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Abstract

The focus on the expansion of the electrification of vehicles becomes stronger. Thus, the development process of power-
trains of those cars needs to be more dynamic to react to the new challenges. One way to accelerate the development is to
automate predevelopment and evaluation at an early stage. An automated method to synthesize transmission topologies and
pre-design gears for the generated topologies for electric vehicles is presented within this paper. The method contains two
internal evaluations—one after the topology synthesis and the second after the initial design of the gears. The results of the
method are gear ratios and gear data for the single transmission steps of each topology. The inputs and boundary conditions
can be easily changed and fitted to specific requirements for all use-cases. Here, the process is explained, and the methods'
results are validated using state-of-the-art passenger vehicle transmission. As for electric trucks, no state-of-the-art electric
powertrains exist; the method is subsequently applied to find topologies for a heavy-duty truck. Extracts of the results are
presented. The application for trucks is carried out within the publicly funded research project “Concept ELV?”. In general,

the method is capable of synthesizing transmissions for any given vehicle and motor combination.

Keywords Integrated transmission design - Automated synthesis - Evaluation - Electric vehicles - E-Mobility - Virtual

development methods

1 Introduction

The United Nations agreed on reducing greenhouse emis-
sions significantly within the Paris Agreement [27]. A
main factor in achieving the goals of the agreement is to
reduce emissions in road transport. In the European Union
(EU), reducing greenhouse emissions is stated in differ-
ent regulations for passenger cars and trucks [6-8]. One
possible way to reduce emissions efficiently are electric
cars and trucks.

Electric cars are already available from different manu-
factures and across various classes (e.g., BMW i3, VW ID3,
Porsche Taycan, Audi eTron, Tesla Model S). The develop-
ment of electric trucks is not as advanced as in cars. Due
to a later start of carbon dioxide regulations for trucks, the
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manufacturers started electrifying trucks later. Further rea-
sons are the high requirements for electric trucks. Logistic
companies expect the same additional loading weight as for
a conventional truck. This is hard to realize as the battery
for an electric truck is heavy and may reduce the loading
weight. Additionally, cost pressure is high, and like electric
cars, electric trucks will have higher initial costs. The first
prototypes and small series by manufacturers such as Daim-
ler Truck AG, MAN and DAF are available to the customers
today and already have been tested in small prototype series.

Transmission topologies used in electric vehicles (EV)
differ significantly from conventional drives with an internal
combustion engine (ICE). BMW uses a two-stage, single-
speed, spur-gear transmission in the i3, whereas Porsche
and Audi apply combinations of spur and planetary gears in
the Taycan and eTron [1, 2, 24]. Also, various transmission
topologies emerge within the truck segment—even if there
is little data available today (see, e.g., [28]. The majority of
the manufacturers did not publish their concepts in detail to
the public yet.

New development approaches gain importance to identify
all possible, well-suited solutions within the wide array of
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new concepts. A further aspect of developing new trans-
missions with an electric drive is a reduction in iterations
within the design process to save costs and accelerate the
development process. This is important as the market is very
dynamic due to fast improvements in the technology sec-
tor of electrified vehicles which is underlined by a growing
number of different EVs in the market. Additionally, highly
efficient transmissions become more critical as the range
of an EV is directly dependant on drivetrain efficiency, and
customers demand high ranges in an EV comparable to those
of conventional ICE vehicles (see, e.g., [19]).

One possibility to conquer the challenges described are
automated transmission syntheses, which may integrate
evaluations of their solutions based on preliminary param-
eters and designs. This process can support engineers in a
very early development stage by finding possible solutions
and giving a holistic overview of the solution space. The
following section gives a short overview of transmission
synthesis approaches in different use-cases.

2 Overview of transmission synthesis
approaches

Different synthesis approaches for transmissions integrate
different parts of the design process. Some take a defined
topology and synthesize, e.g., the best gearing design. Oth-
ers take a set of boundary conditions and synthesize the best
transmission topology, or the synthesis focuses on finding
an optimal powertrain topology. All approaches have the
aim to support engineers in choosing the best fitting solu-
tion within their application in common. In the following
sections, a short overview of relevant research on syntheses
is presented.

The approach to automatically synthesising transmis-
sions with computer resources is not new, e.g., Xingyuan Li
already presented a method to synthesize planetary trans-
missions in 1993. This method uses the stationary ratio and
the number of clutches and brakes as boundary conditions.
Different filters are used to sort out unsuitable solutions
after all theoretically possible solutions were generated in
the first step. Unsuitable solutions are, e.g., those which have
an improper static ratio [17].

A more recent contribution to transmission syntheses by
Hirzel deals with the realization of a good speed distribu-
tion for electrified, hybrid vehicles. The focus is on evaluat-
ing all possible gear distributions. These are examined and
analyzed, e.g., regarding their shift ability. Combinations
of spur and planetary gear sets are considered. The main
purpose of this work is to synthesize transmissions with sev-
eral speeds for hybrid cars to integrate the electric machine
as well as the ICE. The possible structures are analysed
regarding, among others, installation space, deviation to the
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required ratio and losses in the transmission. As the stadium
of the development is an early one, only gearing losses can
be considered. The method is exemplarily applied to design
an eight-speed hybrid transmission [9].

Lin Li also introduces a transmission synthesis for pow-
ertrains of hybrid vehicles. In this research, a so-called
baseline structure is used as the base, e.g., two planetary
gear sets. The process starts with adding couplings between
single gear sets of the baseline structure and propulsion
inputs. The method consists of several steps with increas-
ing complexity. First, only topologies with one input, one
output and a single-speed are considered. This is followed
by adding shift elements to synthesize a three-speed trans-
mission based on the initial results. In the next step of the
synthesis, two electric machines are added to the synthesized
transmissions to realize the hybrid functions. Finally, the
transmissions are evaluated regarding their feasibility and
kinematics. The remaining concepts are evaluated towards
the driving mode and coverage of the vehicle demand map
within a separate simulation. Next to the restrictions from
the baseline structures, the stationary ratios of the planetary
gear sets are also specified and fixed. The number of pos-
sible transmissions grows to more than 120 billion solutions
reduced to 10,000 after the kinematics and feasibility check.
At the end of the driving mode evaluation, only 235 feasible
topologies are left. No statement concerning the computa-
tional time is made. The transmissions are described math-
ematically [18].

Silvas presents an approach aiming to find a powertrain
topology of hybrid vehicles rated by costs and functional-
ity. So, this work does not focus on transmissions directly.
Nevertheless, it is important to be listed here as it generally
contains important ideas towards syntheses, e.g., libraries for
different parts of the powertrain (gear sets, clutches, power
electronics). The components are combined holistically.
Also, the different possibilities to connect a planetary gear
set are considered in the evaluation. The more components
are given into the method, the longer the computational time
becomes. The solving algorithm is based on constraint pro-
gramming. For the used example case, a computational time
of 5 minutes is stated [26].

Another concept of a synthesis approach for hybrid pow-
ertrains is realized by Ruoff. Within this research, a com-
ponent library is defined as a basis for the method. Like
Silvas, powertrain topologies are the main focus, but all six
connection possibilities of planetary gear sets are evaluated.
The description of the generated topologies is done math-
ematically. The solutions are saved as matrices. All concepts
are evaluated by an automatic rating process—focusing on
propulsion system properties as energy consumption and
performance. The properties of the evaluation can be given
different weights due to the application field of the vehicle.
The rating's results are shown as a utility. The method is
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verified using a state-of-the-art hybrid powertrain of a pas-
senger vehicle. For this example, a period of "one day" is
stated to get more than 100 rated topologies [25].

One example of an available commercial transmission
synthesis tool is Mahle ZG's Plangear. This tool uses a
two-stage process. First, kinematics of the possible gearsets
are determined using a lever model—the relevant levers are
defined beforehand. For more detailed information on the
use of lever models refer to, e.g., [16]. A particular focus
lies in considering complex planetary gear structures. In the
next step, other basic conditions like ratios or a maximum
number of shifting devices are given. With this information,
the length of the levers and the speeds of the parts are syn-
thesized. Furthermore, a shifting matrix is evaluated. After
the lever model is completed, planetary gearsets that are
equivalent to the previous results can be manually defined
from a library. This is followed by an evaluation on gear
level, where toothing data are presented. With this informa-
tion, all speeds and torques in the system are calculated.
The main strength of the method is to determine complex
planetary gear sets as combined Ravigneaux sets. The evalu-
ation time for a ZF 9HP equivalent transmission is roughly
1 day on a current desktop computer [31].

Lastly, at the Institute for Automotive Engineering (ika)
of RWTH Aachen University, an approach for transmission
synthesis with an integrated evaluation specifically focused
on electric vehicle transmissions is developed. The synthesis
approach consists of a holistic combination of transmission
stages into transmissions. This is followed by analytically
designed toothing geometries of the stages. An evolution-
ary algorithm combines these results to find the best solu-
tion (the terms evolutionary and genetic algorithm are used
interchangeably in this publication). Internal evaluations
complement the process to get a tangible result [15]. Addi-
tionally to the synthesis, a chosen transmission topology can
be optimized. That includes, e.g., an automated design of
the shaft-bearing system and a rough housing draft [13].
The next chapters will describe the method of the transmis-
sion synthesis in detail, followed by validation using a trans-
mission that is available on the market and the application
within a truck transmission.

Fig. 1 Flowchart of presented

3 Methodology/conception of transmissions

Based on the previously presented approaches, the ika trans-
mission synthesis process for electric vehicles has been
developed. The novel aspect of this synthesis is that the
holistic synthesis of topologies is followed by an optimized
initial gear design for every topology variant. The consider-
able portion of the development process automated by this
methodology is a novel aspect of this publication. The focus
is not solely finding an optimal topology or optimizing an
existing one but the combination of both: finding all feasible
topologies with an optimized design and evaluating the best
fit for the application within a good computing time.

The methodology can be applied to any type of vehicle
with defined electric motor(s) to synthesize all feasible trans-
mission topologies. The following figure shows the process
of the method within a flowchart. The method is divided into
three main steps (see Fig. 1): 1: topology synthesis, 2: initial
dimensioning and 3: evolutionary design combination.

After the first and last step, the variants are automatically
evaluated. The topology synthesis produces every transmis-
sion topology which is suited to fulfil driving requirements
for the specified vehicle motor combination. It also includes
the first evaluation, where an initial structuring of topologies
is performed by rough estimations of characteristic criteria.
The output of this first step is a ranked list of all possible
transmission topologies. The initial gear dimensioning step
contains an analytical design process based on ISO 21771
and ISO 6336 [11, 12]. It is used to generate a large number
of geometry variants with sufficient load capacity. In the
final step, an optimized subset of geometry variant combi-
nations is identified using an evolutionary algorithm. The
evaluation in the evolutionary combination step ranks the
geometry variants for each topology according to their pre-
cise geometric and load-bearing criteria.

The three stages of the methodology and corresponding
evaluations are illustrated in detail in the following chapters.
The whole process is executed automatically after entering
the initial parameters—though it can be stopped at interme-
diate steps to evaluate interim results manually or to choose
only specific results for the further process by hand. The user
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can define different weights for the criteria in both evalu-
ation steps to focus the optimization on particular aspects
of the transmission (e.g., mass, efficiency or lifetime). All
functions are implemented as program code in MATLAB.
So, the applicant has many freedoms to adapt the method to
its requirements.

3.1 Topology synthesis and initial evaluation

The topology synthesis starts by providing the method with
information about vehicle and motor(s). The vehicle inputs
mainly consist of parameters for the analytic calculation of
driving resistances and requirements for maximum accel-
eration, speed and climbing ability. The motor parameters
contain nominal and maximum speeds and torques as well
as speed ranges for optimal efficiency and maximum power.
The process of this part of the method is shown in Fig. 2.
In the first step of the synthesis, the total gear ratio and
the number of speeds are calculated—derived from the
driving requirements and the specifications of the electric
machine. Maximum speed or climbing ability dictates the
gear ratio of the first gear. It is then determined whether top
speed requires a different gear ratio, i.e., if the transmission
needs more than one speed. Additionally, a ratio for driving
at a good efficiency can be considered. For this, the most
driven speed of the vehicle and the speed-torque point with
the highest efficiency of the e-machine is used. The aim is
to get a ratio that enables to meet the best efficiency of the
e-machine at the longest possible timeslot in the defined
use case of the vehicle—for a long-haul truck, it should be
around 80 km/h. The formulas from the transmission design
for ICE drivetrains are used to get the required torques at
the wheel resulting from driving resistances at defined load
points [21]. As current electric vehicles mostly have one or
two speeds, the following steps will evaluate transmissions
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Fig.2 Topology synthesis process (tot: total; Top: Topology)
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within these boundaries of a maximum of two speeds. (cf.
[3,5,23,30]).

The second step generates all possible topology variants
by combining stage types from a library into transmissions.
As of today, the library contains spur, planetary and super-
imposing gears which are used to join two separate power-
train parts into one. They consist of two pinions driving a
shared gear. Differentials are modelled as the spur gears on
their cage, as they do not have an internal gear ratio. Every
stage type in the library also has a minimum and maximum
allowed gear ratio based on literature values. The method
iterates every possible combination of the stage elements up
to a predefined maximum number of stages. The results are
filtered for feasibility during the iteration by checking for the
required total gear ratio and a matching number of inputs/
outputs of subsequent stages. The final result of this meth-
odology step is the set of topologies that are theoretically
feasible using the base elements of stages from the library.

For the further design of the topology variants, the total
gear ratio has to be distributed between the stages of the
topologies. That requires an evaluation method to deter-
mine which gear ratio distributions and, subsequently,
topologies are more favourable than others. The method
uses the “requirement-oriented, weighted evaluation with
sharply defined numbers” for this purpose [4]. This evalua-
tion method defines criteria and associated weights for the
evaluation of technical systems.

These criteria are estimated based on the stage gear ratios
and stage types of the topology variants. They are modelled
for spur, planetary and superimposing gears based on values
taken from literature as follows. The results are used for an
initial evaluation of the topologies. The estimations are rela-
tively crude due to little available data at this early point in
the development process. Nonetheless, they are still suited to
distribute the stage gear ratios and rank the topology variants
into an initial order. The variants will be re-evaluated in the
evolutionary design combination when calculated and more
detailed data is available. The criteria of the synthesis, listed
in Table 1, is explained in the following paragraphs.

Gearset complexity is one of the simplest criteria. It is
modelled by the number of major individual parts in the gear
stages (gears, synchronizers, clutches and brakes). The more
individual parts a gear stage possesses, the more complex it
is (see Table 2). Spur and planetary gear stages are modelled

Table 1 Evaluation criteria in

Criteria topology synthesis
the topology synthesis poroey &y

Complexity C
Costs K
Mass M
Efficiency n

Bearing speed N
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Table 2 Estimation of complexity criterion for spur, planetary and
superimposing gear stages (1 and 2-speed)

Table 3 Cost estimation for spur, planetary and superimposing gears
(1 and 2-speed)

No. indiv. parts 1-speed 2-speed Rel. costs 1-speed 2-speed
Spur gear Spur gear kgp(?) 2 o kg (D)
Planetary gear 5 Planetary gear kepy (7) kepy (7)
Superimposing gear 3 - Superimposing gear ~ L5 e kg, (1) -

as one- and two-speed, while the superimposing gear is only
considered with one speed. The one-speed versions of the
gear types only count the number of gears. Two-speed spur
gears gain two additional gears and a synchronizer (No.
indiv. parts + 3), while two-speed planetary gears gain one
clutch and one brake (No. indiv. parts + 2). Two-speed plan-
etary gear sets are modelled as either running as a block with
a ratio equal to one or shifted with a ratio bigger than one.
The overall complexity of a single topology is computed
from the sum of individual parts. For example, an one-speed
transmission topology consisting of two spur gear stages has
a complexity C = 4.

Gearset costs are roughly estimated using data presented
by [14]. This work provides an initial estimation for relative
costs and masses of spur and planetary gears as a function of
their gear ratios (Fig. 3). These estimations are used to deter-
mine a relative cost value k(i) for the different gear types. As
the used models only intend to roughly consider the costs
connected to their ratio, this model is detailed enough to
compare spur- and planetary gears in a first step. And by
this, at least approximately include cost behaviour in the
evaluation.

Costs for two-speed variants and superimposing gears
are modelled from Fig. 3 by simple comparison. The costs
of two-speed spur gears are assumed as twice the costs of
1-speed spur gears because twice as many gears are needed.
Costs for a two-speed planetary set are assumed to be equal
to the one-speed variant because there are no additional
gears. Synchronizers, clutches and brakes are neglected. The
costs for a superimposing gear are assumed as 1.5 times the
costs of a one-speed spur gear because there are three instead
of two gears (see Table 3).

Fig.3 Left: relative cost (k) and k

right: mass (m) values for spur 1

(Sp) and planetary (P1) gears as

a function of gear ratio (i) (cf. 0.8

(14D ’
0,6
0,4
0,2

Table 4 Mass estimation for spur, planetary and superimposing gears
(1 and 2-speed)

Rel. mass 1-speed 2-speed
Spur gear mgp (i) 2mg,, (i)
Planetary gear 0] mp (1)
Superimposing gear ~ 1.5mg, (i) -

Table 5 Efficiency estimation for spur, planetary and superimposing
gears (1- and 2-speed)

Efficiency 1-speed 2-speed
Spur gear 0,99 0,99
Planetary gear 0,9825 0,9825
Superimposing gear 0,99 each mesh

The total costs K for a topology variant are then com-
puted by adding all gear stage costs.

Gear stage masses are estimated analogously to gear stage
costs because the same assumptions hold true, as shown in
Table 4. The total mass M of a topology variant is the sum
of the individual gear stage masses.

Gear stage efficiencies are estimated using common lit-
erature values for the efficiencies of the spur gear and plan-
etary meshes [21, 29]. For two-speed planetary gears, the
state of a ratio bigger than one is always evaluated as this is
the lower efficiency (see Table 5). The total topology effi-
ciency is calculated as the product of gear stage efficiencies.
Should there be more than one motor, the total efficiency #
is obtained from the power balance.

m
1
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The bearing speed criterion is employed to generate
topologies that may employ standard bearings instead of
specialized high-speed bearings. Those can be a major cost
factor in electric powertrains due to the high speeds of elec-
tric motors. Furthermore, the lifetime of bearings depends
on the number of rollovers and thus on their speed. The
bearing speed of gear stages can be easily calculated from
the speed of the driving motor and the gear ratios up to the
gear stage, which is currently of interest. The bearing speed
n; of the k-th gear stage is:

mot

Hf:l i ey

nk=

To describe a whole topology, the sum of individual
gearset speeds, N is used. It is formed by adding the bear-
ing speeds n,, of all gear stages k. This approach is used to
roughly estimate the influence of different ratios and topolo-
gies on the bearings which are chosen later in the develop-
ment process. If the first gear steps ratios are high, high
motor speeds are reduced directly, and thus high-speed bear-
ings are more likely unnecessary after one gear step. Stand-
ard bearings could be used instead. Bearing loads cannot be
considered as they strongly depend on the resulting forces of
two gears on a shaft. The design and optimization of bearing
loads is part of subsequent steps like [13] presented.

N = zknk 2

All criteria values are subsequently normalized and com-
bined into an overall worth W of a topology variant. The
overall worth is defined as the sum of normalized criteria
values multiplied with their corresponding weight factors.
The user can alter the weight factors to shift focus between
the criteria.

W@) =g, - C+gx- K@)+ gy M@ +g, n+gy NGO
3)
Because cost, mass and bearing speed criteria depend on
the gear ratio distribution i, the overall worth of a topology
W is also a function of i. The stage gear ratios are distributed
by an optimization algorithm, which aims to minimize W (i)
by varying i. Criteria are reformulated during normalization
if necessary to accommodate this optimization goal (e.g.,
efficiency — losses). The result of the optimization is an
optimal gear ratio distribution i* for every topology.

i*such that W(i*) = min(W(i)) 4)

The final result of the synthesis step is a list of topolo-
gies which are ranked by their overall worths W. The gear
ratio distribution of every topology is designed to ensure
the most desirable values for the evaluation criteria. The
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created topologies may be plotted automatically in figures
like, e.g., Fig. 9.

3.2 Initial gearset dimensioning

The second step of the methodology concerns the initial
dimensioning of a gear set. This takes either all or only
manually chosen topologies that result from the synthesis
and splits it into its gear stages. Then, the three different
types of gear stages are initially dimensioned by three dif-
ferent design functions (see Fig. 4). These functions execute
the gearset design process specified in [11, 12], generating a
geometry with sufficient load capacity. The user can supply
a load collective for this step. The design process in [11,
12] needs certain input parameters (e.g., allowed helix angle
range, wheel width range, normal pressure angle range) to
generate a gearing geometry. Instead of computing a single
geometry from a set of values for the input parameters, the
design functions calculate multiple geometry variants from
several different values for each input parameter.

The input values are contained in vectors whose upper
and lower limits, as well as spacing, can be set by the user.
These settings have a strong influence on the variety of
geometries the method considers. The user can set narrow
bounds with fine spacing to investigate a known geometry
in more detail or use wide bounds with bigger spacing to get
an initial overview of possible geometries. In every case,
the available memory of the computer has to be considered.
Because of memory limitations, a strictly holistic approach
is unfeasible beyond this point. The solution space has to
be restricted by the input vectors; otherwise, a very high
number of possible solutions would occur.

The initial dimensioning results are tables for every gear
stage of one topology containing all parameters needed
to specify a geometry. Each line in the tables represents a

T+ Bomaied |+ Bosdard - + pounred

|Design Spurgear| |Design Planet| |Design 3-Whee||

z, |z, [m, zs|zy| zp mn/ z,| z,] z4 mn/
12]27]3 1583|137 6 15]83]37] 2
13[29]4 13179365 [ [13|79[36] 4 |

Fig.4 Initial gearset design process (S: Sun gear; H: Ring gear; P:
Planet)
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different geometry variant. Depending on the input vec-
tors, the solution tables may contain up to 107 or even more
geometry variants—all suitable to fit the requirements. More
variations may be possible if the RAM of the used computer
is sufficient.

3.3 Evolutionary design combination and final
evaluation

The final step of the methodology combines the geometry
variants from the geometry tables into gear sets (com-
pare Fig. 1). A defined number of gear sets is then optimized
using an evolutionary algorithm. During the optimization,
a fitness value F (see Formula (5)) is computed for every
gear set, and the gear sets evolve to better fitness values.
The fitness value represents the final evaluation of the vari-
ants, which results in the final fitness ranking. The process
to approach the fitness value is shown in Fig. 5.

First, the method combines gear stage geometries into
gear sets by picking lines from the geometry tables of every
transmission step. Every combination of lines constitutes
a gear set individual. A specified number of individuals
forms the initial population of the evolutionary algorithm.
Their geometry table lines are picked randomly. For every
individual in the population, the fitness value is computed.
A defined elite fraction proceeds to the next generation
unaltered. The elite fraction contains individuals with top
fitness values. The rest is subjected to recombination and
mutation, where the geometry line indices are interchanged
between two individuals or randomly changed for one. This
process is iterated for a set number of generations, which
improves the fitness of the individuals and the population
as a whole [20]. The fitness function is set so that a good
fitness value describes a desirable gear set. The fitness

Step 1
e

Step 2
—

+ +

Step 3

—

= Transmission Individual

|

Fitness Ranking
1.Individual
2.Individual

e ——— |

Population

Fig.5 Evolutionary design combination process (GA: Genetic Algo-
rithm)

value is formed from the weighted sum of four criteria
shown in Table 6.

The values for these criteria are all obtained from the
geometry tables. Especially for mass and efficiency, the esti-
mations from chapter 3.1 are not used any further because
the initial gearset design has provided calculated data for
these criteria. The mass is now obtained by a cylindric
approximation using the dimensions of all gears and the
material density. The gearing efficiency is obtained from an
analytical calculation developed by [22]. Service life and
safety result from the analytical approach of ISO 6336 [11,
12].

Before the fitness value is computed from the criteria,
the values extracted from the geometry tables (index T')
are normalized to a common scale from O to 10 (Fig. 6).
Because service life and safety do not get more desirable
with ever-increasing values, they are scaled by a graph—
similar to a parabola—whose optimum is set by the user.
The optimum must be between the minimum and maximum
value. The position of the optimum for evaluation can be set
freely in between. Mass and efficiency are more desirable
the lower or respectively higher the value is. These criteria
are thus normalized using a linear function. If service life
and safety had linear curves, the transmission would become
over-dimensioned.

Table 6 Criteria for an

.. . Criteria design combination
evaluation in evolutionary

combination Service life L
Safety S
Mass m
Efficiency n
L S
10 10
0 Ly O Sy
min opt max min opt max
m n
10 10
0 my O Nr
min max min max

Fig. 6 Normalization of combination criteria from table values (index
T) (L: Service Life; S: Safety; m: mass; n: Efficiency)
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After normalization, the fitness score F' is computed from
the weighted sum of the criteria. As seen before in the syn-
thesis evaluation, the user can set the weights individually
to shift focus between the criteria.

F=g L+gg-S+g, m+g, n 5)

The variants generated by the methodology are structured
first by their topology ranking from the synthesis step. Each
topology from this ranking consists of an arbitrary number
of geometry variants that are also ranked compared to one
another. This structured data can be helpful to provide an
initial overview for developers or to examine a variety of
possible solutions in more detail. Depending on if all pos-
sible topologies or only a few specially chosen topologies
are considered, the step size of gear parameters (e.g., width,
helical angle) in the boundary conditions may be adapted.
For a rough overview, a wide range with a bigger step size is
used. For a detailed preliminary design, the step size should
be small within a smaller range. An approach may be that
an overview of all possibilities is generated in the first step,
and in the second step, e.g., the best topology is taken to
be designed more detailed. The next chapter presents the
validation of the results using a passenger vehicle and the
application of the method on a truck.

4 Application of the methodology

This section concerns the application of the methodology
in two separate parts. First, the methodology is applied to a
BMW i3 to validate the method by generating a state of the
art result. In the second part, the methodology is applied to
a 40-ton truck to present the holistic aspect of the approach
and the variety of generated results. That is especially inter-
esting in heavy-duty applications where no status quo trans-
mission layout has emerged yet. The design of a transmis-
sion for a 40-ton truck is part of the “Concept ELV>” project
[10].

The calculations for this study were executed on RWTH
Aachen’s High Power Computing Cluster (HPC). 16
2.1 GHz cores with 160 GB of memory were employed.

Some settings for the genetic algorithm are different for
passenger cars and 40-ton trucks because of many more
topologies for the truck powertrain. If settings are not equal,
first, the cars' setting followed by the trucks are given (car/
truck). The population for the evolutionary algorithm was set
to 10,000/2000 individuals, and the termination condition
was set to /000/300 computed generations. The elite fraction
was 5%, while the recombination fraction was 50%. This
set of parameters was determined by previous calibration
runs, which aimed to combine swift computation time with
a satisfactory quality of results.
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4.1 Validation of method’s results by BMW i3
transmission

To apply the method to the BMW i3, some basic data about
its driving requirements, motor performance and topology
layout have to be obtained (compare Fig. 7). The require-
ment for a maximum speed of the city car is 150 km/h; the
vehicle mass is 1270 kg. 75 kW of nominal power is sup-
plied by a single motor at 150 Nm and 4775 1/min. The
peak power of 125 kW results from a maximum torque of
250 Nm, while the maximum electric motor speed is 11,400
1/min. The motor data are in the method saved as M3. The
topology is a two-stage, one-speed layout, where the first
stage is a pure spur gear, while the second one is a spur gear
differential. Both stages have gear ratios of approximately
3, giving a total gear ratio of 9.67.

To synthesize possible topology solutions for the
BMW i3, a set of weights has to be specified for the cri-
teria. To minimize subjective influences, the weights were
determined by a survey conducted in the powertrain depart-
ment of the Institute for Automotive Engineering (ika) of the
RWTH Aachen University. Participants were asked to rate
the different evaluation parameters described in the previous
chapter for different vehicle types within the survey. The
results for a normal passenger car are presented in Fig. 8. In
general, every distribution may be chosen—specifically to
the application. The polygon plot shows that costs K were
emphasized for the i3 by the survey participants. Mass, effi-
ciency complexity and bearing speed were rated as succes-
sively less important.

The synthesis equipped with the weight factors from
the survey produces six transmission topologies, which are
theoretically feasible for the BMW i3. They are depicted
in Fig. 9. The topology ranked number one resembles the
real topology. A reason for this is the low number of stages
which is beneficial to all synthesis criteria. Further advan-
tages are the superior efficiency and simplicity of the spur
gears. The stage gear ratios only differ by a maximum of

BMW i3

Vmax [km/h] 150 <

Myen [kg] 1,270 e
© o

M, [Nm] 150 3

Mpqx [Nm] 250 o @

ny [1/min] 4,775

Nnax [/min] 11,400

Py [kW] 75

Brax [kW] 125

Fig.7 Vehicle and transmission data of BMW i3 (cf. [3] and own
evaluation of transmission) (v,,,,: maximum vehicle velocity; m,:
vehicle mass; M/n/Py: nominal torque/speed/power of e-machine;

M/n/P,,,,: maximum torque/speed/power e-machine)



Automotive and Engine Technology (2022) 7:65-79

73

9k

g, N

dc Ik dm 9y In
0,17 0,31 0,21 0,18 0,13

Fig.8 Synthesis weight factors passenger vehicle taken from survey
results (K: Costs; C: Complexity; N: Bearing speed; #: Efficiency; M:
Mass)

7.9% between real transmission and the best-rated topol-
ogy of the synthesis. The rest of the synthesized topologies
represent various possible combinations of spur and plan-
etary gears that can provide the required total gear ratio.
Before running the design process, the weights for the
combination step need to be set. Those were also deter-
mined by the already mentioned survey and are shown in
Fig. 10. The weights are distributed rather evenly, with a
slight emphasis on mass and less emphasis on service life.

2.9319 *

The initial design and evolutionary combination are now
applied to all topology variants from Fig. 9. The final results
contain 250 geometry variants for every topology, which are
ranked 1-250 by the final evaluation. First, the geometry
variants are regarded by their combination criteria in Fig. 11.
In the mass-efficiency diagram, six point clouds emerge,
which represent the six topology variants. Dark blue cor-
responds to variant 1, while the second cloud at the Pareto
front in the top left corner is variant number 2. Thus, the
synthesis has identified the optimal topologies for mass and
efficiency as numbers 1 and 2 in the topology ranking. Ser-
vice life and safeties are more varying for each topology; no
clear clouds emerge here. In this case, a design variant with
near-optimal service life and safety for every topology can
be found because their values are widespread. In general, the
values for efficiency, safety and service life resemble val-
ues seen in current applications. Efficiencies (gear meshing
only) range between 0.97 and 0.995, service life is generally
around or above the specified optimum of 250,000 km [21]
and safeties above 1.

Finally, the dimensions of the generated designs are
compared to the real dimensions of the topology. Wheel
width, diameter, axle distance, number of teeth and mod-
ule are regarded in Fig. 12. The variety of the 250 designs
generated for topology number one are shown in boxplots.
As the figure shows, the generated designs fall around
the real dimensions of the transmission of the BMW i3.
It is evident that the wheel diameters and widths of the
generated designs always enclose the parameters of the
real transmission marked by a blue X. Only the generated
diameters for the driven side of stage one are slightly big-
ger than the reference. This is due to the greater gear ratio

1.8171

Var.6

Var.4
£ =
= g 2 ')
ar A1 8 %)
i [
[ M3 ] iji | | 1 T

Fig. 9 Ranking of synthesized topologies for BMW i3
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g, g,

gL Is Im gn
0,22 0,24 0,30 0,24

Fig. 10 Combination weights passenger vehicle taken from the sur-
vey results (S: Safety; L: Service life; #: Efficiency; m: Mass)

of stage one in the synthesized topology compared to the
real one. To accommodate the greater gear ratio with a
comparable size of the drive wheel, the driven wheel needs
to be bigger. To summarize, the dimensions generated by
the method are comparable to the real dimensions of the
reference transmission.

By the presented results of the application of the trans-
mission synthesis for the BMW i3, it can be stated that the
developed method is validated. The results are close to the
original design. A complete overlapping of the values can
not be reached as only roughly designed gears are consid-
ered, and always changes are made in the further design
process, e.g., within the fine design of gears. Analytically
designed transmissions tend to be slightly bigger regard-
ing their axle distance than the real built transmissions in
vehicles [21]. That underlines the validity of the method
reached results shown in Fig. 12.

4.2 Application for a 40-ton truck

To present the broad field of possible applications of the
presented methods in this section, the synthesis approach
is applied to achieve an overview of the solution space for
a 40-ton truck axle application. The presented research was
conducted in the context of the Concept ELV project [15].
The project context defines the motors and general topol-
ogy concept. For electric trucks, no status quo, but many
different powertrain concepts exist up to this point [26,
28]. As before, the driving requirements and motor data
for the application are obtained first (compare Table 7).
The required maximum speed of 100 km/h facilitates swift
overtaking manoeuvres of the 40-ton truck (9.42 tons empty
weight). Power is supplied by two electric motors, with M1
being the main motor and M2 supplying a boost functional-
ity. Their main difference is within the nominal and maxi-
mum torques, where M1 provides 530 Nm, which is twice
the output of M2 (265 Nm). Their nominal speeds of 4500 1/
min are identical, while maximum speeds are similar. The
power figures mirror the torque outputs.

The already introduced survey for the weight factors of
the BMW i3 also gathered data for a truck application. The
results are shown in Fig. 13. Most prioritized were effi-
ciency, costs and bearing speeds, with mass and complexity
rated least important.

The synthesis process is initialised with the weights from
Fig. 13. As the application concerns a truck axle, the synthe-
sis is instructed to synthesize topologies, where the output
of both motors is transferred to a single differential. Also, a
maximum number of five stages is defined for this applica-
tion. The synthesis generates 378 different topologies with
its holistic combination approach of the possible elements
and allowed number of stages (see Sect. 3.1). The top 12,
rated by the method, are depicted in Fig. 14. There emerges
no trend of predominantly spur or planetary gear topologies
in the top 12, rather a competing mixture of all gear types.

0.99 |

0.985 % o
Ped

= 0.98 gg)o ,

|

0.975 |
|

0.97 '

0 02 04 06 08 1 0 02 04 06 0.8 1 0.25 0.5 1 1.5
m (rel.) [-] m (rel.) [-] L[10% km]

Fig. 11 Combination criteria of geometry variants for BMW i3-
Numbers 1-6: Transmission topologies from Fig. 9; light blue: one
variant within the transmission concepts; dark blue: BMW i3 trans-
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mission topology; red circles: Pareto optimum m/n | (1: Efficiency; m:
Mass; S: Safety; L: Service life)



Automotive and Engine Technology (2022) 7:65-79 75
N 100 +
T 2407 — 30 - 130 — 30 | 160
: E
= 220 H:_l 28 28 S 28} X g
Eqof X Tl 3 90 ~ 1401 L
Q + <
B 60 = S, |80 Rz
g 180 E 24 24 Jé 24 . : S 120
A 5 22 22 Z 22t | B
160 MW= < 100
20 20 20 | .
40 140
Drive Driven Drive Driven Drive Driven
100 [~
. - ; 160
80 240 30 30 30 N + -
_ = I |
£ 20 220 SR 5287 1 190 E 140
= ol || E26 26 < 26t g T
) — — — - <
2 60 = | 1 824} 80 z
: |i| 180 Q § 24 24 g 24 | Fl 2
= <
=50 jk_ 160 J|_ ” - “2 L]0 J_ :é 100 J|_
. % 20 20 201 - 2
40 : 140 —= :
Drive Driven Drive Driven Drive Driven
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step)—red dots are single outliers

Table 7 Vehicle and electric motor data of 40-ton truck in Concept ELV? project

40-ton truck

Vi [Km/h] 100
My, [kg] 9420-40,000
M1 M2

My, [Nm] 530 265
M, [Nm] 700 350
ny [1/min] 4500 4500
My [1/min] 10,000 11,000
Py [kW] 250 125
P, [kW] 330 165

Ve Maximum vehicle velocity; m,,;, vehicle mass; M/n/Py nominal torque/speed/power of e-machine; M/n/P,,, maximum torque/speed/power

e-machine

Whether a more planetary-based topology is rated better
than a spur-based one depends on how well it can play to
its strengths, especially considering its gear ratio distribu-
tion. Spur gears are generally better suited for the efficiency
criterion, and planetary gears have an advantage in cost and
bearing speed criteria.

Before the initial design and evolutionary combination,
the weights for the fitness score have also been determined
by the survey for the 40-ton truck. The results are shown in

Fig. 15. Efficiency, service life and safety have been prior-
itized to the disadvantage of mass.

All 378 topologies are automatically designed and rated
by the method. The result tables contain the top 250 geom-
etry variants of every topology. In sum, overall topologies
and variants, more than 10° possible transmission concepts
were generated and evaluated. Dark blue is the topology
ranked number one by the synthesis. It represents a com-
promise between all four combination criteria. In general,
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g, N
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Fig. 13 Synthesis weight factors for a 40-ton truck taken from the
survey results (K: Costs; C: Complexity; N: Bearing speed; #: Effi-
ciency; M: Mass)

efficiencies, service life, and safeties are conform to state of
the art—with service life values for trucks ranging from 0.4
to 1.2 million kilometers [21]. The results in Fig. 16 present
the solution space of the 378 solutions for a 40 ton truck
with two electric motors.

For every topology, 250 variants are plotted—which
makes roughly 90.000. Not for all of the topology concepts,
a sufficient gear design is found. The next step in the devel-
opment process would be to choose one or a few favour-
able topologies and start the gear design for those concepts

b
[

+F
T B

j;_(

Fig. 14 Exemplary top 12 of 378 synthesized topologies for a 40-ton truck
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within smaller ranges with a more detailed step size. A
detailed design of all possible topologies is theoretically
possible but would dramatically increase calculation time
and memory occupation. With the results of this, the first
draft of a bearing-shaft system can be designed.

5 Discussion

The presented synthesis approach is capable of design-
ing transmission concepts for various vehicles. Here, the
method is applied to a BMW i3 and a 40-ton truck to show
its applicability. The results generated for the passenger car
enclose the actual built transmission's specification so that
the method can be seen as validated.

The procedure, starting from the motor and vehicle data
up to an initial design of the gears, can be very beneficial
for engineers in an early transmission development stage
as they receive many solution proposals at this early stage.
Furthermore, the integrated two-stage evaluation process is
an advantage as the weight factors of the criteria can be
freely changed so that engineers can adapt the method to
variable use-case specific requirement profiles. Focusing on
the simpler transmissions in fully electric cars compared
to conventional and hybrid vehicles opens up the possibil-
ity to raise the level of detail in gearing design. That ena-
bles the presented process to use calculated data and a wide
range of options to reach an optimal solution base for further
development steps. The huge number of possible solutions
underlines the possibilities that this method offers to the
transmission developers.

Var.8

i—l
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k3 MI




Automotive and Engine Technology (2022) 7:65-79

77

9s 9

g, g,

/) Is
0,28

Im 9y
0,27 0,14 0,31

Fig. 15 Combination weight factors for a 40-ton truck taken from
survey results (S: Safety; L: Service life; : Efficiency; m: Mass)

Users only need information on the vehicle and motor
data and can start the process to synthesize transmission
concepts. It is possible to choose electric motors from an
integrated database, or own motors can be implemented by
the user. This makes the method agile for many use cases.

Compared to earlier approaches presented in chapter
two, this method covers a more detailed synthesis of the
transmission—first of the topology itself and second by
the rough design and optimization of the gear data. The
possible complexity of the synthesized transmissions is
manageable due to excluding special and combined plan-
etary gears; thus, many possible geometries of the simple
planetary gears are created.

Furthermore, the total gear ratio is not defined beforehand
but is calculated based on boundary conditions within the
synthesis. It is calculated based on vehicle properties and
properties of the e-machine like highest torque, maximum
speed and most efficient point. Also, the ratios of the single
gear steps are distributed based on an internal evaluation.
The method may result in significant improvement of the
development process of transmissions for electric vehicles.
The fast processing of synthesizing topologies creates a huge
number of possible geometries in the rough gear design.
It evaluates many possible solutions (car: six topologies |
truck: 378 topologies | with~10° options per stage) within
a comparatively short time is a further advantage. The cal-
culating time on the RWTH Aachen Universities' computing
cluster took 39 h for the cars' topologies and 260 h for the
trucks' topologies.

Especially in the truck segment, the method supports
the selection of a feasible transmission topology as no state
of the art topology exists, and the development of electric
trucks is still young and very dynamic. Likewise, the mar-
ket of electric cars will grow—due to a change of mind in
the public, government regulations and incentives. With
this fast-growing market, the need for a quick, sufficient and
valid method to investigate possible transmission concepts
is becoming more and more relevant. By this, the chance
to oversee a possible good fitting solution decreases as the
method is holistically in the given boundary conditions. The
speed of developing a new transmission increases as possible
iterations due to changed topologies in a later stage may be
dismissed.

6 Conclusion and outlook

This methodology provides the user with a structured and
exhaustive overview of possible transmission variants at the
start of development. The automated character of the method
allows evaluation of previously unfeasible numbers of vari-
ants and reduces time lost to iteration. The data gathered

0 02 04 06 038 0 2
m (rel.) [-]

04 0.6 038
m (rel.) [-]

012 34567 8910
L [10% km]

Fig. 16 Combination criteria of geometry variants for a 40-ton truck (;: Efficiency; m: Mass; S: Safety; L: Service life)
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from this methodology can then be used as a basis for further
in-detail development of the EV transmission.

Additional applications of the presented method are the
variation of the vehicle and electric motor combination. For
example, the motor of Porsche Taycan could be set as input
for a car like the VW ID3 to evaluate how the transmis-
sion would change or to detect equal transmission parts. In
a future application, the synthesis will be used to evaluate
the impact of high-speed motor concepts. For this purpose,
the validated BMW i3 will be combined with a high-speed
electric machine. The results of the base run, presented in
this paper, and those with the high-speed concept can be
compared to analyze the impacts of a motor for the transmis-
sion design and topology. This again shows the widespread
field of application of this method in research (impact of
different machines in vehicles) and development (find the
best fitting transmission for a defined use-case).

The method can be extended with more complex gear
structures as, e.g., step planets or Ravigneaux sets in fur-
ther steps. Also, an automatic iteration loop could be inte-
grated to optimize the best solutions of the previous run. The
method will show its usability within the growing electric
cars market and thus more transmissions for these vehicles.
As all settings may be freely chosen, the method aims to
support the development of transmission for a huge number
of use-cases.
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