is used to represent the overall efficiency of the PGT in
relation to the combination of ideal torque ratios. The chart shows that for torque ratios in the 2 to 10 range, efficiencies ranging
from 0,944 to 0,964 can be achieved. The results are shown condensed in Table 2.

It can be seen in Table 2 that the optimal solution in accordance with the criteria of maximum efficiency provides a borderline
increase in efficiency in relation to the solution for minimum dimensions, however the component PGTs will have different
outside diameters. Therefore, it can be concluded that the better solution is to optimise for equal outside diameters, as the
decrease in overall efficiency will be negligible.

d3max /d3min

4,5

1010

Fig. 10. The influence of ideal torque ratios on overall efficiency.
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Table 2. Research results.

Minimal size - cylindrical casing Maximum efficiency - stepped casing Improved version Percentage
Ideal torque ratio I t; = 6,4286 Ideal torque ratio It = 4,7143 n.a.
Ideal torque ratio II ty = 3,2857 Ideal torque ratio II ty = 4,5714 n.a.
Overall efficiency 7 = 0,960 Overall efficiency 7 = 0,963 Stepped 0,4%
Number of teeth of sun gear I z, = 21 Number of teeth of sun gear I z; = 21 n.a.
Number of teeth of sun gear [l zu=21  Number of teeth of sun gear II zi = 21 n.a.
Number of teeth of ring gear I zs = 135  Number of teeth of ring gear I zs = 99 n.a.
Number of teeth of ring gear Il zzs =69  Number of teeth of ring gear II zsn = 96 n.a.
Gear train I module m; = 1,375 mm Gear train I module m; = 1,375 mm n. a.
Gear train II module my = 2,75 mm Gear train II module my = 2,5 mm n.a.
Ring gear I reference diameter Ring gear I reference diameter
dsmax = 189,75 mm dsmax = 240 mm Cylindrical 21%
Ring gear reference diameter ratio Ring gear reference diameter ratio
dsmax / dsmin = 1,022 Asmax / dsmin = 1,763 Cylindrical 42%

Table 3. Priority list of PGTs according to the criteria of minimal radial dimensions.

Rank Designation t to i n Qamax, MM dsmax /damin
1. S66NE 2 1,8571 -20 0,417 136,5 1,083
2. S33NE 3 2,8571 -20 0,463 150 1,058
3. S26WN 51429 24286 -20,061 0,961 153 1,030
4. S55NE 1,8571  2,1429 -20,429 0,594 156 1,156
5. S16WE 54286 2,7143 -20,163 0,963 156,75 1
6. S44NE 3,2857 2,7143 -20,357 0,775 172,5 1,009
7. S23WN 6 2,8571 -20 0,960 180 1,039
8. S13WN 6,4286  3,2857 -20,122 0,960 189,75 1,022
9. S1INW 3 2,8571 -20 0,463 210 1,026

10. S22NE 4,7143 5 -20 0,619 346,5 1,015

Fig.

Journal of Applied and Computational Mechanics, Vol. 8,
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Table 4. Priority list of PGTs according to the criteria of maximum efficiency.

Rank Designation t tn i n Qamax, MM dsmax /damin
1. S16WE 4,4286 3,7143 -20,878 0,965 195 1,398
2. S23WN 3,7143 44286 -20,878 0,965 232,5 1,987
3. S26WN 3,5714 3,7143 -20,551 0,965 195 1,733
4. S13WN 4,7143 45714 -20,551 0,963 240 1,763
5. S55NE 6,4286 9,8571 -20,357 0,937 362,25 1,342
6. S44NW 6,4286 9,8571 -20,357 0,937 362,25 1,342

The remaining four solutions are not listed as they do not meet the efficiency criteria

5. Exploration of Alternate Solutions

The DVOBRZ software package can detect all PGT layouts capable of achieving the desired transmission ratio. Therefore, other
two-carrier PGTs capable of fulfilling the same application were identified, and their efficiencies calculated. Dimensional analysis
was performed to determine the optimal design solution. The overall efficiency of the identified PGTs was compared to the
maximal possible efficiency, which depends on the ideal torque ratio distribution between the two component gear trains. This
calculation has been made with the presumption that gears will be made from the same material. After processing the input data,
it has been determined that the required transmission ratios can be achieved by the following ten transmission variants: S66NE,
S33NE, S26WN, S55NE, S16WE, S44NE, S23WN, S13WN, S11INW and S22NE. The design concepts of these transmission variants are
shown in Fig. 11.

Every variant has its specific mechanical, sizing, mass, and manufacturing properties. An analysis of the solutions (Table 3)
will cause variant S66NE to be rejected immediately, as it provides minimal dimensions with an unacceptably low overall
efficiency. Variants 3 and 5 provide much better solutions with regards to gearbox size. However, variants S66NE and S33NE would
be acceptable if a gearbox with self-locking properties was required.

The data in Table 4. Shows that the S13WN variant ranks fourth according to the efficiency criteria, however it lags
considerably behind variant SI6WE (ranked first) and variant S26WN (ranked third) regarding the ring gear reference diameter
d3max Criterion.

Based on the analysis provided in Table 3 and Table 4, it can be concluded that variant S13WN does not provide an optimal
solution as it has a ring gear diameter larger than variants SI6WE and S26WN.

Therefore, according to the application criteria, any of those two gearboxes would provide a better solution than variant
S13WN. The conceptual schematics of variants SI6WE and S26WN are provided in Fig. 11 and Fig. 12.

Fig. 12 (left) shows variant S1I6WE having the input and output shafts on opposite sides, while Fig. 12 (right) shows variant
S26WN in an alternative configuration using the connecting outer ring gear shaft as the output. Variant SI6WE is commonly used
for marine propulsion and industrial applications, as the calculations for both component PGTs of SI6WE are relatively simple
and can be performed independently of each other. On the other hand, variant S26WN, in particular the alternate configuration
described above, has recently found use as a replacement for elevator worm gear drives due to its high overall efficiency [34].

6. Conclusions

This paper deals with the analysis of a two-carrier PGT developed for a specific application, having a transmission ratio in the
range from -21 to -20. The application conditions request PGT type S13WN to be used. The DVOBRZ software package was used to
determine the variants and basic parameters of two-carrier drives fulfilling the application demands, while taking into
consideration the design parameters such as gear geometry of the component gear trains, overall transmission ratio, average
value of internal losses, gear material and overall efficiency. The identified variants were listed in order of priority according to
the selection criteria. The values of different parameters for all valid PGTs were calculated and stored as a function of the ideal
torque ratios of the component gear trains, and the resulting database was used to select the best gearbox variant for the
application. The optimization was carried out to minimize the PGT dimensions, as well as to maximize efficiency. Analysis has
shown that the overall efficiency of a PGT optimised for minimum size will be borderline smaller than of a PGT optimised for
maximum efficiency, but the PGT optimised for minimum size will be considerably easier to manufacture, due to both ring gears
being of the same size. Further analysis and comparison to all the other kinematically equivalent PGTs has shown that S13WN
does not present the best solution according to either criterion. It has been determined that superior solutions would be provided
by S16WE and S26WN according to both the criteria of minimum size and maximum efficiency. It must be also considered that
those variants have a significant advantage over S13WN of not having internal power circulation, resulting in a considerably
lighter build. Furthermore, solutions for single speed planetary gear trains have been determined for transmission ratios between
-21 and -20, and most solutions have been found to be of lower mechanical efficiency. The DVOBRZ software could then be
applied to extend the range of transmission ratios, for example between -20 and -25, providing a much greater number of
solutions. Finally, selected transmission ratios from the whole range could be used to form a family of transmissions.
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Fig. 12. Design concepts of PGTs S1I6WE (left) and S26WN (right). The original output of S26WN as in Fig. 11 has been added in dashed red lines for clarity.
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Nomenclature
b Gear width, [mm)] zin  Number of teeth of sun gear I [-]
di Gear pitch diameter, [mm)] zm  Number of teeth of sun gear II [-]
i Overall transmission ratio [-] za  Number of teeth of ring gear I [-]
k Number of planets per component gear train [-] zsn  Number of teeth of ring gear II [-]
kv Coefficient of planet bearing losses [-] P»  Input shaft power [W]
ke Coefficient of churning losses [-] Pz Output shaft power [W]
ks Coefficient of seal frictional losses [-] Tp  Differential torque [Nmm]
dsmax  Ring gear I reference diameter [mm)] Te  Eastern output shaft torque [Nmm)]
dsmin  Ring gear II reference diameter [mm] Tn  Northern output shaft torque [Nmm]
My Module of component gear train I [mm)] Tw  Western output shaft torque [Nmm]
mn Module of component gear train I [mm)] n  Overall gear train efficiency [-]
tr Ideal torque ratio of component gear train I [-] no  Internal efficiency of component gear train I [-]
tu Ideal torque ratio of component gear train II [-] non  Internal efficiency of component gear train II [-]
References

[1] Jovanovi¢, V., JanoSevi¢, D., Pavlovi¢, J., Analysis of the influence of the digging position on the loading of the axial bearing of slewing platform
drive mechanisms in hydraulic excavators, Facta Universitatis-Series Mechanical Engineering, 19(4), 2021, 705-718.

[2] Miltenovi¢, A., Bani¢, M., Thermal Analysis of a Crossed Helical Gearbox Using FEM, Transactions of FAMENA, 44(1), 2020, 67-78.

[3] Franulovi¢, M., Markovi¢, K., Vrcan, Z, Soban, M., Experimental and analytical investigation of the influence of pitch deviations on the loading
capacity of HCR spur gears, Mechanism and Machine Theory, 117, 2017, 96-113.

[4] Markovi¢, K., Vrcan, Z., Influence of Tip Relief Profile Modification on Involute Spur Gear Stress, Transactions of FAMENA, 40(2), 2016, 59-70.

[5] Ma, D., Liu, Y., Ye, Z., Wei, Y,, Liu, J., Analysis of the Tooth Surface Contact Area of a Circular-Arc-Tooth-Trace Cylindrical Gear under Load,
Transactions of FAMENA, 45(1), 2021, 79-94.

[6] Miltenovi¢, A., Tica, M., Bani¢, M., Miltenovi¢, b., Prediction of temperature distribution in the worm gear meshing, Facta Universitatis-Series
Mechanical Engineering, 18(2), 2020, 329-339.

[7] Esmail, E.L., Pennestri, E., Cirelli, M., Power-Flow and Mechanical Efficiency Computation in Two-Degrees-of-Freedom Planetary Gear Units: New
Compact Formulas, Applied Sciences, 11(13), 2021, 5991.

[8] Pavlovi¢, A., Fragassa, A., Geometry optimization by FEM simulation of the automatic changing gear, Reports in Mechanical Engineering, 1(1), 2020,
199-205.

[9] Stefanovié-Marinovig, J., Troha, S., Milovangevié, M., An application of multicriteria optimization to the two-carrier two-speed planetary gear
trains, Facta Universitatis-Series Mechanical Engineering, 15(1), 2017, 85-95.

[10] Liu, J., Pang, R., Li., H., Xu, J., Influence of support stiffness on vibrations of a planet gear system considering ring with flexible support, Journal of
Central South University, 27(8), 2020, 2280-2290.

[11] Liu, J, Ding, S., Pang, R., Li, X., Influence of the roller profile modification of planet bearing on the vibrations of a planetary gear system,
Measurement, 180, 2021, 109612.

[12] Karaivanov, D., Theoretical and experimental studies of the influence of the structure of coupled two-carrier planetary gear trains on its parameters, Ph.D.
Thesis, University of Chemical Technology and Metallurgy, Sofia, 2000.

[13] Kudrjyavtsev, V.N., Kirdyiashev, LN., Planetary gear trains handbook, Mashinostroenie, Leningrad, 1977.

[14] Looman, J., Zahnradgetriebe — Grundlagen, Konstruktion, Anwendung in Fahrzeugen, 3. Aufgabe, Springer-Verlag, Berlin, 1996.

[15] Mueller, H.W., Die Umlaufgetriebe-Auslegung und vielseitige Anwendungen, 2. Aufgabe, Springer-Verlag, Berlin, 1998.

[16] Arnaudov, K., Karaivanov, D.P, Planetary gear trains, CRC Press, Taylor & Francis Group, Boca Raton, FL, 2019.

[17] Troha, S., Karaivanov, D., Vrcan, Z., Markovi¢, K., Solji¢, A., Coupled two-carrier planetary gearboxes for two-speed drives, Machines, Technologies,
Materials, 15(6), 2021, 212-218.

[18] Troha, S., Vrcan, Z., Karaivanov, D., Isametova, M., The selection of optimal reversible two-speed planetary gear trains for machine tool gearboxes,
Facta Universitatis-Series Mechanical Engineering, 18(1), 2020, 121-134.

[19] Ming, L., Liyang, X., Lijun, D., Load sharing analysis and reliability prediction for planetary gear train of helicopter, Mechanism and Machine Theory,
115, 2017, 97-113.

Journal of Applied and Computational Mechanics, Vol. 8, No. 2, (2022), 699-709 A‘V'A



Research into the Properties of Selected Single Speed Two-Carrier Planetary Gear Trains 709

[20] Kahraman, A, Ligata, H., Kienzle, K., Zini, D.M., A Kinematics and Power Flow Analysis Methodology for Automatic Transmission Planetary Gear
Trains, Journal of Mechanical Design, 126, 2004, 1071-1081.

[21] Chen, C., Power flow and efficiency analysis of epicyclic gear transmission with split power, Mechanism and Machine Theory, 59, 2013, 96-106.

[22] Changhao, L., Xiansong, Y., Yingua, L., Yuanyuan, Y., Datong, Q., Hybrid dynamic modeling and analysis of the electric vehicle planetary gear
system, Mechanism and Machine Theory, 150, 2020, 103860.

[23] Salgado, D.R., del Castillo, .M., Analysis of the transmission ratio and efficiency ranges of the four-, five-, and six-link planetary gear trains,
Mechanism and Machine Theory, 73, 2014, 218-243.

[24] Tianli, X., Jibin, H., Zengxiong, P., Chunwang, L., Synthesis of seven-speed planetary gear trains for heavy-duty commercial vehicle, Mechanism
and Machine Theory, 90, 2015, 230-239.

[25] Huu-Tich, N., Hong-Sen, Y., Novel Configurations for Hybrid Transmissions Using a Simple Planetary Gear Train, Journal of Mechanisms and Robotics,
8, 2016, 021020.

[26] Madhusudan, R., The Analysis of Planetary Gear Trains, Journal of Mechanisms and Robotics, 2, 2010, 021005.

[27] Arnaudov, K., Karaivanov D., Engineering analysis of the coupled two-carrier planetary gearing through the lever analogy, International Conference
on Mechanical Transmissions, Chongqging, China, 44-49, 2001.

[28] Troha, S., Analysis of a planetary change gear train’s variants, Ph.D. Thesis, Faculty of Engineering, University of Rijeka, Rijeka, 2011.

[29] Karaivanov, D.P, Troha, S., Optimal Selection of the Structural Scheme of Compound Two-Carrier Planetary Gear Trains and their Parameters, in: Radzevich,
S.P, (Ed.), Recent Advances in Gearing: Scientific Theory and Applications, First Edition, Springer, Cham, 2022.

[30] Arnaudov, K., Karaivanov, D., Systematik, Eigenshaften und Moeglichkeiten von zusammengesetzen Mehrsteg-Planetengetriebe, Antriebstechnik, 5,
2005, 58-65.

[31] Karaivanov, D.P,, Petrova, A., Ilchovska, S., Konstantinov, M., Analysis of Complex Planetary Change-Gears Through the Torque Method, XIII
International Congress "Machines, Technologies, Materials" 2016, Borovets, Bulgaria, 25(3), 2016.

[32] Handschuh, R.F, Epicyclic Gear Trains, in: Wang, Q.J., Chung, Y.W. (Eds.), Encyclopedia of Tribology, Springer, Boston, MA, 2013.

[33] Arnaudov, K., Karaivanov, D., The torque method used for studying coupled two-carrier planetary gear trains, Transactions of FAMENA, 37(1), 2013,
49-61.

[34] Janovsky, L., Elevator Mechanical Design, Third Edition, Elevator World, Mobile, AL, 2011.

ORCID iD

Zeljko Vrcan(® https://orcid.org/0000-0002-7005-4130

Jelena Stefanovi¢-Marinovi¢'® https://orcid.org/0000-0001-8823-5362
Milan Tica"® https://orcid.org/0000-0002-0754-6140

Sanjin Troha'® https://orcid.org/0000-0003-2086-372X

@ ® @ © 2022 Shahid Chamran University of Ahvaz, Ahvaz, Iran. This article is an open access article distributed under
T the terms and conditions of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0
license) (http://creativecommons.org/licenses/by-nc/4.0/).

How to cite this article: Vrcan Z., Stefanovi¢-Marinovié J., Tica M., Troha S. Research into the Properties of Selected Single
Speed Two-Carrier Planetary Gear Trains, J. Appl. Comput. Mech., 8(2), 2022, 699-709.
https://doi.org/10.22055/JACM.2021.39143.3358

Publisher’s Note Shahid Chamran University of Ahvaz remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

A\V'A Journal of Applied and Computational Mechanics, Vol. 8, No. 2, (2022), 699-709



