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Summary

The ever more stringent global €@nd pollutant emission regulations imply that tygimization of
conventional powertrains can only provide part@uctions in fleet emissions. Vehicle manufactueses
therefore responding by increasing the electrificabf their powertrain portfolios. This in turnsudts in
higher levels of electrification of the individupbwertrain units. The increase in electric powadgeto a
comprehensive range of possible technologies - fd@&Y mild hybrids to pure electric concepts. The
powertrain topology and the configuration of thectlical components of a hybrid powertrain playeisive

role in the determining the overall efficiency cilesing the individual market requirements.

Different hybrid functions as well as performance @ustomer requirements are determined from sigtut
cycles and in customer operation. A virtual devedept chain then represents the steps for the fabetitn,

configuration and evaluation of new electrified @otkains.

The tool chain presented supports powertrain dpwedmt through automated conceptualization, design a
evaluation of powertrain systems and their comptmerhe outcome of the entire tool chain is a rbbus
concept decision for future powertrains. Using thithodical and reproducible approach, future efieaxt

powertrain concepts of AUDI AG are identified.

Keywords: Plug-in hybrid powertrain, hybrid poweain, powertrain topologies, powertrain design

EVS30 International Battery, Hybrid and Fuel Celldite Vehicle Symposium 1



1 Introduction

Powertrain development for individual transporttbé future will be substantially driven by regional
statutory emission limits, the mobility preferencek customers and the economic circumstances of
manufacturers. The automotive industry will needddress this challenging but also highly compiekif

The technologies for achieving the required targetsresulting in an array of possible powertrarsions
across all vehicle segments.

Possible powertrain forms may extend from converipowertrains involving purely combustion engines
to exclusively battery-electric ones. These twaeares bracket the entire range of hybridized paaiag.

In terms of electrical performance these start Wil systems that support the combustion engine and
extend all the way to high-voltage systems thawalkll-electric driving. Depending on the parametand
requirements, several different drive concepts wdlying degrees of electrification may be releviamt
optimal use in the vehicle. In addition to diffeces in electrical output, there is another degfdeeedom

in the powertrain architecture. The powertrain agedture in hybrid vehicles distinguishes betwearapel,
series and power-split concepts as well as mixéxdidhy of the former concepts.

This means that the solution area that manufactureed to investigate contains a large numberfiefreint
powertrain configurations. Therefore purely expenmal investigations cannot be expedient from an
economic perspective. Simulation has become eshanli as a development tool that is capable of
investigating this wide range of versions in aahlig context in terms of development time and costs

The variety of electrification concepts — startingh micro hybrids and plug-in hybrid electric velss
(PHEV) to battery (BEV) and fuel cell electric veleis (FCEV) — makes development highly complex,
complicated and expensive. Thus the aim of thisrgific work is to develop a computer-based toaich
for preliminary powertrain dimensioning and methlod@cal synthesis of electrified drive systems whic
are subsequently automatically analyzed and eeduat

A methodology for the design concept for powerdior various vehicle types is to be presentechén t
following. Drawing on vehicle-specific frameworkruditions for the performance of the powertraingaign
concept for the key components combustion engileeiree motor and battery is developed. Each of the
powertrains designed is then passed on for adapisee simulation and evaluated using efficiency,
performance and consumption criteria.

The outcome of the development chain is a robustejat decision for future fleet-optimized powertsadn
the one hand, and customer-optimized hybrid powai@dron the other. The powertrain concepts invatdi
are also evaluated with respect to their scopmfegration into modular platforms and the corpesitategy.
Using this methodical and reproducible approactmbgns of synthesizing innovative, electrified povedn
concepts and their evaluation with virtual custorase of the 3D method (acronym for the methodical
consideration of driver, driven vehicle and drivimgvironment) of the Institute of Automotive Engéniag
(IAE) at the Technical University of Braunschwefigture powertrain concepts of AUDI AG are identifie

2 Thevirtual development chain

The methodology for the design concept for powarsrdas developed incrementally and consists of
individual sub-projects. Each of those sub-projeefsesents a working step for the identificatidesign
and evaluation of new electrified powertrains. @ilerthe requirements and four computer tools are
implemented in a virtual development chain (FigLixe

1. Vehicle parameters and requirements 4. Simulation
2. Synthesis 5. Evaluation and decision
3. Simulative component dimensioning 6. Presentation of results
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Figure 1: Virtual development chain

The steps for conceptualizing and evaluating efesadrpowertrains are based on three input paramete
First, there are the vehicle parameters, such laislgemass without powertrain or thewalue. Then road
performance requirements for the powertrain anttieffcy requirements for the hybrid functions were
deduced. Alongside requirements and demands framstatutory cycles such as NEDC and WLTC,
requirements from direct customer operation wesdyaed and integrated using the 3D methodology from
the Institute of Automotive Engineering (IAE). [1]

Based on the requirements and functions, a systless implemented in the virtual development clagin
the first calculation tool. This makes it possitdeyenerate all possible powertrains from a ligi@fvertrain
components. This list of components can be extendedduced in line with the dynamic development of
concept-influencing components.

To identify the most suitable powertrain for eaehaf requirements, the key is to consider anduatalthe
entire solution space for possible powertrains. Qaer-aided synthesis makes it possible to anadyze
comprehensive range of possible powertrains anglidate them according to fundamental functiogalit

[2]

The most important powertrain components must lmeedsioned for the simulation, evaluation and
optimization of various hybrid powertrains. Theselude all installed energy converters and storasir
design reflects the requirements previously deedriand the hybrid functions to be realized. A key
component of hybridized powertrains is the comimunséingine. Unlike conventional powertrains, in hrigy
arrangement the power output of the combustionnengeed not necessarily equate to the total prizpuls
power required. The operating range of the combustingine and its required rated output are styongl
influenced by the powertrain architecture and thgrele of electrification. Various different engirersions

are derived from one base unit. Distinctions arelenbetween combustion engines according to engine
supercharging, variability of the valve gear arel¢dbmpression ratio. Thus, a range of specificudatfsrom

40 to over 90 kW/I can be achieved. [3]

Following dimensioning of the key components, theameterized vehicle can be simulated with eatheof
designed powertrains. A modular longitudinal dyrnesrsimulation environment for road performance and
consumption can be used for this purpose. Combiittdcost and dimensions models, all relevant déte
for subsequent evaluation are deduced, simulatédogged with data for each topology investigajétl.

Using the simulation data, it is possible to comeggae different topologies with each other. To #ad, they
are evaluated using weighted criteria, arrangedroavaluation scale and sorted in order of beSlfugnt.
For different requirements, vehicle segments oe coarkets, the most promising powertrain topologas
be defined and evaluated.

The key outcome of the virtual development chaira igariant-based powertrain design approach. The
program determines a selection of different powért that have been designed for the respective cor
markets or for defined technical functionalitiediire with the prevailing customer requirements.
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3 Vehicle parametersand requirements

Requirements are the basis for every developmengegirand define what customers, developers and the
company expect of a potential new product. Thetitate the benchmark for solution-finding and laesis

for the evaluation of solutions. To that end, adicessary requirements are captured at the steamt of
development project, using the data available. &@lzes then adapted, firmed up and expanded throtigho
the entire development process. Finally, referénceade to the data obtained in this way when atizig

the solution options generated. However, the requents for a development project may be diverse and
potentially lead to conflicting objectives.

In automotive powertrain development, the requingi:ieare determined from desired or required
characteristics and functions of the powertraireyrare not based exclusively on customer prefescace
manufacturer specifications; for individual trangpbey must also take account of society and lletis.
This project places the focus on road-performampesific criteria, the manufacturing costs of the

powertrain, environmental compatibility based onssions, as well as customers’ mobility requireraent
and habits.

The requirements can fundamentally be divided thtee categories. The first category comprises the
requirements of customers and society. The secategary can be deduced from operating limit

requirements. A third area constitutes the stajuaod dynamic requirements in the form of desigorayal
cycles. (cf. [4])
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Figure 2: Tractive power demand in various cycles

One example of dynamic requirements in the foryofes is the tractive power. Figure 2 on the rigitaws
the tractive power needed to drive through varesign approval cycles with a midsize vehicle. Twee
efficient the powertrain, the higher its correspoggower units output. For example, if a near-wieésctric
motor supplies 20 kW to the axle, that power igadly sufficient to cover more than 80% of most eycl
purely electrically. With 40 kW of tractive powe&yen more dynamic cycles such as the WLTC or am ext
urban cycle can be almost completed. Only high dhoarequirements that occur on freeways or an
undulating cycle like “Kasseler Berge” at a constbdD km/h demand more tractive power.

A similar assessment can be deduced for the tegmeiguirements and limit values for recuperati@mergy
recovery through regenerative braking. Hybrid vigsioffer the possibility to convert the kineticeegy that

is converted into heat by the brake disks on a eotienal vehicle into electrical energy with thecttic
motor in alternator mode. Depending on the hybride] its corresponding efficiency and the typetod
brake system, the output at the power unit maywed. In Figure 2 on the left, with a near-wheé&t@lator
output of 20 kW, approx. 80 % of the theoreticattigoverable energy can be used in most design agdpro
cycles. The high speeds on freeways and conseguietihigh braking performances call for a higher
alternator output. A balance needs to be struckdmt maximum possible regenerative deceleratian, th
charging power at the battery and the additionsisco
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4 Synthesis

The automated synthesis of new powertrain topofotfieaccommodate shifting framework conditions has
so far concentrated on a stringent and undividegggrflow, on individual components of the powdrirar

on parameter variation (cf. e.g. [5] [6] [7]). Assgm analysis of parallel or ramified energy flsush as
those predominantly used in hybrid powertrain systean therefore only be realized inadequately.

To enable the realization of an automated synthesiglectrified powertrains, first the “electrified
powertrain” system under consideration and itstinaire defined according to the state of the aitah
synthesis-related powertrain components and asgsmhte determined. The corresponding powertrain
components, their characteristics and functiomslitis well as their technology parameters and cesistic
values are assigned to the components. Each comipisriegged in a list of components with its “ling-
related” parameters — inputs and outputs. Hybridigstrain structures can be analyzed and synthesized
systematically and automatically by varying the bemand arrangement of these basic elements. @he su
example is the arbitrary positioning and variatdiransmissions and transmission ratios in varefierent
powertrain topologies in order to investigate tfieats on the ratio of efficiency to costs (Fig@e

The components for this are regarded as black baredsare reduced to their input and output. Two
components are then combined if the output paraméech as engine speed and torque interval) ®f on
component are compatible with the correspondingtipprameters of the other component.

Based on their respective compatibility, differeatnponents are linked to each other. Each podgikiag
is saved as a new solution variant and serveseastdinting point for the next step in synthesids pinocess
is continued until all link paths have reached aree, in other words a tank or a battery. Each piath that
extends from the driven wheels to a source thustitates a solution, in other words a possible ptraim

topology.

So that ramifying and converging power paths carebbézed, input-split elements and node elemernist m
additionally be defined in the list of compone{siode element may be a shaft that is driven bgtthe
combustion engine and by an electric motor. Fosgii# element, as well as the classic planetaay grain,
access e.g. by several electrical components (agchlectric motors) to one component (e.g. battery)
simultaneously must be approved and defined. Tikénlj of the components results in hybrid formsva

as in series, parallel and input-split powertrajpaiogies. (cf. Figure 3 and [2])
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Figure 3: Hybrid topologies
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5 Simulative dimensioning of components

A key component of hybridized powertrains is thenbastion engine. Unlike conventional powertrains, i

a hybrid arrangement the power output of the cotugngine need not necessarily equate to thé tota
propulsive power required. The operating rangehefdombustion engine and its required rated owtpaut
strongly influenced by the powertrain architectarel the degree of electrification [3]. To meet (zayek
specific requirements, it is shown in the followihgw a large number of engine versions can be eldriv
from one base unit. The base unit takes the forengdsoline engine with a displacement of 2,000amd?
four cylinders. A distinction is made between tlmmbustion engines investigated according to engine
supercharging, variability of the valve gear arel¢dbmpression ratio. Thus, a range of specificudatfsrom

30 to over 90 kW/I can be achieved. The versiongewssembled and computed simulatively by means of
one-dimensional charge cycle simulation. FKFS Ugln@er was used for predictive simulation of the
combustion process with modified engine parametersombination with a knock model, statements over
fuel consumption were made possible.

The derived engine versions were selected withew ¥0 evaluating the influence of measures to reduc
partial-load consumption or improve transient res@oin hybridized use. In addition to cost savifigm
the absence of actuators or supercharging unith (mtercooling), a reduction in application coséé also
be achieved. For this concept study the engineatiparmodes “catalyst heating” and “engine heatwepfe
not investigated.

Influence of compression ratio

The influence of the compression ratio on the ificy of the ideal Otto combustion cycle is deslinsing
the following formula:

Ntn = 1- k-1

Thus the higher the compression ratio, the higherthermal efficiency. However the compressiororati
cannot be increased indefinitely in the gasolingiren Because of the increased pressure and tetuggera
level in the combustion chamber at high compressitins, undesirable auto-ignition in the air/fogkture
can occur. This phenomenon is referred to as knbelavoid knock, the ignition timing can be adjaste
Retarding the ignition timing means that the bulkeat release by the combustion process occensHC.
The prevailing pressure level there is reducedumthe piston is now already moving downward arid-a
ignition of the mixture can be avoided. However raiag the ignition timing also shifts the center of
combustion, leading to reduced efficiency. Figurshdws the influence of the compression ratio @ th
efficiency of the gasoline engine. For the loachpshown with an effective mean pressure of 2 ibagn

be seen that efficiency rises along with compressaiio and a constant center of combustion. When
operating with an effective mean pressure of 18ibean be observed that the higher the compnesaitio

is, the more the center of combustion is retardld is the result of the changed ignition timiogotrevent
knock. Efficiency thus falls, despite the increasethpression ratio.
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Figure 4: Variation of compression ratio
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The choice of compression ratio depends very mucthe desired specific output for the engine. her t
subsequent investigations, compression ratios of 4fd 13 were used for the naturally aspiratedneng
versions, and these values were set at 11.7 arfdralte turbocharged versions.

Influence of valve gear variability

The gasoline engine’s operating process can bagiyranfluenced by the valve timing. Specificallyhen
operating at partial load, the amount of reside iip the cylinder can be varied by valve openivgrlap

at the intake and exhaust ends. Figure 5 showsallie timing set for a partial-load operating pah2,000
rpm with a mean effective pressure of 2 bar. Figushows on the left side the efficiency of theieador
different cam timings. The valve overlap of theak# and the exhaust valves (IV and EV), for 1 mimeva
lift, can be set from +25° CRK to -40 °CRK. Thesdve timing settings can be realized by means of ca
phasers (CP).
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Figure 5: Variation of cam phasing

The high valve overlap can produce an internatitegigas level of up to 26%, whereas in the negative
overlap the residual gas level reaches only ardt®d. The high residual gas level is attributablehi®
highly negative pressure gradient between the éngaid exhaust side. Along with a rising residuallgael,

the maximum temperature of combustion falls andsequoently also the thermal losses through the
combustion chamber walls. In addition, with risnegidual gas levels there must also be a riseeiptibssure
level at the intake end to ensure adequate cylifilleg with fresh air/fuel mixture. This leads teduced
gas exchange losses. The range of effective effigidue to cam phasing in this operating poineisveen
23.4 and 24.2%.

Another means of influencing the gas exchange igs® valve lift adjustment. This permits switching
between several different camshaft contours. Feistibsequent investigations, valve lift adjustnagrihe
intake end was used for the versions with speoifitputs of less than 75 kW/I. Lift adjustment (L#f)the
exhaust end was used for the versions with higheciic outputs. At the intake end, either verydon
(Atkinson) or very short (Miller) valve opening ji@ats can be realized to achieve dethrottling. Atékhaust
end, on the other hand, flow separation of the eghpulses can be achieved with opening periodsssf
than 180° CRK to ensure that the exhaust gas flpwir of the cylinders are not adversely influenced
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Influence of turbocharger

Various supercharging systems are used to vaigpibefic engine output. A distinction is made Haztwveen
normally aspirated (NA) and turbocharged (TC) systeNo additional charging unit is used for natyral
aspirated engines. The rated output therefore dispgmthe maximum air flow rate and the rated spEeel
versions with specific outputs greater than 50 kg turbocharging. In the turbocharger, the exigas
flow drives a turbine which in turn drives a mecicaity connected compressor that increases thatgleris
the air drawn in. This increased air density at ititake end means more oxygen is available for the
combustion process. The resulting increase in theuat of fuel permits increased performance from th
same displacement, see Figure 6. Two turbochaagengsed for the investigation presented. Thesger dif
respect of the geometrical dimensions of the terlbind compressor, resulting in a change in themmanxi

air mass flow rate.

27.5 220

25.0 200
g 22.5 / 180
£ 20.0 160
@ 3
a x
© 175 140 =
o o
2 15.0 120 3
"6’ o
S 125 _ 100 @
w P b
< 10.0 S 80 9
b 7 - BMEP NA i

/// > -
E 7.5 " g —— BMEP TC1 60
P 47 =T — BMEP TC2
= 5.0 27T ——— Power NA 40
/4/,,’ ———Power TC1
2.5 4%~ 20
0.0 0
1000 2000 3000 4000 5000 6000

Engine speed [1/min]

Figure 6: Variation of supercharging

6 Adaptivesimulation

Synthesis creates a large number of powertrainsatieasimulated in a subsequent step. Automatedfea

of the synthesis data to the simulation modeldagic requirement. This automatism on the one bands

a relatively large time saving, because it is netessary to create a new model for every syntliesize
topology. On the other hand the virtual developnofiatin can also be applied in simulation by deveiept
engineers who do not possess prior knowledge.

A components library forms the basis of adaptiveusation. All possible assemblies, components disun
of a powertrain are stored there in the form oisfied “building blocks.” For the combustion engitiesy
comprise the efficiency maps described above. Hmeesapplies to the various types of electric motors
Depending on application, finished transmissionghwiorresponding gearshift maps or individual
transmission speeds with scalable parameters caaMeel. The gearshift maps or parameters can Ipéegida
based on the necessary spread, derived from thénsit and the maximum speed as well as the efficy
map of the combustion engine.

EVS30 International Battery, Hybrid and Fuel Celldite Vehicle Symposium 8



Based on the synthesis data, the adaptive simnlatitirely automatically generates a MATLAB Similin
model of the current powertrain topology. Only telements currently required are loaded from the
components library for that purpose. The totalityhe activated components constitutes the povesy &f

the topologies generated. The corresponding conmieiaee dimensioned via parameters and the model fo
the subsequent simulation is saved. This procespeated until all topologies generated by symhesve
been considered.

Subsequently three different topologies with thmealectric power but with different ICE versionslaa
variation of power were simulated. Figure 7 displdite simulation results for a power-split hybrid
powertrain with a naturally aspired engine with l0&. The top plot shows the elevation profile of the
“Kasseler Berge” cycle. The constant vehicle spmeat the complete cycle is 140 km/h. This cycle ban
used to determine the requirements for hybrid ptaieis. Due to the high vehicle speed the powepudut
of the powertrain is in a high range. In additientbat the elevation profile leads to high recupena
potentials. The cycle is driven SoC-neutrally, ihey words the charge level of the battery aftesinly the
cycle is the same as before driving the cycle. midtdle segment of Figure 7 shows the efficiencyhaf
powertrain components. The blue and green arepkagithe efficiencies of the electric machine fartaor
(blue) and generator (green) operation. The effjef the combustion engine is shown in (black}gbrid
mode and (grey) for combustion engine only.
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Figure 7: Simulation results of a Power-Split Hybrid
The bottom part of the plot displays the resultspgeeds and torques of the combustion engine. [or th
periods where the combustion engine is runnindpyoeid control unit sets the operating point tmenplete

dethrottled area to ensure high efficiencies. Tetnigh power demands the engine is also set fedk
power at around 6000 1/min.
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7 Automated evaluation

The objective in evaluating the powertrain is afsw@hd easy evaluation of the characteristics off ne
powertrain topologies. For a finite quantity of w@ns with the same information content, common
evaluation criteria need to be defined. As wethascriteria cluster of efficiency, road performarnd costs,
the powertrains’ comfort is evaluated.

Uniformly classifiable and comparable values oingg are applied to the evaluation criteria. Thisghting

of the criteria can be carried out for specific kegs and based on expert knowledge (Figure 8).alor
versions considered, all ratings are then totalée. highest figure accordingly represents the balsttion
and the lowest figure the poorest solution. Thisksathe solutions in order, reflecting the so-chliegree

of fulfillment. The outcome is a robust concept iden for the powertrain being sought. The selected
powertrain is the one that best meets the requinesvad customer preferences.

The evaluation process is demonstrated by a bxaahple. Table 1 shows the simulated fuel consumgtio
for the three different hybrid architectures witivele different combustion engines. For the powét-sp
powertrain the natural aspired engine shows amageeconsumption of 8.77 1/100 km while running (R).
The consumption for the whole cycle is 5.95 /100 (C).

The overall results for the cycle “Kasseler Berd® km/h” with the investigated vehicle show the ésiv
fuel consumption for a parallel-hybrid with a maoaker turbocharged engine. The introduced approach ca
be used for further investigations, especiallyuidran driving cycles.

Fuel
consumption | CE with 95 kW I CE with 130 kW | CE with 185 kW
[1/7200 km]
8,77 14,47 14,95 H
Power Split
5,95 6,88 6,95 C
Series 12,84 17,79 19,99 R
Hybrld 6,07 6,01 6,07 C
Parallel 9,91 16,40 17,73 :

Table 1: Simulated fuel consumption for "Kasselerd& 140 km/h"

The simulated results from Table 1 are graded dawgto their values under the tab "EfficiencyFigure 8.
A lower consumption is better evaluated and is $ggimer in the diagram while high consumption &celd
deeper.

The same procedure is repeated for the "Comfobt" keere, the ratio of ICE speed and vehicle spsed i
evaluated as an example. The vehicle speed isathe for all engine and topology combinations oter t
cycle: 140 km/h. The highest average ICM speed shiwe series hybrid with about 4000 rpm and gets
therefore the lowest grade. Power split and pdrailbrids have a lower and therefore more comfdetab
engine speed profile.

Under "Performance”, for example the system gradexther the vehicle can travel through the cyclidawi
or without electrical assistance. This is possibleall engine topology variations except for the IOV
aggregate.

Finally, the drive train benefit is compared wikte tdrive train costs (Figure 8 on the right). lis #txample
scenario the parallel hybrid with the 130 kW ICEulebbe the recommended powertrain configuration.
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