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The automotive industry pays great attention to the concept of power density and fric-
tion losses concerning mechanical transmission systems. Moreover, installation bene-
fits and weight reduction are achieving higher density power. Another important study 
is about mechanical efficiency: their reduction allows to minimize the heat exchange; 
the power dissipation problem—produced by friction—must be addressed. Therefore, 
the gear designer is obligated to incorporate additional cooling systems, or with higher 
capacity, to address this problem.

Nowadays, electrical units must operate at higher speeds, and they also must man-
age two-way loading operations, especially hybrid transmissions. The combination 
of speed and torque must be managed by designers, considering load histories, and 
evaluating them appropriately.

In this context, the planetary gear systems meet the requirements of compactness 
and allow obtaining a high power density, especially compared with classic trans-
mission systems obtained by cylindrical gear pairs. High transmission ratios can be 
reached thanks to these systems; as the target transmission ratio increases the com-
parison of mechanical epicyclic systems shows even more complex advantages. It is 
the task of the gear designer to choose the most suitable solution for his application. 

Today lacks (focusing on the design of epicyclic gear drive systems) a tool that 
allows evaluating a series of them with defined constraints. The layout of interest 
chosen for this analysis involves a fixed ring gear, sun gear in speed out, and carrier as 
input. The study presented in this paper aims to show a flow of operation that allows 
the systematic study of gear train families, and it’s able to balance the pros and cons 
through correct visualizations.

Variable objectives and constraints will be defined, as in any optimization process 
(Ref. 1). The generated variants will then be analyzed with different criteria. The 
article focuses on the methods of generation of variants and the graphical mode of 
evaluation of results (matrix plot) (Ref. 2).
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Background
First, it is necessary to develop a tool 
that allows generating multiple design 
solutions for macro settings of different 
planetary gears. To make the creation 
of different solutions, as general as pos-
sible, interest variables are imposed in 
acceptability ranges, with defined con-
straints. The macro settings informa-
tion, that the user can decide includes 
the variability range of the number of 
teeth of ring and planet, module, num-
bers of planets, and minimum accept-
able number of teeth on the sun. Based 
on these settings, design solutions are 
generated—and will be evaluated for 
the exact definition of the teeth. The 
study presented shows variables that 
have been chosen not to change, but 
by increasing that—and possible com-
binations accordingly—it is possible 
to introduce additional ranges to find 
more sensitivities beyond those chosen.

It should be noted that for the same 
epicyclic system, two solutions are 
tested by choice, with planet number 
of teeth z and z−1. Through the shift 
profile modification, it is always pos-
sible to guarantee both design solu-
tions, achieving different resistance and 
performance targets—which will be 
evaluated later.

At this stage, the attention is also 
directed to the possible behavior of the 
dynamic system. It is well known the 
different dynamic behavior of the epicy-
clic system between sequential or sym-
metric gear mesh. For a deeper under-
standing of this, please refer to the spe-
cialized text (Ref. 3); summarizing the 
theme, with different planets meshing 
with the sun, sun forces arise from the 
superposition of effects of each gear 
meshing contact. The mesh sequence, 
i.e., the phasing between the individ-
ual meshes, is an important parameter. 
The forcing phase allows the defining 
of two different assembly-forcing con-
ditions, symmetric or sequential mesh 
sequences. In practice the different lay-
out setting allows to have forcing mostly 
rotational or translational; the in-depth 
study of the modal analysis allows 
the designer to offer a more impor-
tant overview of the whole system, to 
detect which are the most dangerous 
eigenmodes, if rotational or translational 
modes (Ref. 4). 

From general practice, the symmetric 
solution is preferred, but in reality, it is 
the dynamic study that defines which 
solution is the best. 

For what concerns this paper today, 
the mathematical condition that allows 
to have one solution instead of another 
is evaluated: it will be a variable associ-
ated with each proposal.

One of the most important design 
engineering choices (Ref. 5) references 
the basic rack tooth profile, to which 
the various coefficients of addendum, 
dedendum, and root radius are linked. 
In any case, the designer can decide to 
modify these parameters as preferred. In 
the current study the standard ISO 53, 
Type A profile was chosen (Ref. 6). As 
will be explained later, this is a choice 
by the author; nothing to prevent the 
calculation loop, the dimensioning input 
parameter using the ISO settings, or the 
self-made values for the parameters in 
the object.

It should be noted that the study is 
about macrogeometry, without any ref-
erence to the microgeometry goal. The 
analysis aims to choose the best macro 
design from which to start for a second 
microgeometry optimization. For this 
reason, there is no information about 
tip relief, crowning of various kinds, and 
so on.

Another important study concerns 
the resistance ensured to the system. 
Usually, the worsening load condition 
is very different from the load condition 
used to evaluate and therefore optimize 
the friction. Even though this study 
allows evaluating the system strength 
in a given load point for a certain load-
ing time, it is also possible to develop 
a rainflow, knowing the load cycle 
expected by the system. For the spe-
cific case of rainflow could be used the 
approach to the alternate bending factor 
YM calculation proposed by Ref. 7 and 8. 
In the case of the script, it is possible to 
indicate the minimum safeties SH and 
SF target to reach, introducing possible 
variability on the gear face width.

Finally, the definition of the step of 
increase in the gear center distance to 
find the optimal profile corrections, 
that meet the optimization target cho-
sen by the designer. Different targets 
could be chosen by the user; for each 
center distance the code automatically 

chooses the profile shift coefficient with 
a specific target. This could be the opti-
mal operational goal, as specific slid-
ing or the minimum sliding velocity, 
or geometrical as minimum/maxi-
mum sun gear, or for undercut bound-
ary per gear lastly for minimum top 
land per gear. As anticipated previously 
the main target for optimizing epicy-
clic systems refers to friction losses, so 
the choice is about the optimal specific 
sliding. Merging the performance with 
the required target, for issues related to 
system resistance can be defined as an 
optimum value of the best practice of 
shift profile to set a good response in 
terms of resistance. It is possible directly 
to choose the center distance able to 
respect the best practice in terms of 
resistance, having the performance tar-
get as the main goal.

At this point, it is possible to under-
stand the heart of the script developed 
that allows the definition of the main 
geometry for each set of data, obtained 
from a combination of the aforemen-
tioned solutions. At this point, the 
procedure developed involves switch-
ing to commercial software (Ref. 9) 
where it is possible to run in sequence 
a series of calculations, acting directly 
on the design procedure that allows 
the choice of the key parameter for the 
definition of the tooth geometry. Then 
defines the calculation procedure inside 
a macro.

After initializing the variable previ-
ously mentioned, the problem is set by 
imposing theoretical center distance 
with a zero shift profile. Until the pro-
file shift coefficient target is achieved—
from best practice—the code continues 
to increase the center distance. Profile 
corrections can be made by following 
different targets, as previously depicted. 
Keeping in mind the attention to the 
friction, optimization will follow here 
the optimal specific sliding. Reaching 
the target, the displacements obtained 
on all the gears are verified: if these 
meet the design requirements, the 
strength verification is performed. 

As anticipated, this is performed 
starting from the minimum proj-
ect thickness: following incremental 
steps this thickness will be gradually 
increased until reaching the minimum 
safety factors required by the designer. 
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The verification performed in such 
places is referred to as bending SF and 
pitting SH; there is nothing to prevent 
extending expectations based on the 
application. It is noteworthy that as the 
face width increases, the face load fac-
tor KHb factor worsens because it wors-
ens the contact footprint: this phenom-
enon is considered according to ISO 
6336-1 (Ref. 9), changing the load-
increasing coefficients. 

The code finds the gear’s face width 
that allows the minimum requirements 
for safety.

At this point begins the performance 
check: the boundary conditions have 
been modified where it is wanted to 
verify the friction losses.

The contact analysis is launched, 
according to Ref. 10 and 11. It is also 
possible to launch different bound-
ary conditions to have an efficiency 

curve. In this study, the fr iction 
coefficients are used according to 
Niemann (Ref. 12); finished the cal-
culation loop the results are stored 
moving to the next configuration.

The calculation time is minimal: just 
a few seconds for each configuration; 
for this reason, it is possible to explore 
a very high number of technical solu-
tions, not precluding the analysis of 
any solution.

Discussion
Below is a case of practical analysis, where the procedure previously exposed is tested.

First, the definition of the combinations is given:

According to the choice shown, there are 71,807 possible combinations, following the above-mentioned procedure. 
Recall that no other parameters have been changed in this context, which could strictly be modified by the user depending on the 

objectives: simply could be modified the combined calculation of the possible variations of input data to generate other case studies. 
Note that no changes in pressure angle were analyzed in this paper, variations in coefficient of teeth (addendum, dedendum, and root 
range), lubricant oil, and geometric tolerances: however, also these new variables can be added to the calculation loop without any 
kind of problem.

Below are the geometric and/or design parameters that have been imposed by choice, and not cycled within the code:

Concerning operating conditions, where to perform the calculations is below:

Generated the file with all possible combinations, and the study was carried out.
The outputs that are saved for each combination are different, such as geometry—strength (SH and SF) and 

performance—losses—info.
Formulas to calculate SH and SF are according to ISO 6336-2, published in 2019. It used method B (analytical approach) for 

calculation factors.

z ring z planet module num. 
planets z sun

min max min max min step max min max min

40 150 18 51 1 0.5 6 2 3 17

Table 1—Combination input values.

pressure 
angle

quality 
ISO

ref. 
profile

micro 
geometry

tip 
diameter 
allowed

root 
diameter 
allowed

x 
lim 
sun

step for 
center 

distance

face 
width

SF 
min

SH 
min

[°] [-] [-] [-] [mm] [mm] [-] [mm] [mm] [-] [-]

20 8 A NO 0/-0.2 0/-0.5 0.2 0.05 10/30 1.50 1.20

Table 2—Frozen values by user choice.

power speed @
resistance

speed @
performance required life amplification 

factors

[kW] [rpm] [rpm] [h] [-]

10 2000 5000 1000 1

Table 3—Operational conditions for checks.
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Formulas for gear geometry are 
according to ISO 21771 groups.

Gear power losses load dependent 
PVZP are calculated according to 
ISO/TR 14179-2, i.e., following the 
Niemann (Ref. 12):

P F vVZP n g$ $n=
(1)

where:
Fn  is the tooth normal force
n is the friction coefficient
vg is the sliding speed

Each studied solution must respect 
geometric constraints; some of them—
which if not respected do not allow 
defining a close geometry—are given 
below; the user can change them 
accordingly with his knowledge:
• minimum distance between 2 planets 

= 0.2 mm
• factor for minimum tooth thickness 

at tip = 0.2
• coefficient for minimum root gap = 0.2
• coefficient for minimum tip clear-

ance = 0.15
• required transverse contact ratio = 2.0
• maximum permissible value for spe-

cific sliding = 3.0
• coefficient for tip clearance = 0.2

Paying attention to the 71,807 solu-
tions proposed, only 2,088 have found a 
design solution (2.9 percent) and will be 
stored in the database results.

At this point to view the results it was 
necessary to develop a tool for analyzing 
the results that allows to view the rela-
tionship between the different variables: 
it can then be possible to identify the 
trend and focus on the parameters most 
important in the definition of the gear 
geometry specifications based on the 
target project. 

A matrix plot visualization has been 
developed so that cross-correlations 
between variables can be displayed: it 
is easily possible to view the sizes of 
interest and in this way the results, 
through x-y canonical graphs. In addi-
tion, a series of filters and choices have 
been introduced, that allows both to 
underline the variables of interest and 
to analyze the findings of interest for 
a given range of variability of one or 
more variables. It is possible to create 
databases of design proposals in which 
to find the most suitable solution for a 

specific case. Most variables are cho-
sen at the beginning of the study, the 
greater the database extension.

Before showing the results matrix 
plot developed in the paper, it is shown 
that the classic results display interface 
is used today in KISSsoft. 

In Figure 1, there are two variables 
according to the two axes x-y (in the 
specific minimum root and flank safety 
factors), reporting a third paramet-
ric variable through color (transverse 
contact ratio in case). Each solution is 
recalled by a number. 

Although this display allows choos-
ing the outputs of interest, focuses the 
maximum attention on three param-
eters at a time. Sometimes it is neces-
sary to have more than three variables 
under control at the same time; with 
the display as shown in this exam-
ple, it becomes necessary to change 
one of the three variables and plot 
the graph again, losing the previous 
info. Alternatively, you must save each 
image separately.

The proposal developed in this paper 
instead allows for displaying results at 
the same time. It is possible to choose 
the number of appropriate variables and 
get cross-related in between all param-
eters simultaneously. It is possible to 
identify possible design trends with 
project objectives. 

The results obtained are not under-
stood as a process of direct optimiza-
tion, but as a tool to help the designer 
identify the solution that best meets the 
design needs.

To better clarify the reading, the 
results are reported with gradually 
increased variables. 

In Figure 2, the correlations between 
SH and SF are reported, adopting the 
module as a parametric. The use of 
the fictitious variable of the case study 
“case” allows having under control the 
number of the simulation to which ref-
erence is made.

It is then possible to increase variables 
in output, as well as the output ranges 
to consider.

Figure 2—Matrix plot parametrized by module.

Figure 1—Typical output in commercial software (Ref. 11).
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Figure 3 shows 5 output results for 
each solution—not taking into account 
the fictitious variable “case”—and higher 
number of module parametrized 
(1.0:0.5:3.5) than Figure 2 (1.0:0.5:2.0) 
with only 2 output results, SH and SF. 
The results in the figure below are about 
transmission ratio, external diameter of 
the sun and type of dynamic response 
expected in the system.

It is evident how the user can manip-
ulate it: the visualization here proposed 
allows finding any correlation trend 
between variables.

Figure 3—Matrix plot with six parameters.

At the same time, it is possible to nar-
row the ranges as happened in Figure 
4, restricting the transmission ratios to 
be displayed by x < 3, adding the other 
output results. 

With the procedure indicated, it is 
possible to store a large number of tech-
nical solutions, with an equal level of 
design accuracy from which to choose 
the most suitable for this application.

Thanks to this visualization it is easy 
to evaluate the losses synthetically and 
identify if there is some parameter 
driving the loss minimization logic, 

all while having under control all the 
design data of every single epicyclic 
gear train.

To understand the details that can 
be reached, the inner diameter of the 
planet and ring have been stored. 
They may be design limitations in 
the design phase when choosing such 
numerical values, to be written to the 
problems of:
• system dimensions, in the case of the 

ring diameter;
• support geometry of the planet 

carrier, in the case of the planet 
diameter.
In these, are directly available, the 

analysis of dynamic setting to define 
that the system is dynamically driven 
by a kind of forcing instead of another, 
symmetric or sequential mesh sequence. 
It is so easy to change the boundary 
conditions to jump out from the matrix 
plot, to visualize better the results based 
on the target. In Figures 3 and 4 the 
same results shown before are divided 
by the kinematic forces, in the case 1 
instead of 0 for sequential and symmet-
ric solutions respectively.

Moreover, the designer once again 
chooses the number of constraints. For 
example, a specific range of transmission 

Figure 4—Matrix plot parametrized by module with constrained ranges. 
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of external gears: joining the two works 
would allow to extend the analyses 
also for complex transmission systems. 
Complex systems could also be considered 
for a multistage epicyclic gear system.

Conclusion
This paper shows a methodology to 
extensively evaluate different designs of 
epicyclic gear systems. 

As outlined, no choice is required on 
the part of the designer who is free to 
probe all design variables.

The study was divided into different 
steps well defined:
1. Selection of variables to be 

included in the study and the 
automatic generation of all math-
ematically possible combinations;

2. Automatic design of each epicy-
clic system according to geometric 
constraints and minimum security 
requirements guaranteed;

3. Results in visualizations accord-
ing to filtering logic and results 
sampling.
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ratio can be simply isolated simultane-
ously also building the type of dynamic 
response (1 instead of 0), and the root 
diameter of the ring teeth (< 250 mm)—
representative in part of the overall 
dimension of the system. This leads to 
reducing the design solutions that fall 
into all subsystems.

It is possible to parametrize the results 
based on what the designer wants to see.

The intention is to show how results 
can be easily shown, focusing on the 
designer’s interest.

Such charts are to be understood as 
project maps to help the designer allow 
the wisest choice of the transmission 
system to have under control the great-
est number of variables.

Future Work
There are therefore many developments 
that it would be possible to think about. 

Firstly, the automation of the entire 
process analyzed in this paper could 
allow the development of a user-
friendly black-box package, easy to use 
for the designer.

Secondly the parametrization of 
system stiffness, on a geometric basis, 
allows for calculating the dynamic 
response of the system; it is in this way 
to identify which of the forcing dynam-
ics of the system satisfy the designer’s 
choice (Ref. 5).

The same calculation has already 
been implemented for the calculations 

epicyclic gears
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