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Abstract. This paper deals with the selection of optimal layout variants of planetary transmissions designed for operation as Light
Electric Vehicle main gearboxes. The required transmission ratio was calculated, and the optimal two-carrier gear train with two
connecting and three external shafts selected. A computer program was used for structural synthesis and to determine the required
basic parameters of the component gear trains. The ring gear reference diameter was used to rank the layout variants according to
size, with the smallest variants also ranked according to the calculated efficiency ratio. Finally, an optimal variant of the planetary
gear train for light electric vehicle application is proposed. The procedure proposed in this paper may be expanded to other
applications.

Keywords: Planetary gear train, two-carrier planetary gear train, main gearbox, light electric vehicle, gear train optimization.

1. Introduction

Recent increases in air pollution and restricted oil availability have resulted in rapid advances in electric vehicle (EV) technology
[1], especially in plug-in electric vehicles (PEVs). Such vehicles have a propulsion system integrating an electrical and a mechanical
subsystem. The electrical subsystem uses battery power to supply one or more electric motors by means of a power electronics-
based motor controller. The mechanical subsystem must have a single or multi-speed reduction gearbox, while a clutch and
differential gear [2] may also be included.

The electric motor of the EV is used to convert electricity into mechanical energy. The torque from the electric motor shaft is
transmitted through the mechanical transmission to the wheels of the vehicle, allowing the vehicle forward or backward movement
[3]- The transmissions commonly used by EVs are single speed, although multi-speed transmissions may be applied to increase the
efficiency of the powertrain and reduce energy consumption, thus extending the vehicle's driving range [4]. The installation of
multi-speed gearboxes in electric vehicles has been the subject of recent research [5-9], as these gearboxes are considered very
promising when dealing with the demands of wider torque capabilities and improved energy efficiency, surpassing single-speed
gearboxes [10, 11].

The application of planetary gear trains (PGTs) is common in power-efficient electric vehicles. Planetary gear trains offer a highly
compact design and have an improved torque-to-mass ratio when compared to conventional gear trains. Furthermore, their higher
efficiency in comparison to conventional gear trains makes them increasingly popular in the automotive industry [12-16].

PGTs offer numerous advantages over conventional gear trains, such as [17-19]:

e coaxial input and output shafts,

e gears of reduced size and mass due to the distribution of power to multiple meshings of the planet gears with the sun and

ring gears,

e compact cylindrical or truncated cone shaped casings,

e awide range of transmission ratios in a relatively small and compact gearbox etc.
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Table 1. Electric vehicle design constraints. Table 2. Electric motor technical characteristics.
Number of seats 1 Nominal voltage 72V
Vehicle mass 200 kg Rated power 10 kW
Autonomy 100 km Rated torque 50 Nm
Top speed 45 km/h Nominal shaft speed 2000 min™*
Slope climbing ability 20% Maximum shaft speed 4000 min™
Wheelbase 1750 mm
Track width 1200 mm
Wheel size R12

PGTs also have some disadvantages when compared to standard gear trains [17-19]:

e complex design and manufacture,

e significant centrifugal load on the planet gears and their bearings,

o difficult inspection and maintenance due to their compact design,

e lower lubricant capacity requiring more frequent replacement etc.

A solution for electric vehicle propulsion consisting of an electric motor and a single-speed planetary gear train is proposed in
this paper. The key criteria that will be used in the selection of the optimal kinematic scheme of the PGT and its parameters will be
the minimal possible volume of the gearbox and the highest possible efficiency. Minimal volume will result in minimized gear train
mass, a lighter construction of the entire EV and reduced power consumption. The torque method [19-23] was used for calculations
performed in this paper. This method is implemented into the dedicated software that was used for synthesis and selection of the
optimal layout variant of the gearbox.

2. Research Methodology

The research presented in this paper aims to propose an optimal planetary gear train solution for an existing electric vehicle
(Fig. 1), based on the characteristics of the vehicle itself and its electric motor. The torque method was used in the synthesis and
selection of the optimal kinematic scheme and its parameters. The torques on the shafts of the component planetary gear trains
were determined for each structural scheme and used to estimate the size of the gearbox and its efficiency [24, 15]. It is necessary
for the solution to meet certain requirements, such as reduced vehicle weight and improved transmission efficiency while
maintaining the existing autonomy of the vehicle and considering the required performance criteria and physical limitations [25]
which may be seen in Table 1.

The vehicle has an electric motor of 10 kW rated power (Table 2) that operates at the nominal voltage of 72V DC. As it is common
for DC vehicle propulsion motors to have relatively high shaft rotational speeds to reduce the motor size and weight, it is necessary
to use a reduction gearbox to match the motor speed with the wheel speed [26-28].

To begin with, the characteristics of the gearbox must be defined, such as the output torque, output shaft rotational speed and
the transmission ratios. To determine the overall transmission ratio, expression (1) was adapted from the expression for the
maximum speed that electric vehicles can develop on level ground [1]:

TN,

— max 't

° 300, 1)
where nmax = 4000 min? is the electric motor rotational top speed, r: = 254 mm is the vehicle wheel radius, Umax = 12,5 m/s is the
vehicle top speed. This resulted in an overall transmission ratio of io = 10,6.

It is common for electric vehicles of this type to have a chain transmission because of the well-known characteristics of chain
drives - their simplicity, and ease of maintenance and replacement. However, the main drawback of this type of vehicle is that the
chain remains exposed to the elements and dirt, and, in vehicles with suspension systems, the chain might even get thrown off the
sprockets when travelling at speed over rough terrain. Furthermore, in cases requiring large transmission ratios a two-stage chain
and sprocket system must be used. The basic mechanical layout of such a vehicle, as previously shown in (Fig. 1), may be observed
in (Fig. 2, left). On the other hand, the introduction of planetary gear trains into consideration enables the design of a smaller and
more compact transmission, with the motor and gear train unit combined into a single casing with the rear axle (Fig. 2, right),
enabling easier design of vehicles using suspension systems.

Fig. 1. Light electric vehicle.
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Fig. 2. Mechanical layout of a chain-driven (left) and of a compact drive (right) light electric vehicle.
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Fig. 3. Schematic layout of a hollow shaft motor and gearbox unit.
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Fig. 4. Cross-section (left) and frontal view (center) of simple component gear train with Wolf-Arnaudov symbol and specific torques acting on the
shafts (right) [18].
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Fig. 5. Symbolic presentation of component planetary gear train connectivity options.

With integrated motor and gearbox units, the motor and gear train may be placed parallel to the axle, or, for the most compact
design, the motor and gear train may be designed with hollow shafts and the rear axle passing through them (Fig. 3).

The planetary gear train discussed in this paper is a two-carrier PGT composed of two simple 2K-H, variant A planetary gear
trains (Fig. 4). Due to its characteristics, this gearbox will be smaller than the equivalent conventional gearbox [10].

The torque method provides a convenient tool for kinematic analysis and synthesis of gearboxes and for the calculation of the
efficiency of complex planetary gear trains [24].

Each component gear train within a two-carrier (complex) planetary gear train provides six different connectivity options,
depending on the shaft layout (Fig. 5).

A total of 36 PGT schemes may be created by interconnecting two component gear trains in this manner. However, due to
isomorphy, the actual number of schemes is reduced to 21 [18]. An overview of these schemes is given in Table 3.
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Table 3. Schematic overview of two-carrier PGTs [23].
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Each complex PGT shown in Table 3 can be operated in six different ways with one degree of freedom [18] by locking one external
shaft while the other two are used as input or output. This yields 126 different layout variants, each of which has different geometric
or mechanical characteristics [29, 30]. Selection of the appropriate scheme from 126 possible and the choice of the optimal basic
structural parameters is not trivial, and requires appropriate methodology complemented by a dedicated algorithm.

It is very important to explain the nomenclature used to name the layout variants in this paper. All gear trains that are the
object of the research performed in this paper have three external and two connecting shafts. The first external shaft is used to
connect the prime mover, the second external shaft is used to connect the powered machine, while the third external shaft is
permanently locked stationary (connected to the gearbox casing) as the reactive member. Cardinal points may be applied to the
gear train symbols from Table 3. In this manner, the three external shafts correspond to the western (W), northern (N) and eastern
(E) cardinal point, while the southern cardinal point (S) corresponds to an internal connecting shaft and is not used in the
nomenclature (Fig. 6). The western and eastern points correspond to single shafts, while the northern cardinal point corresponds
to the external connecting shaft.

Assuming that one shaft is always permanently connected to the gearbox casing, there are six different ways in which power
can be transferred through a gearbox, e.g. if the external connecting shaft (N) acts as the power input, and the external single shaft
(W) acts as the power output, the remaining single shaft (E) must be permanently locked stationary by a connection to the gearbox
casing. In this case, the power flow would be encoded as NW(E). The first letter represents the cardinal direction of the power input,
the second letter represents the direction of the power output, and the locked shaft is represented by the letter in the brackets. This
nomenclature may be used to list all six modes of operation (layout variants), i.e. WE(N), WN(E), NW(E), NE(W), EW(N) and EN(W).

Every layout variant may be used on any of 21 different schemes, resulting in a total of 6 x 21 = 126 structurally different gear
trains, and it must be noted that several design solutions may be applied to achieve a single structural solution [23]. The reader
should keep in mind that the cardinal points do not correspond to the locations of the shaft on the actual gearbox, as the actual
gearbox will always be set up to have the input and output shaft at opposing ends. For example, any of the six layout variants may
be applied to scheme S33, and if the WE(N) layout variant is selected, the gear train will be labelled as S33WE(N).

The 2-BRZ software was developed to facilitate the selection of the appropriate scheme and layout variant, combined with its
optimal design parameters (number of gear teeth of both component gearsets, gear modules, etc.) [21, 31]. The software requires
three subsystems to operate: a subsystem for the analysis of the variant characteristics, a subsystem for the synthesis of all
solutions meeting the set requirements, and a solution evaluation subsystem. The program operates by systematically determining
the ideal torque ratios for all possible schemes that provide the required transmission ratio. For each potential combination of ideal
torque ratios, the program calculates the total gear ratio of the gearbox, and then checks whether the calculated values are within
the required interval. Furthermore, the program determines the reference diameters of the component gear train ring gears to
check the sizing, while also calculating the theoretical efficiency ratios. Even though all structural details are not known at this
early design stage, this calculation is highly useful for the comparative analysis of possible conceptual solutions. This data is then
used by the synthesis and solution evaluation subsystems to generate a priority list of two-carrier single-speed gear train solutions.

 WEAB NE:A-B WN:A-B
) EW:B-A A EN:B-A B NW:B-A
A B (W) B|A (E)

Fig. 6. Schematic overview of layout variant nomenclature according to cardinal points. The red letters A and B are used to denote the external
shafts that are used to transfer power to or from the geartrain. The actual layout variant depends on the direction of the power flow being from A to
B or from B to A.
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2.1. Determination of the Optimal Ideal Torque Ratios

The software module with its integrated logic that enables the identification of variants with parameters that can achieve the
required kinematic transmission ratios was developed based on the torque method described in [22,31].

The module checks all layout variants of the gear train in order. For each variant, a set of ordered pairs of ideal torque ratios is
generated, which allows the realization of the required gear ratio. If a layout variant is unable to achieve the required gear ratios,
an empty set is returned.

The limits of the interval in which the module searches for the ideal torque ratios t: and tr are selected by the user. The actual
limits of the interval are determined by design constraints. Specifically, in the case of planetary gear trains with three planets per
component gearset, they are 2 < timin < t1 < timax < 12 and 2 < timin < tn < timax < 12 [18,22].

The transmission ratio is obtained for each possible combination of ideal torque ratios, and checked whether the value is within
the tolerance interval of the required transmission ratio. As a more accurate efficiency calculation will be performed further
downstream in the program, the step in which the ideal torque ratios are increased is determined regarding the number of gear
teeth.

The following procedure is carried out in the computer program to determine the ideal torque ratios t and tu:

e The required numbers of sun gear teeth of both component gear trains zu and zin are entered into the program,

e The minimum and maximum numbers of gear teeth of the ring gears are calculated,

Z3imin = - timin Z11,
Z3Imax = - timax Z11,
Z3limin = - tiimin Za11,
Z3limax = - tiimax Z111.

e The current values of the ideal torque ratios t1 = |zai| / zu and tu = |z3n| / zin are determined, starting with zamin and Zsmmin,

e The number of teeth of one ring gear (usually the first) is increased by one, and the synthesis conditions of the gearset are
checked [30]. If the condition of assembly is not met by this tooth number combination, the ideal torque ratio is discarded,
the ring gear is increased by one more tooth, and the check is repeated. The user has an option to avoid the synthesis check,
as some gear trains may be assembled with appropriate structural modifications even if the conditions of assembly are not
met [32]. This procedure is repeated until the number of ring gear teeth reaches the maximum permissible value Zsimax,

e The number of gear teeth of the other ring gear is increased by one, and the procedure is repeated as for the first gearset
until the maximum permissible value zsmax is reached. All conditions of planetary gearset synthesis also apply here, and
the assembly check may be omitted if required.

The two program loops calculate the current values of several component planetary gearsets (nor, nou, dsi, dsi, M1, M, Narst, Norsit
etc.) and the whole gear train (isr1, ier2, 1Br1, 7Br2, d3max, d3max / damin etc.) for each gear train variant as a function of the ideal torque
ratios tr and tn.

The database created in this manner can be used in the analysis of the parameters of the gear train, and it may be used to
generate graphical representations of these parameters as a function of the ideal torque ratios t: and ti, enabling the designer to
quickly select the most appropriate variant of the gear train. It can also be used to determine which values of the ideal torque ratios
tr and tn will provide the desired overall transmission ratio. In cases of multiple valid solutions, it is possible to determine the
combination of tr and tn which fulfils one or more special optimisation requirements, such as minimal dimensions, minimal gear
train mass, maximum efficiency ratio etc.

When dealing with single speed gear trains, each applicable optimisation parameter reaches its optimal value in the general
case of a different combination of t; and tu. Selecting a layout variant by a single optimisation parameter gives a solution that is
invalid from the perspective of multi-criteria optimisation. For example, optimisation for efficiency requires a maximum, while
optimisation for dimension and mass requires a minimum. Therefore, multi-criteria optimisation is always a compromise solution
as improving the solution by one criterion deteriorates the solution by one or more other criteria.

2.2. Selection of the Most Suitable Layout Variant

In case of single-criteria optimisation, the most suitable layout variant is selected in multiple stages. For each variant, the
optimal value of the selected criterion and the corresponding combination of t; and tr is determined. The values of the optimal
solutions according to each criterion are compared, and the most appropriate variant of the gear train is selected with its
corresponding combination of t; and tu.

3. Results

After the input data was entered, the software system successfully sorted out the layout variants that met the specified criteria
for the required overall transmission ratio of i = + 10,6.

When searching for the transmission ratio of i = 10,6, the number of non-isomorphic (different) variants is nine, while for the
reverse transmission ratio of i = -10,6, the number of variants is ten. An overview of the valid kinematic schemes with their scheme
and layout designation will be discussed later. The software was limited to layouts using three planet gears per component
geartrain as this offers the broadest possible range of ideal torque ratios as well as the best possible load distribution between the
meshings of planet gears with the sun and ring gears. Otherwise, the number of planets may be any valid positive integer.

Visual analysis of the kinematic schematics has revealed several valid solutions, as their input and output shafts are situated
at the opposite ends of the gearbox. Therefore, quantitative analysis of the solution quality will be required for the selection of the
optimal solution.

3.1. Planetary Gear Trains with Positive Overall Transmission Ratios

When dealing with gear trains having a positive transmission ratio according to the requirements, it was observed that the best
solutions in the form of SIEWN(E), S26WE(N), S23WN(E) and S13WE(N) have a calculated overall efficiency of about 0,96, while the
others (S55NE(W), S66NE(W), S44NE(W), S11INE(W) and S22NE(W)) have significantly lower efficiency ratios.

For example, an efficiency scatter chart is shown in Fig. 7 for the SI6WN(E) gearbox for the interval in which ty, tu = 1,5...6. It is
possible to observe from the chart that with higher overall transmission ratios, there is less fluctuation of the efficiency ratio. the
degree of utilization fluctuates less. For the gear ratio of i =+10,6, the efficiency can change to any value along the red line,
depending on the corresponding combination of ideal torque ratios.

A\V[‘ Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-12
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Fig. 7. Scatter chart showing the possible values of the efficiency ratio as a function of the overall transmission ratio i for the SI6WN(E) PGT in the
interval t;= 1,5...6 and tu= 1.5...6.
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Fig. 8. Diagram of the ratio of the larger and smaller ring gear reference diameter as a function of the transmission ratio for the SI6WN(E) PGT in the
interval t;=1,5...5 and tu= 1.5...5.

A diagram of the ratio of the larger and smaller ring gear reference diameter as a function of the overall transmission ratio for
planetary gear train SI6WN(E) in the interval t1=1,5...6 and tn = 1.5...6 is provided in Fig. 8. From the results it may be observed that
there are fewer fluctuations of the ring gear reference diameters with smaller transmission ratios. In case of the gear ratio
i = 10,6, the ratio of the ring gear reference diameters may change depending on the corresponding combination of ideal torque
ratios, as in the interval marked by the red line (1,25 to 1,6).

It is known that [33, 34] as the ratio of the ring gear reference diameters approaches unity, the greater ring gear diameter
approaches its minimal value, and therefore the gear train reaches its minimal volume.

The calculations performed for the SIGWN(E) gear train have resulted in five variants with two different combinations of ideal
torque ratios ratios tr and tn. The data is listed in Table 4 and displayed in charts in Figs. 9 and 10.

Table 4. Five variants of ideal torque ratio combinations with the associated characteristics of the resulting planetary gear train SI6WN(E).

Var. t tu i dy, mm  dsymm  dmax/dmin n Zs Zan
1 2 3,8 10,6 87,5 130,625 1,49286 0,954 50 95
2 236 308 106288 81,125 1155  1,42373 0960 59 77
3 296 2,24 10,5904 83,25 126 1,51351 0,961 74 56
4 308 212 10,6096 86,625 119,25 1,37662 0960 77 53
5 3,2 2 10,6 90 125 1,38889 0,959 80 50

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-12
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Fig. 9. Influence of numerically determined ideal torque ratios on the efficiency ratio of the SI6WN(E) gear train.
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Fig. 10. Influence of numerically determined ideal torque ratios on the maximum ring gear reference diameter of the SIGWN(E) gear train.

Based on the data from Table 4 and displayed in Figs. 9 and 10, it can be observed that the minimal size of the larger ring gear
reference diameter dsumin = 115,5 mm is achieved in Variant 2 with the combination of t;= 2,36 and ti = 3,08. In this case, the
efficiency ratio is = 0,960. The maximum efficiency ratio nmax = 0,961 is obtained in Variant 3 with the combination of ideal torque
ratios tr = 2,96 and tn = 2,24, however in this case the larger ring gear reference diameter equals dsn = 126 mm. At this point it must
be pointed out that any ring gear might be the larger one, depending on the gear train configuration.

Variant 3 clearly achieves the highest efficiency ratio, however the overall gearbox size is larger. As the increase in efficiency
in relation to Variant 2 is less than 0,001, it can be concluded that Variant 2 is the optimal solution for layout variant SI6WN(E),
with ideal torque ratios t: = 2,36 and tu= 3,08.

When calculating for a positive overall transmission ratio according to the criterion of minimal radial dimensions of the gear
train (minimal reference diameters of the component geartrains), it was observed that the gear trains S1I6WN(E), S26WE(N),
S23WN(E) and S13WE(N) have larger ring gear reference diameters ranging from 115,5 mm to 134,75 mm and that the most compact
solution is SIGWN(E).

The program was used for the synthesis of all the solutions for each layout variant. After this, the best solutions for each variant
were singled out and ranked into a priority list according to the criterion of the smallest size of the larger ring gear reference

diameter (Tables 5 and 6).

3.2. Applicable Variants of PGTs with Positive Overall Transmission Ratios

Conceptual (kinematic) schemes were created for each computer-generated variant. All schemes were set up to have the input
and output shaft at the opposite sides of the gearbox, and coaxiality was ensured. It must be noted that some layouts require drilled
shafts. The kinematic schemes of all variants with a positive overall transmission ratio are given in Fig. 11, while the respective
transmission ratio functions are provided in Table 7. In addition, the first component gear train has been marked with the Roman
numeral I, and the second component gear train with the Roman numeral I, as the first gear train on the power transmission path
does not have to be the one closest to the input shaft. Also, the red arrows denote the power flow, with A being the power input

and B being the power output.

A\V[‘ Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-12
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Table 5. Gear train parameters for i = +10,6.

Schv t tn i ds [mm]  ds max/ ds min n
S16WN(E) 2,36 3,08 10,6288 115,5 1,42373 0,959
S26WE(N) 1,52 3,2 10,584 133 1,10833 0,964
S23WN(E) 2 3,2 10,6 120 1,37143 0,959
SI3WE(N) 3,44 3,08 10,5952 134,75 1,39276 0,960
SS5NE(W) 5 3,08 10,625 156,25 1,35281 0,931
S66NE(W) 4,76 5,36 10,6 167,5 1,12605 0,815
S44NE(W) 3,08 5 10,625 171.875 1,27551 0,931
S11NE(W) 3,8 3,44 10,55556 193,5 1,01842 0,744
S22NE(W) 5,36 4,76 10,6 301,5 1,12605 0,815

Table 6. Component gear data for i = +10,6.

Schv Zu Za Zx  mimm] Zwm  Zam Zsm mMup[mm]
S16WN(E) 25 17 59 1,38 25 26 77 1,5
S26WE(N) 50 13 76 1,75 25 27 80 1,5
S23WN(E) 25 12 50 1,75 25 27 80 1,5
S13WE(N) 25 30 86 1,125 25 26 77 1,75
S55NE(W) 25 50 125 1,25 25 26 77 1,5
S66NE(W) 25 47 119 1,25 25 54 134 1,25
S44NE(W) 25 26 77 1,75 25 50 125 1,38
S1INE(W) 25 35 95 2 25 30 86 2,25
S22NE(W) 25 54 134 2,25 25 47 119 2,25

A B
—- e
I
SI3WE(N)
A B
= 1 H =

I
S16WN(E)

4 1 “:::*\\\j
Vil
4 3
I 1 TR
S26WE(N) S55NE(W) S66NE(W)

Fig. 11. Kinematic schemes of valid PGT variants with positive transmission ratios.
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Table 7. Transmission ratio functions of valid PGT variants with positive transmission ratios.

Schv i Schv i

S16WN(E) 1+t +tt, S66NE(W) ?—t”,tl <ty
ot

S26WE(N) 1+t +t, +tt,  S44NE(W) %,tl <t,
n 4

S23WN(E) 14t, +t,t, S11INE(W) ii‘,t,, <t
1~

S13WE(N) tt, S22NE(W) tl +i‘ St <t
17 o

S55NE(W) m,t" <t

t, —t,
Table 8. Gear train parameters for i = -10,6.

Schv ti tu i ds [mm] ds max/ ds min n
SI6WE(N) 2,6 3,08 -10.608 115,5 1,42154 0,958
SS5NE(W) 2,36 3,32 -10,62 118 1,03395 0,864
S26WN(E) 2,12 2,72 -10,6064 119 1,28302 0,955
S23WE(N) 2,72 2,84 -10,5648 124,25 1,46176 0,959
S13WN(E) 3,92 296 -10,6032 129,5 1,1746 0,957
S33NE(W) 4,16 3,8 -10,5556 143 1,09474 0,715
S44NE(W) 3,32 2,36  -10,62 145,25 1,09416 0,864
SE66NE(W) 596 5,36 -10,6 186,25 1,11194 0,789
S1INE(W) 3,8 4,16 -10,5556 234 1,09474 0,715

Table 9. Gear train parameters for i = -10,6.

Schv Zu Za zZx mimm] zZw Zaw Zam Mu[mm]
S16WE(N) 25 20 65 1,25 25 26 77 1,5
S55NE(W) 25 17 59 2 25 29 83 1,38
S26WN(E) 25 14 53 1,75 25 21 68 1,75
S23WE(N) 25 21 68 1,25 25 23 71 1,75
S13WN(E) 25 36 98 1,125 25 24 74 1,75
S33NE(W) 25 39 104 1,38 25 35 95 1,38
S44NE(W) 25 29 83 1,75 25 17 59 2,25
S66NE(W) 25 62 149 1,25 25 54 134 1,25
S11NE(W) 25 35 95 2,25 25 39 104 2,25

3.3. Planetary Gear Trains with Negative Overall Transmission Ratios

When calculating for a negative overall transmission ratio according to the criterion of maximum efficiency, it was observed
that gear trains S13WN(E), SI6WE(N), S26WN(E) and S23WE(N) have an efficiency ratio slightly below 0,96, while the others have
significantly lower efficiencies.

When the calculation was switched to the criterion of minimal radial dimensions of the gear train (minimal reference diameters
of the component geartrains), it was observed that the gear trains S13WN(E), SI6WE(N), S26WN(E), S23WN(E) and S55NE(W) have
larger ring gear reference diameters ranging from 115,5 mm to 129,5 mm, meaning that the most compact solution is SIGWN(E).

As in the case of PGTs with positive overall transmission ratios, all solutions were synthetized by means of the developed
software program. The best solutions for each variant were singled out and ranked into a priority list according to the criterion of
the smallest size of the larger ring gear reference diameter (Tables 7 and 8).

A\V[‘ Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-12



10 Sanzhar Armanuly Kalmaganbetov et al., Vol. x, No. x, 2024

IR

S23WE(N)

S55NE(W)

AR

II

S33NE(W)

S66NE(W)

Fig. 12. Kinematic schemes of valid PGT variants with negative transmission ratios.

3.4. Applicable Variants of PGTs with Negative Gear Ratio

Conceptual (kinematic) schemes were created for each computer-generated variant. All schemes were set up to have the input
and output shaft at the opposite sides of the gearbox, and coaxiality was ensured. It must be noted that some layouts require drilled
shafts. The kinematic schemes of all variants with a negative overall transmission ratio are given in Fig. 12, while their respective
transmission ratio functions are provided in Table 10. As in the case of Fig. 11, the first component gear train has been marked with
the Roman numeral I, and the second component gear train with the Roman numeral II, as the first gear train on the power
transmission path does not have to be the one closest to the input shaft, while the red arrows denote the power flow, with A being
the power input and B being the power output. The same principles apply to the gear trains in Fig. 13.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-12

Table 10. Transmission ratio functions of valid PGT variants with negative transmission ratios.

Schv i Schv i
1+t
S16WE(N) —(t, +t,t,) S66NE(W) P— <t
s 1
tII + tl tll
S26WN(E)  —(t, +t, +tt,)  S44NE(W) ﬁ't“ <t
i T
tl
S23WE(N)  —(1+t, +tt,) SIINE(W) P b <ty
1 i
1+t
S13WN(E) 1-tt, S22NE(W) P— b <ty
17 i
tl + tI tII I
S55NE(W) ﬁ’t“ <t,  S33NE(W) - e <t

1 it
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SI6WE(N) S16WN(E)

Fig. 13. Kinematic schemes of the SI6WN(E) and S16WE(N) planetary gear trains.

The results of the analysis presented in this paper indicate that two options are acceptable, notably SI6WN(E) and S16WE(N)
(Fig. 13), however deeper analysis is required.

From the quality indicators in Tables 5, 6, 8 and 9 it can be concluded that both variants have a negligible difference in efficiency
and are virtually identical in size, however preference should be given to the 16WN(E) variant from the technological standpoint,
as it is easier to manufacture and is already used in a broad range of industrial applications. Therefore, this is the preferred option
for an electric vehicle gearbox.

4. Conclusion

This article deals with a two-carrier PGT designed as a transmission for compact electric vehicles. The transmission must
operate with an overall transmission ratio of i = + 10,6. Both positive and negative transmission ratios are acceptable as the prime
mover is an electric motor. The gear train variants researched in this article are marked by means of a numerical designation for
the schematic, and by a system using cardinal directions to designate the shafts of the layout variant. A software program was
developed, using the torque method and appropriate algorithms to enable the synthesis of gear variants and their comparative
analysis according to the criterion of minimal dimensions of the larger ring gear reference diameter, as well as to the criterion of
the largest calculated efficiency ratio. The software program for the synthesis, analysis and optimal selection generates all possible
solutions in accordance with the user input data. Each synthesized gear train can have multiple valid combinations of ideal torque
ratios in the general case, so the software has selected the best combination of ideal torque ratios that provide minimal gearbox
size with a satisfactory efficiency ratio at the same time. The program can select the appropriate variants and internal parameters
of the gear train, while considering constraints such as gear geometry, overall transmission ratio, internal losses, gear material and
efficiency limits. The transmission ratio functions of the compound gear trains analyzed in this article have been calculated using
the torque method and are provided for ease of data comparison. Analysis has revealed that optimization for minimal gearbox size
simplifies production and gives a minimum volume gearbox at the expense of a minimal reduction in gearbox efficiency. An
exhaustive study and comparison of kinematically equivalent gearboxes has shown that 16WN(E) fulfils both the criteria of size
and efficiency, and that it is justified to recommend this scheme for the application as a small electric vehicle transmission.
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