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Abstract. Electric drive systems consisting of battery, inverter, electric motor and gearbox are applied in hybrid- or purely
electric vehicles. The layout process of such propulsion systems is performed on system level under consideration of various
component properties and their interfering characteristics. In addition, different boundary conditions are taken under account,
e. g. performance, efficiency, packaging, costs. In this way, the development process of the power train involves a broad range
of influencing parameters and periphery conditions and thus represents a multi-dimensional optimization problem. State-
of-the-art development processes of mechatronic systems are usually executed according to the V-model, which represents
a fundamental basis for handling the complex interactions of the different disciplines involved. In addition, stage-gate pro-
cesses and spiral models are applied to deal with the high level of complexity during conception, design and testing. Involving
a large number of technical and economic factors, these sequential, recursive processes may lead to suboptimal solutions since
the system design processes do not sufficiently consider the complex relations between the different, partially conflicting
domains. In this context, the present publication introduces an integrated multi-objective optimization strategy for the effec-
tive conception of electric propulsion systems, which involves a holistic consideration of all components and requirements
in a multi-objective manner. The system design synthesis is based on component-specific Pareto-optimal designs to handle
performance, efficiency, package and costs for given system requirements. The results are displayed as Pareto-fronts of elect-
ric power train system designs variants, from which decision makers are able to choose the best suitable solution. In this way,
the presented system design approach for the development of electrically driven axles enables a multi-objective optimization
considering efficiency, performance, costs and package. It is capable to reduce development time and to improve overall sys-
tem quality at the same time.
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HpOeKTHpOBaHHe AJNEKTPUICCKUX CUJIOBBIX YCTAHOBOK
IpHA MOAAECPKKE MHOTOIECJIEBBIMHA CTPATErusAMA ONITUMHU3AIIUA
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Pedepar. Cuctemsl 35IEKTPONPHUBOJA, COCTOSIIUE M3 aKKyMYNIsATOpa, HHBEPTOpA, SJIEKTPOJBHUraTesl U KOpOOKH Tepenad,
MPUMEHSIOTCS B THOPUAHBIX MM YHCTO 3NMEKTPHUIECKHX TPAHCHOPTHBIX cpeacTBax. IIporecc KOMIIOHOBKY TaKHX JBHXKHTEIb-
HBIX CHCTEM OCYIIECTBIIETCS HA CHCTEMHOM YPOBHE C YUY€TOM Pa3JIMYHBIX CBOMCTB KOMIIOHEHTOB U MX MHTep(epupyromux
XapakTepucTHK. KpoMe TOro, yUuTHIBalOTCS pa3sHble IPaHUYHBIC YCIOBHS, HAIIpUMeEp TEXHUYECKUE XapaKTepHCTHKH, d(hex-
THUBHOCTH, KOMIUICKTOBAaHHE, CTONMOCTh. TakuM 00pa3oM, mporiecc pa3pabOTKH CHIIOBOH IIepeadyl BKIIIOUAET B ceOs MIMpo-
KU JIAarna3oH BIMSIONIHX TapaMeTPOB U IIepA(PEPHIECKIX YCIOBHI 1 TEM CaMbIM IIPECTABISIET co00i MpobiieMy MHOrOMEpHOH
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ontumu3anui. COBpEeMEHHBIC MPOIECCH Pa3padOTKH MEXaTPOHHBIX CHCTEM OOBIYHO BBIMOJHSIOTCS B COOTBETCTBHH C V-MO-
JIENbI0, KOTOpasi IPENCTaBIsIeT co00i (QyHIaMEHTAILHYIO OCHOBY JUISL YIPABJICHHS CIIOKHBIMHA B3aUMOICHCTBUSMH Pa3iind-
HBIX JHCIUIUTMH. KpoMe TOro, MpHMEHSFOTCS 3TAlHBIE MPOIECCHl M CIIHPAJIbHBIC MOJEIH, YTOOBI CIPABHUTHCS C BBICO-
KHM yYPOBHEM CJIOKHOCTH TIPH pa3paboTKe, NPOCKTUPOBAHUH U TECTHPOBaHHUH. BoBiiekas 00JIbII0E KOTHIESCTBO TEXHHYECKAX
¥ SKOHOMUYECKUX (PaKTOpPOB, 3TH MOCIEIOBATEIbHEIC PEKYPCUBHBIC POIIECCH MOTYT MPUBECTH K HEONTUMAITBHBIM PEIICHH-
SIM, TIOCKOJIBKY TPOIECCHI IIPOSKTUPOBAHMSI CHCTEMBI HEJJOCTATOYHO YIHUTHIBAIOT CIOXKHBIC OTHOIICHHS MEXKITY Pa3THdHBIMHU,
YACTUYHO KOH(IHUKTYIOIMME OOJIACTAMU. B 3TOM KOHTEKCTe HACTOSIIAs MyOIUKAIUSI TIPEACTABIBIET HHTEIPUPOBAHHYIO MHOTO-
[ENEBYIO CTPATETHI0 ONTUMU3ANKH UL 3P (HEKTUBHON KOHIETIHH IICKTPHIECKUX CHIIOBBIX YCTAHOBOK, BKIIFOUAIONIYIO KOM-
IDIEKCHOE PACCMOTPEHUE BCEX KOMIIOHEHTOB M TpeOOBaHM Ha MHOTOLIENIEBOK 0cHOBe. CHHTE3 CHCTEMHOTO In3aifHa OCHOBaH
Ha [TapeTo-onTUMaNbHBIX KOHCTPYKIHAX CO CHEIH(PUIESCKIMHI KOMIIOHEHTAMH C LeJIbI0 obecrieuenus: pabotsl, 3 (heKTHBHO-
CTH, KOMIUTICKTAIIUHU U 3aTPaT, IPEAYCMOTPCHHBIX [T TaHHO# cucTeMbl. Pe3ynbTaTsl oToOpaxarorcst B Buae [lapeto-hpoHTOB
BAPHAHTOB CHUCTEM 3JIEKTPUUECKUX TPAHCMHCCHH, U3 KOTOPBIX JIMIA, IPUHUMAIOIINE PELICHHs, MOT'YT BbIOpaTh Haubosee
noaxojsinee u3 HuX. Takum 00pa3oM, MPEACTABICHHBIH MOIX01 K MPOSKTUPOBAHHUIO CHCTEMBI TS pa3pabOTKH OCEH C JJICKT-
PHUYECKHM MPHUBOJOM 00ECIECUMBACT MHOTOIICJICBYIO ONTHMHU3ALKIO C y4eTOM 3()(HEeKTHBHOCTH, HYHKIIMOHHPOBAHHS, CTOU-
MOCTH M KOMIUICKTaluK. JJaHHBIM MOJX0/1 MO3BOJSCT COKPATUTh BpeMsl pa3pabOoTKH U OJHOBPEMEHHO OOCCICUYHTh YIIydlile-
HHUE Ka4eCTBa CHCTEMBI.

Kawuesbie ciioBa: aBTOMO6I/UIeCTpOGHI/Ie, DJICKTpUYCCKasAs TPAaHCMHUCCHUS, MEXATpOHHAas CHUCTEMa, Mpouecc pa3pa60TKH,
CHUCTCMHOC IMPOCKTUPOBAHUE, MHOTI'OLICJICBAsA ONITUMHU3AILIUA

Joas murupoBanusi: Xupn, M. IIpoekTupoBaHHe SIEKTPHYECKUX CHJIOBBIX YCTAHOBOK IIPU ITOJNEPKKE MHOTOIETIEBBIMU
crparerusmu ontumusanuu / M. Xupu, M. Xodurrerrep, J. Jlexmsiitaep // Hayka u mexnuxa. 2019. T. 18, Ne 6. C. 461-470.
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Automotive development processes
and integration of propulsion systems design

Car development processes are composed of
a number of steps and require complex interaction
of car manufacturer, system- and components sup-
plier as well as engineering provider. During past
decades, an increasing application of virtual engi-
neering provided great potential for reduction of
development time and increasingly supported col-
laboration of the different involved parties. Nowa-
days, a typical full-vehicle development project
has a duration of about 4 years (in case of derivate
development less than 3 years) and the trend is
moving towards further decrease [1]. As one main
module, the drivetrain system plays an important
role in the development of new cars — especially in
case that new, electrified propulsion systems are
going to be designed and integrated into the full-
vehicle architecture. Fig. 1 shows the sequence of
sections of a typical automotive development pro-
cess. In addition to the main process phases, se-
lected development disciplines are added, which

are relevant for the development of propulsion sys-
tems.

In the beginning, the Definition Phase includes
a compilation of characteristics of the new car to
be developed, which comprises market research of
future trends under consideration of customer de-
mands and legislative boundary conditions. In ad-
dition, manufacturer-related strategic aspects are
considered, e. g. integration of the planned model
into existing model ranges or the development
of new vehicle architectures, e. g. electric car plat-
forms. At the end of the Definition Phase, product
specifications are defined, which involves a defini-
tion of requirements for the subsequently per-
formed vehicle development, containing a long list
of prescribed product characteristics. In view of the
propulsion system, this includes performance pa-
rameters, energy/fuel consumption, different types
of boundary conditions, e. g. packaging- and space
requirements, costs and others. In addition, techno-
logical specifications are pre-defined in this phase,
e. g. type, layout and configuration of the power-
train to be developed.
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§ % Definition “>, Concept \\ Pre- = Series \ Pre-Series &
uc_j = Phase . Phase /" Development / Development / Series Production
% Specifications
2
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E Full-Vehicle Architecture, Packaging & Ergonoemics
5 Propulsion Technology Systems Engineering
=
% l Components Development
= =
o E | Crass-Domain Integration
]
E | Optimization & Verification
| Wehicle Integration & Application |
| Production Engineering

Fig. 1. Process phases and development disciplines in typical state-of-the-art car development
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The development process itself starts with the
Concept Phase, which includes conceptual design
of the complete vehicle layout including styling,
vehicle packaging and ergonomics, body and com-
ponent development, and of course the propulsion
system. Beginning with initial styling works, the
vehicle architecture is built up and all components
are integrated [2]. Drivetrain modules are taken
over from existing platforms or newly developed,
including new technologies, e.g. electric or hybrid
propulsion systems. Here, it has to be distinguished
between so-called conversion design and specifi-
cally developed electric vehicle platforms. In con-
version design, hybrid- or electric drivetrain tech-
nology is implemented into traditional vehicle ar-
chitecture. In many cases, the car to be developed
is built on an existing vehicle platform that enables
the integration of different types of drive train sys-
tems, e. g. combustion engine, hybrid-concepts and
purely electric drive.

Fig. 2 shows such a vehicle architecture by an
example of the Volkswagen Golf. As a difference,

Standard configuration
with all-wheel drive
(Golf 4motion)

Plug-in-hybrid configuration
(Golf GTE, front wheel drive)

All-electric propulsion
(e-Golf, front wheel drive)

Fig. 2. Different drive train configurations of the Volkswagen Golf [3]

B/C-class,
compactcar
D-class, family car
Fig. 3. Modular electric car platform from Volkswagen [4]
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Van, compact bus

special-purpose design enables the optimized de-
velopment of vehicle architecture according to the
requirements of a specific propulsion technology.
In this way, the result is optimized regarding the
demands of electric drive architecture, but the fle-
xibility concerning an implementation of different
propulsion technologies is reduced. Fig. 3 exem-
plary shows a modern electric platform design,
which is modular in view of variable wheelbase
and configuration of the driven axles.

The Pre-Development Phase includes a conti-
nuation of concept development under considera-
tion of detailed technological and economical as-
pects. This covers finalization of styling works,
engineering of all components and modules,
as well as far reaching verification and validation.
In addition to virtual development, prototypes
of modules and even vehicles are tested and inves-
tigated on test beds and on road. In this phase,
engineering-, component- and module suppliers are
increasingly involved in the development process.

The Series Development Phase has
a strong relation to production deve-
lopment and supplier integration in-
cluding logistics, assembling processes
and quality engineering. In this phase,
a comprehensive virtual vehicle model
serves as a basis for far reaching inves-
tigations of manufacturing-related pro-
cedures. At the end of this phase, both
the new car model and its production
are completely developed and all inter-
actions with manufacturing facilities
and suppliers are defined.

The final phase of car development
includes Pre-Series & Series Produc-
tion. Final settings of the assembly line
and in the logistics management are
done during the production of initial
pre-series models. This includes final
adjustments of machines and robots as
well as quality related investigations,
e. g. in the paint shop or optimizations
in view of tolerances. After homologa-
tion of the new car in target markets,
series production phase starts.

Electric propulsion systems are
increasingly applied in both hybrid-
and purely electric driven cars today.
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In case of hybrid drivetrain technologies, there are
different topologies available, e. g. parallel, serial
and combined hybrids. Some of these topologies
directly connect the electric motor(s) to the com-
bustion engine or integrate them into the gearbox;
others use electric driven axles. In case of purely
electric propulsion, electric axles come to use.
In this way, electric axle drives represent central
components in a wide range of applications of hy-
brid- and electric driven cars. Fig. 4 shows an
exemplary design of an integrated electric axle
drive, consisting of power electronics (inverter),
electric motor and a gearbox unit, which also con-
tains the differential gear and drive shaft joints.
Not shown in the figure, but essential is the
drivetrain control system that is typically part
of the inverter, consisting of a powerful microcon-
troller and embedded software.

The design process of electric axle drive sys-
tems is of high complexity because of the required

Differential gear

Output flange

requirements
analysis

Electric motor

integration of inverter, electric motor and mecha-
nical gear, which covers three technological do-
mains: mechanical, electrical and software engi-
neering. In this way, a development process for
mechatronics systems is presented, which supports
an effective integration of cross-domain develop-
ment. Initially, the so-called V-model stems from
software development, and was taken over into
other industries during the past decades. Today,
it represents a standardized development process
for mechatronics systems [6].

Fig. 5 shows a typical development process of
automotive mechatronics systems according to the
V-model [6, 7], which represents a special case
of a waterfall model that describes sequential steps
of product development [8, 9].

The process starts at the top end of the left
branch with product specifications that result from
a list of requirements. The entire left branch focus-
ses on product design and is divided into a sequen-
tial chronology with increasing levels
of detail. The System level includes
product main level-related develop-
ment, e. g. vehicle architecture, packa-
ging, technology integration. After ha-
ving defined main characteristics on
System level, the Module level includes
a breakdown of complex systems into
several modules, e. g. vehicle body,
drivetrain, chassis, comfort and driving
assistance modules.

System
acceptance test

System design

Assurance of properties

Systemn
integration

Implementation

Fig. 5. Development process according to the V-model, according to [6, 7]
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The different modules are designed under con-
sideration of their interaction with other modules
and in accordance with full-vehicle related specifi-
cations. Finally, modules are divided into their
components, which are developed in the Compo-
nent level. Cross-domain implementation is per-
formed at the bottom level of the V-model in the
course of component integration. Today, this is
mainly done by product-oriented processes, which
focus on product characteristics and functionalities.

The right branch of the V-model includes inte-
gration, testing and optimization at Component-
Module- and System level. After being tested,
components are built together into modules, which
are integrated and tested according to their specific
functionalities. In the final System level at the top
end of the right branch, all elements are assembled
to a full-vehicle prototype and tested for product
compliance with the initially defined specifica-
tions. Typically for development according to the
V-model is a close interaction of design and tes-
ting. In this way, data and information exchange
between product design (left branch) and integra-
tion & testing (right branch) supports efficient im-
provements and optimization.

Fig. 5 also points to the different domains that
occur in the development of mechatronics systems:
mechanics, and electrics/electronics (E/E). E/E is
divided into hardware and software development.
One key of success lies in the introduction of fle-
xible, interdisciplinary processes, which are able to
consider different domain-specific methodology-
cal, functional and development-cycle-time rela-
ted characteristics with the target of providing all
product- and process-related information for effec-
tive cross-domain development of the mechatro-
nics systems. Besides geometrical, structural, func-
tional and production-related information of me-
chanics and hardware, this also includes softwa-
re-related requirements, structural and functional
information.

In case of highly complex products, e. g. elec-
tric axle drives, the development process is run
through several times, especially on module and
component level. Both duration and complexity
of these development cycles differ significantly in
the three domains, which leads to varying levels
of maturity levels throughout mechanic, hardware
and software development. The different domain-
specific development procedures in combination
with varying cycle frequency lead to a considera-
ble increase of complexity in the development pro-
cesses. This complexity can be handled by use
of so-called spiral models. The spiral model stems
initially from software industry, where it was de-
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veloped to support handling of the complex (purely
virtual) development processes during design
and testing of control algorithms, programs and
IT-applications, [10]. Fig. 6 displays an exemplary
spiral model of mechatronics systems development
processes following the V-model that highlights
the separation of the development processes into
System design as well as Mechanics-Electrics and
Software development. In the example, the subse-
quently performed process phases are shown
in more detail for the System level. The processes
of the three development domains are not shown
in detail but follow the same principle, considering
the specific procedures of mechanics, electrics and
software development. In practical applications,
the V-model is run through repeatedly at the dif-
ferent levels and domains.

The phase of systems engineering plays an
essential role in the development of complex mecha-
tronics products, because it includes the general func-
tional and structural layout. Out of knowledge ga-
thered in the systems engineering phase, the subse-
quently performed domain-specific processes are
supplied with required data and information for suc-
cessful product development. In this way, the sys-
tems engineering phase has to fulfill the task of cross-
domain conceptual design of mechanical, electrics
and software components as well as their integration
into the product to be developed.

In the development of electric propulsion sys-
tems, e. g. electric axle drives, the systems engi-
neering phase includes the conceptual layout,
optimization and integration of all involved com-
ponents. Besides functional development, which
focuses on performance characteristics, energy ef-
ficiency, controller design and embedded software,
the proper selection and layout of electrical and
mechanical components plays a crucial role.
According to the introduced development process
of mechatronics systems (Fig. 5, 6), system design
is placed at the beginning of the V-model, respec-
tively in the center of the spiral model. Conside-
ring the general automotive development process
as stated in Figure 1, the focus of the presented
approach is put on the initial phases, e. g. Defini-
tion Phase and Concept Phase. During these early
layout and design procedures of electric axle
drives, a number of boundary conditions, parame-
ters and influencing factors have to be conside-
red. These factors are partially uncertain because
of early development stages and in addition often
conflicting in terms of system optimization. In this
context, the layout of electric axle drives represents
a multi-objective, multi-criterial task that requires
enhanced optimization methods.
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System

Systems
engineering

Mechanics

Conception
L t
Module

conception

System

acceptance

& testing

Fig. 6. Spiral model of mechatronics systems development processes following the V-model

Multi-objective design optimization
of electric axle drives

Multi-objective design optimization of electric
axle drives comprises the components electric mo-
tor, gearbox including differential gear, and the
power electronics (inverter). The power supply
system (battery, a combination of combustion en-
gine and battery, or a combination of battery and
fuel cell) is an additional important area of deve-
lopment, but this topic is not considered in the pre-
sent work in more detail.

Today, there are two major topologies for elec-
tric axles available, which are basically set by the
gearbox design: offset configuration and concen-
tric configuration (Fig. 7). The offset design is the

Power
Electronics

Differential
Unit
i Offset

iGearbox

/

\
Side Shaft & Joint U C
Joint

Side Shaft &

most common topology in the market, which is
characterized by an axial offset between helical
gearbox input and output shaft [12]. The concentric
design often uses planetary gears and is more com-
pact in general — but axial length restrictions and
ground clearance are more critical, e. g. [13].

Typically applied electric machines are induc-
tion motors (IM, also called asynchronous ma-
chines, ASM) or permanent magnet synchronous
machines (PSM). Both technologies are used as
traction motors and should be considered in the
systems engineering phase. Due to the introduced
drivetrain configurations (Fig. 7), most of the
gearbox solutions have an offset helical gear de-
sign (single-gear, two stage) or concentric designs
with planetary gears.

Side Shaft Fower 822?532“
& Joint Electronics
Differential
Unit
E-Motor / '

\

Side Shaft &
Joint

Fig. 7. Exemplary axle drive designs in offset (left) and concentric (right) configuration [11]
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The gearbox design is adjusted to the mechani-
cal loads induced by the electric motor under con-
sideration of different load conditions. The inte-
grated differential unit is usually a common part
for all variants. Non-shiftable gearbox design is
well established, since the speed range and torque
characteristic provided by the electric motors is
sufficient to cover the vehicle speed and torque
requirements with one fixed transmission ratio.
However, there are also some electric cars with
two-speed gearboxes to enlarge the vehicle speed
range and to improve the longitudinal vehicle dy-
namics behavior.

A power electronics (inverter) unit supplies the
electric machine with corresponding voltage and
current and consists of semiconductor technology
and controller area. There are two variants of in-
verter placement, remote and attached. Remote
inverters are placed remotely from the electric ma-
chine and connected by phase cables, whereas at-
tached inverters are directly mounted on the elec-
tric machine. For the latter, there are variants with
a single flat circuit board as well as with a seg-
mented circuit board, e. g. [14], to achieve a better
package integration into the electric machine.

Due to the fact, that in electric drivetrain de-
velopment the phase of systems engineering plays
a major role, several works have dealt with multi-
objective optimization of electric propulsion sys-
tems. Eghtessad [15] investigates different power-
train topologies, component technologies and
component parameters of battery-electric vehicles.
Schulte-Corne [16] describes the dimensioning of a
hybrid architecture including electric axle drives
with an integrated consideration of the hybrid ope-
ration strategy. Meier [17] uses a statistical design
of experiments (DOE) as a means of establishing
optimal hybrid powertrains. A major contribution
has been developed by Hofstetter, who integra-
tes packaging-related aspects of the vehicle, buil-
ding-block system-related considerations of the
drivetrain components as well as cost-related fac-
tors into the optimization approach [18, 19]. This
approach is elaborated more detailed in the follo-
wing section.

In general, systems design optimization targets
the best fulfillment of requirements, which are de-
fined in accordance to related evaluation criteria.
For an axle drive layout, this includes perfor-
mance, package and costs aspects. In this context,
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a multi-objective optimization process has to han-
dle the trade-offs between different objectives, re-
spectively evaluation criteria. The evaluation crite-
ria themselves are derived from vehicle-related
system requirements (Fig. 5).

Performance-related criteria include the re-
quired axle torque, power and efficiency at diffe-
rent operating points under specified power supply
conditions. These requirements can be derived by
analyses of vehicle dynamics and operation condi-
tions, e. g. by use of longitudinal vehicle simula-
tion, while also considering influences of the elec-
tric energy supply. In this way, torque, power and
efficiency characteristics are derived by expert
software tools for a specific motor type, based on
analytical motor theory [20]. These information
servers as a basis for conceptual layout of the elec-
tric machine. More demanding requirements, such
as continuous power ratings and thermal manage-
ment, are derived by use of 1D- or 3D-thermal
simulation tools, e. g. [21]. The generated parame-
ter sets can be used for more detailed electric ma-
chine design, e. g. by use of specified electric si-
mulation software, e. g. [22].

Package criteria include the installation space
provided by the vehicle architecture. They are de-
veloped in correlation with geometrical full-
vehicle design and include geometrical restrictions
caused by different aspects, e. g. wheelbase, track
width, ground clearance, rear seats, trunk size
or exhaust system. In conceptual development,
the installation space available for electric axle
drives is described as geometrical model. Evalua-
tion of the axle model packaging is enabled by use
of volume models created within computer-aided
design (CAD) environment considering the main
geometrical extensions, e. g. [23]. Besides the ex-
tensions of the main volume elements, also specific
shapes, such as the corridors for the two side
shafts, can be included. Fig. 8 shows the conceptu-
al volume model of an exemplary electric axle
drive, including inverter model (orange), electric
motor model (yellow) and gearbox model (grey).
The provided installation space, which is derived
from the vehicle packaging model, is displayed in
turquoise color. During geometrical optimization,
the perfect positioning of all involved components
within the pre-defined available volume is deter-
mined. This process also includes variable geomet-
rical extensions of the components, e. g. variable
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length and diameter of the electric motor, variable
gearbox configurations and dimensions.

Fig. 8. Conceptual volume model variations
of an axle drive system in offset-configuration [19]

Costs-related criteria consider material, sup-
plied components, production effort and expenses
of development. The material costs are calculated
based on object lists in combination with CAD
data. The production effort is assigned to specific
component technologies and their manufacturing
processes. Development costs are considered by
favoring carry-over-parts over new product deve-
lopment if beneficial. In a more general approach,
common parts of different electric axle configura-
tions may also be taken into account, as proposed
by [24]. All these influences are considered in cost
estimation models covering the most important
cost drivers. A maximum cost requirement may be
set for the axle drive to allow only solutions below
a certain cost level. Another example is to assess
the best solutions achievable with limited deve-
lopment costs, which implies the existence of a
higher carry-over-parts level, but might also co-
me along with compromises in performance or
package.

The electric axle layout is evaluated in the three
criteria domains, whereby in each domain multiple
objectives have to be defined, which are measured
by metrics. The objectives define if a higher or
lower metric is beneficial. In addition, pre-defined
requirements are set, demanding a specific mini-

mum or maximum value of an objective (which
corresponds to a metric). The intersection of the
requirements on the three domains (performance,
package, costs) sets up the feasible design space, as
illustrated in Fig. 9.

Numerous solutions may exist within the pre-
viously described design space. Every solution is
evaluated with respect to the pre-defined objecti-
ves. It is thus not possible to determine a unique
best solution in general terms, since these objecti-
ves may be conflicting. The outcome of the multi-
objective optimization are the Pareto-fronts, which
show the trade-offs between multiple and possibly
conflicting objectives. For each criteria domain
(performance, package, costs) numerous metrics
are used to quantify the degree of compliance. For
example, there are three different kinds of perfor-
mance domain metrics (power, torque, efficiency)
for several operating points. For each of these met-
rics, a compliance measure is applied to quantify
the degree of compliance.

The proposed computer-aided optimization
process is based on a library of available compo-
nent technologies, which can contain parametric as
well as non-parametric component models. The un-
derlying models describe the component properties
regarding performance, package and cost (Fig. 9).
First, a preselection process is applied to cut down
the number of possible component candidates.
In this process, all those components are discarded,
which obviously do not meet the axle drive re-
quirements in any arrangement (component filter).
For example, the peak power requirement elimi-
nates all components that are not capable of pro-
viding or transmitting this peak power. The re-
maining components are combined to functional
axle drive assemblies in a fully factorial way and
those assemblies, which are obviously not capable
of meeting the performance or cost requirements
are discarded (performance/cost assembly filter).

Performance Cost Package

requirements require require-
-ments

= /8

i Pareto-fronts
Potential
system based
configu- 0 Moﬁ evaluation
raﬁons Bont 4 Pareto-Fron e
f{x) % JL‘
i i :'
. - Parformancs

Pre-selection process

Multi-objective optimization (MOO)

Fig. 9. Optimization process
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The remaining configurations are tested against
the package restrictions, also considering degrees
of freedom in the package assembly (package as-
sembly filter). Finally, the remaining assembly
candidates contain the component candidates in-
cluding all parameters that are used to determine
the package-related parameter search ranges for the
multi-objective optimization. The multi-objective
optimization explores these parameter ranges as
well as additional internal parameters, which are
not essential for the package check, but do affect
other properties (for example the number of turns
per notch in an electric motor do not affect the out-
er dimensions, but change the torque-over-speed
characteristics). The component parameters are
applied to expert software tools, which genera-
te the resulting component characteristics for
the electric motor, the gearbox and the inverter.
The assemblies of these components are then eva-
luated on system level to generate the performance
and cost metrics, while the package metric can be
obtained from the pre-processing evaluations by
use of the pre-defined CAD models.

The system synthesis concept is based on a se-
quential optimization of the three main compo-
nents Power electronics, Electric machine and
Gearbox (Fig. 10). Finally, the computation re-
sults represent the trade-offs between the multi-
ple objectives, which are depicted as Pareto-fronts
and computed according to the pre-defined evalua-
tion criteria.

Power Electric

. F " Gearbox
electronics “. machine .

System
solution

Fig. 10. System synthesis concept
of the optimization approach [19]

In this way, the Pareto-fronts provide a multi-
dimensional representation of the result of the multi-
objective optimization process. As known from
Pareto-fronts, the optimal result is not unambi-
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guously defined, but depends on a trade-off as a
function of the evaluation criteria [25]. In this way,
it is up to the involved engineers and experts to
select the final system configuration. The intro-
duced approach supports decision making by pro-
vision of suggested, optimal design solutions con-
sidering the main criteria efficiency, performance,
costs and package. Fig. 11 shows an exemplary
optimization result, displayed as 3D-Pareto front,
which contains the evaluation criteria Package
metric, Relative costs and Losses, respectively
drivetrain efficiency. Each dot in the diagram rep-
resents one found optimal solution. The best possi-
ble trade-offs between package metric and costs
are displayed as circles.
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Fig. 11. Exemplary optimization result:
3D-Pareto front showing the evaluation criteria
package metric, relative costs and efficiency [18]

CONCLUSIONS

1. The layout process of electric axle drives
is performed on system level by involvement of
component characteristics and their integration
under consideration of pre-defined development
targets, e. g. performance, efficiency, packaging
and costs. In addition, various boundary conditions
have to be incorporated, e. g. customer demands,
legislative aspects and vehicle-related factors.
In this way, the development process involves a
broad range of influencing parameters and peri-
phery conditions and thus includes a multi-dimen-
sional optimization problem.

2. The present work introduces a systematic
implementation of electric axle drive development
into state-of-the-art development processes in the
automotive industry and points to the importance
of the early design phases in propulsion system
layout and optimization. Integrated into the stan-
dardized processes of mechatronics systems deve-
lopment, an approach for multi-objective optimiza-
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tion is introduced, that supports the handling of the
occurring complex interactions of various design-
related parameters. The introduced systems engi-
neering synthesis is based on component-specific
Pareto-optimal designs with the target to optimally
handle performance, efficiency, package and costs
for given system requirements. The results are dis-
played as Pareto-fronts of electric axle drive sys-
tem designs variants, from which decision makers
are able to choose the best suitable solution.

3. In this way, the introduced approach pro-

vides a methodological procedure to support deci-
sion making starting in the early layout phase with
the target to improve effective systems engineering
in electric axle drive development processes.
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