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Dear readers,
A primary objective for future mobility 
solutions is to reduce CO2, NOx and par-
ticulate matter emissions to meet global 
climate targets. This issue of SPECTRUM 
shows the wide range of solutions for both 
conventional powertrains and new fuels, 
as well as partially electrified powertrains 
and transmissions, which all offer areas for 
improvement. When it comes to electric 
powertrains, increasing the range plays a 
major role in meeting these global targets.

The first chapter of this issue is dedicated 
to electrified transmissions. We identify 
solutions that meet our customer’s most 
diverse requirements – for example re-
garding component size, performance 
and costs.

Another focus of this SPECTRUM is on the 
potential and suitable fields of application 
for fuel cell range extenders and e-fuel 
solutions that can further reduce pollutant 
emissions. We also provide insights into 
the thermal management of electrified 
vehicles, a solution that can increase the 
vehicle’s range.

In addition, with the FEV Ecobrid, we 
present a partially electrified develop-
ment for diesel engines which achieves 
impressively low fuel consumption with 
increased performance.

We hope this issue offers you the insights 
needed to be successful and you enjoy 
reading it. To stay up-to-date on FEV 
news and for additional information, visit  
www.fev.com. 

Dr.-Ing. Ernst Scheid
Executive Vice President  

of FEV Europe GmbH 
Chairman of the Executive Board 

of FEV Asia GmbH
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01 TRANSMISSION AND PROCESS SOLUTIONS FOR ELECTRIFIED POWERTRAINS 

ELECTRIC DRIVE UNITS

OPTIMIZED ELECTROMOTIVE TRANSMISSION 
SOLUTIONS FOR VARIOUS APPLICATIONS  
BY FEV 
Battery electric vehicles (BEVs) will play a major role in achieving future vehicle fleet targets for emissions such as 
CO2, NOx, and particulate matter. Especially in big cities, these vehicles may contribute significantly to keeping the 
air clean. Hybrid electric vehicles (HEVs) will also do their part in major cities, provided drivers charge their batter-
ies via the power grid and not using the internal combustion engine. FEV has already developed transmissions for 
passenger cars and light commercial vehicles configured as BEVs as well as HEVs.
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ELECTRIC DRIVE UNITS
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Transmissions for battery elec-
tric vehicles are becoming 
more complex as the demands 
placed on them increase. The 

maximum driving speed attainable using 
the battery is rising continuously while 
demands on starting performance re-
main constant. These conflicting goals 
can be solved using high-speed electric 
engines or two-speed transmissions, but 
experience shows 
that such trans-
missions need to 
be power-shifting. 
Besides recupera-
tion, there is a new 
requirement to have 
a neutral feature for 
disconnecting the 
electric engine from 
the drive wheels. 
Particularly at high 
revolutions and with 
P4 hybrids, the drag 
torque of perpetually energized electric 
engines has a noticeably negative effect. 
In other applications, the parking lock 
switches from the transmission to the 
vehicle braking system. Highly demand-
ing vehicle installation spaces require 
coaxial construction of the electric drive. 
The product developer’s task is to limit 
this complexity and the rising product 
costs associated with it to an absolute 
minimum. It helps significantly to adopt 
subsystems from transmissions used in 
conventional powertrains. FEV takes this 
approach.

In addition to the one-speed transmis-
sions already in production for BEVs and 
P4-HEVs, FEV also develops power-shift-
ing, two-speed systems. Figure 1 shows a 
first-generation drive unit with a continu-
ous output of 70 kW as well as a peak out-
put of 90 kW using a 400-volt battery. The 
transmission was developed in-house by 
FEV. Our development partner, YASA, sup-
plied the P400S electric engine, and the 
inverter was manufactured by SEVCON. 
Alternatively, the setup can make use of 
FEV’s own electric engine and inverter. 
The component that limits the torque 
is the mass-produced dry dual clutch. 
The corresponding electromechanical 

actuator also comes 
from mass-pro-
duced dual clutch 
transmissions for 
the powertrains of 
purely internal com-
bustion engines. 
Using these com-
mercially available 
subsystems makes 

development short and efficient, enabling 
market launch to take place quickly. The 
rotational speed at which the clutches 
rupture and their torque capacity, how-
ever, limit the applicability to the ranges 
indicated. The demand for higher driving 
performance is leading to a new solu-
tion, as illustrated in Figure 2. A planetary 
transmission with a Ravigneaux gear set 
is used to allow the electric engine to ro-
tate at higher speeds and provide higher 
torque. These transmissions are quite 
common, with correspond-
ing production facilities 
and equipment already 

available. In connection with this simple, 
reduced clutch transmission, two brakes 
are sufficient for generating two speeds. 
The exclusive use of brakes was an impor 
tant criterion in selecting a design be-
cause, unlike ordinary clutches, they 
avoid the use of rotary transmission feed-
throughs or slave cylinders to engage the 
gears, making them significantly more 
economical. Figure 2 also shows the oil 

pump and heat exchang-
er, which not only 

 THE PRODUCT 
DEVELOPER'S TASK 
IS TO LIMIT THE 
COMPLEXITY AND 
THE RISING PRO-
DUCT COSTS ASSO-
CIATED WITH IT TO 
AN ABSOLUTE 
MINIMUM Fig. 1: BEV drive unit with power-shifting, 2-speed dual-clutch 

transmission for up to 300 Nm

Fig. 2: BEV drive unit 
with power-shifting, 
2-speed planetary 
transmission for up 
to 600 Nm 
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aid the gears but also help cool both the 
electric engine’s stator and the inverter. 
The electric engine with a built-in inverter 
belongs to a new generation of prod-
ucts developed by our partner YASA. The 
compact axial flow electric engine is also 
suitable for vehicles that have a narrow 
track width, such as relatively small con-
struction vehicles and municipal fleets.

On the way to the large-scale introduction 
of battery electric vehicle powertrains, 
hybrid drive system technology is crucial 
to bridging the gap. The section below 
introduces two solutions offered by FEV 
for transversely mounted engines.

Transmissions for P2 and 
Combined Hybrids

The P2 hybrid transmission (parallel hy-
brid) illustrated in Figure 3 expands FEV’s 
dual-clutch transmission kit to include 
variations for input torques of 150, 250, 
and 350 Nm for the transverse engine. 
Every transmission uses wet dual clutches 
and exclusively needs-based actuators. 
For full hybrids, a power-on-demand actu-
ator is the most important prerequisite for 

Fig. 3: P2 hybrid expanding on FEV’s family of dual-clutch transmissions

operating the transmission independently 
of the internal combustion engine. FEV’s 
experience shows that the P2 hybrid with 
its numerous functions represents a very 
good solution. The model shown here, 
based on the 350-Nm version of our du-
al-clutch transmission kit, also makes 
use of transmission 
subcomponents 
readily available 
on the market. The 
electric engine being 
used delivers 50 kW 
of continuous pow-
er, plus 100 kW for a 
maximum duration 
of 30 seconds. The 
length of the trans-
mission, extremely important for a trans-
verse engine, is 440 mm. For a six-speed 
version, the length can be reduced to 415 
mm. Six speeds are sufficient for most 
vehicles because the torque of the elec-
tric engine is essentially available from a 
standstill, enabling selected gear ratios 
to be higher. However, even a six-speed 
version is not a solution for vehicles with 

ON THE WAY TO THE LARGE-
SCALE INTRODUCTION OF 
BATTERY ELECTRIC VEHICLE 
POWERTRAINS, HYBRID DRIVE 
SYSTEM TECHNOLOGY IS 
CRUCIAL TO BRIDGING THE 
GAP

OIL RESERVOIR

MOTOR PUMP

ACTUATOR
P2.5 – NEUTRAL – P3

SHAFT OF SHIFTER-SYSTEM
P2.5 – NEUTRAL – P3

HEAT EXCHANGER

CHAIN DRIVE OF  
ELECTRIC MACHINE

COOLING ELECTRIC MACHINE
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ELECTRIC DRIVE UNITS

extremely tight installation space. That 
is why FEV has devised another concept 
that combines the advantages of a P2.5 
and a P3 hybrid. These types of hybrids 
have an electric engine mounted parallel 
to the electric engine, a big advantage for 
the package (Fig. 
4). With a P2.5 hy-
brid, the electric 
engine is coupled 
with one of the du-
al-clutch subtrans-
missions, but it has 
the disadvantage 
that the rotor’s in-
ertia needs to be 
synced up by the 
gear synchroniz-
ers during shifting. 
The electric engine 
must be active-
ly synchronized 
each time the cor-

responding subtransmission shifts gears. 
To avoid that, on this kind of hybrid, the 
electric engine can be disconnected from 
the subtransmission and connected to the 
transmission output as a P3 hybrid. This 
takes place by way of an additional gear 

shaft with a shifting 
mechanism. Com-
pared to the P2 hy-
brid, this combined 
P2.5/P3 hybrid, with 
total torque of 350 
Nm, is 50 mm short-
er that a six-speed, 
P2 hybrid.

 FOR FULL HY- 
BRIDS, A POW-
ER-ON-DEMAND 
ACTUATOR IS THE 
MOST IMPORTANT 
PREREQUISITE FOR 
OPERATING THE 
TRANSMISSION 
INDEPENDENTLY 
OF THE INTERNAL 
COMBUSTION 
ENGINE

Fig. 4: Combined P2.5/P3 hybrid  
(also feasible as 48 V version)

By:
Dr. Ingo Steinberg 

steinberg@fev.com 

Dr. Gereon Hellenbroich
hellenbroich@fev.com
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BENCHMARKING

CUSTOM-MADE FEV BENCHMARKING  
NOW MINIMIZES COSTS EVEN FOR  
HYBRID TRANSMISSIONS
FEV continues to maintain a global leadership position in benchmarking of transmissions.  In the early years FEV’s 
transmission benchmarking was focused on 5-6 speed planetary automatic transmissions and first generation dual 
clutch transmissions. In 2004, FEV added hybrid transmissions to its benchmarking portfolio. With such transmis-
sions, the propulsion sources were no longer exclusively in front of the transmission, but also incorporated within the 
transmission – a factor that made novel approaches to the determination of efficiency necessary. With the growing 
number of conventional and hybrid benchmark projects that encompassed all variants available globally, the results 
of these projects were used to define FEV scatterbands, representing the state-of-the-art for metrics such as spin 
losses and loaded efficiency. In 2008, FEV created a standardized level-based benchmarking structure that was 
enhanced over subsequent years. Over the years, FEV has developed universal transmission control units (UTCU) 
to enable operation of complex transmissions on test rigs. More than a decade ago, FEV equipped its transmission 
and powertrain test cells with battery emulation systems and since 2017, FEV has added capabilities to bypass the 
OEM inverter controls and directly drive electric motors benchmarking hybrid transmissions and electric driveline 
components. Where necessary, FEV has capabilities to reverse engineer OEM hybrid/EV controllers to test the elec-
tric machines and gain insight into the efficiency of the power electronics.  In 2018, the standardized transmission 
benchmark series was updated to cover conventional, hybrid, and electric powertrains enabling customers to 
evaluate items such as shift quality, strategy, and efficiency-level data on transmissions new to the market in a 
cost-efficient manner. 

01 TRANSMISSION AND PROCESS SOLUTIONS FOR ELECTRIFIED POWERTRAINS 
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The presence of electric machines in hybrid transmis-
sions necessitates development of new methods for 
benchmarking such transmissions.  Regardless of the 
hybrid transmission type (e.g., parallel vs. power-split) 

or the architecture (e.g., P0 – P4) and number of electric machines 
in the drivetrain, various strategies to define representative test 
points must be taken into consideration. Thus, the test point 
definition moves away from conventional items such as load, 
input speed, and gear ratio and shifts toward the consideration 
of various power flow strategies. Accordingly, not only are the 
efficiencies of the various gears compared, but there is also an 
assessment of the hybrid operating strategy related to specific 
driving maneuvers, e.g., EV mode, power-splitting, load point 
shifting, generator mode, recharging strategies, and the selection 
criteria in the use of specific modes. 
Of utmost importance for the gain in overall efficiency using the 
electric components is energy regeneration which, in the FEV 
benchmarking process, is assessed with regard to the utilization 
of the kinetic energy potential and the proportion of regenerated 
energy – in relation to the overall cost. 
From a drivability perspective, additional focus has been added 
on understanding the use of electric machines for automatic 
engine starts, launch behavior enhancement, and shift quality 
improvement, bearing in mind the influence of items such as 
SOC of the HV battery.  
At the component level, the thermal management strategy and 
its impact on performance and drivability, are also assessed. A 
general consideration of the system with regard to efficiency, 
costs, performance, NVH, and drivability form the overall im-
pression of a vehicle to the customer. Overall, FEV has operating 
data from testing on approximately 70 different conventional 
transmissions and upwards of 40 hybrid/EV variants. This data 
is stored centrally in a database and is available for the creation 
of FEV scatterbands that allow for specific comparisons.

Standardization of the  
Benchmarking Program

FEV offers a level-based benchmarking process to our customers. 
As an example, Level 0 is related to creation of “features and 
specification” documents where relevant information is gath-
ered from publications and distilled to align with the focus of 
specific customers.  These documents typically include research 
on components/subcomponents and highlight their influence 
on the system performance.
In “Level 1” a basic level of standardized instrumentation is 
included to provide a cost-effective vehicle assessment in a 
relatively short time, focusing on high-level attributes such 
as fuel consumption during legislative and real-world cycles, 
performance, and shift quality. In “Level 2” the instrumentation 
from Level 1 is enhanced to include more details such that 
customer-specific areas of focus can be addressed. Examples 
of details in Level 2 include vehicle-level loss analysis, energy 
management, and overall operating strategies under a variety 
of driving maneuvers.  The use of personnel with long-term  

BENChmARkINg



10

experience in such measurements is 
critical to ensuring that the right level of 
detail can be included in the instrumen-
tation plan so that results with appro-
priate level of accuracy can be obtained.  
The information obtained in Level 2 can 
be compared to relevant scatterbands 
from FEV’s database so that appropriate 
conclusions can be drawn. With an ex-
tensively instrumented and debugged 
vehicle, additional analysis and research 
studies can be conducted focused on un-
derstanding and solving certain problems 

aimed at improving the drivability, refine-
ment, and minimizing fuel consumption 
of the vehicle.  Such results and studies 
can also be tailored to customer-specific 
requirements to support activities such as 
modeling and target setting.
In “Level 3” FEV focuses on compo-
nent-level evaluations.  Such tests can 
be at the transmission or electric motor 
levels on corresponding test rigs, but 
can also include sub-systems such as 
oil pumps. Further, the component-level 
investigations can include “strip-friction” 

Fig. 1: FEV Benchmark Program

type measurements where the contribu-
tion of individual sub-components are 
documented relative to the overall system 
quantifying their share of the overall par-
asitic losses. All the information gathered 
in Level 2 is utilized to ensure that the 
component-level tests are conducted 
with  vehicle-representative control strat-
egies and boundary conditions (such as 
temperature, system pressures, etc.) to 
provide the most representative mea-
surement results. As market innovations 
happen, FEV’s benchmarking processes 

Level 0
Market Analysis

Level 1
Vehicle Screening

Level 2
System Analysis 

Level 3
Component Level 

(Hybrid-)Transmission Benchmark

Fig. 2: History of transmission benchmark at FEV  

INNOVATIVE. FLEXIBLE. STANDARDIZED.

Content Time Schedule

Market Review
Collection of Public Available Information
Assessment of key vehicle specifications and targets

<1 week

Vehicle Screening
Low effort measurement campaign:
Legislation and real life cycles; performance, shift quality

3 weeks

System Analysis
High effort, specified instrumentation 
Efficiency, energy flows, system strategy, special conditions

8–18 months

Component Level Benchmark 
Target components measured on dedicated test benches 1–12 months

2002 2008 20142004 2010 20162006 2012 2018

Introduction  
Benchmark Series

Implementing  
Hybrid Powertrain Test Bench

Development / Introduction UTCU

Standardized Benchmark Programs

Hybrid Transmission Benchmarking

Transmission Benchmarking
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continuously evolve to develop appropri-
ate techniques and methodologies. As an 
example, FEV has developed component 
test benches with capabilities to drive 
electromechanical actuators with our 
own BLDC motor control units, so that 
clutch and shift controls can be evaluated. 
FEV is able to align our standardized 
benchmarking process and test proto-
cols to meet our customers’ goals with 
maximized efficiency in a cost-effective 
manner.  

Innovations in 
External Transmission 
Measurement – UTCU

With the increasing interconnectedness of 
powertrain components, it has become 
significantly harder to operate transmis-
sions in isolation on component test 
benches. Vehicle immobilizers, complex 
counters, and the rise of encrypted and/
or exclusive communication bus systems 
have complicated or suppressed the use 
of the simple CAN bus. The workaround 
of using cable harness extensions and 
restbus, sensor, and actuator simulations 
to “trick” the TCU into thinking it is in the 
vehicle, is disproportionately time-con-
suming and expensive – and, does not 
always achieve the intended objective. To 
combat this challenge, FEV has continued 
to develop innovative approaches.  As an 
example, beginning in 2014 FEV devel-
oped a new overall process that ensures 
that the transmission on the test bench 
experiences exactly the same conditions 
and controls as in the vehicle. Part of this 
process is the development of the UTCU 
(Universal Transmission Control Unit).
Its core is a rapid prototyping control 
unit, to which an electronic module 
was added for issuing control signals. 
In some ways, the UTCU takes the place 
of the original TCU and completely 
replicates its control signals. CAN 
bus communication with the 
test bench can enable auto-
mated 24/7 operation on our 
test benches, so that a mea-
surement with several thousand 
load and rotational speed points 
can be completed in the most 
time and cost-efficient manner. The 

Specialized 
Instrumentation

Another pillar of FEV’s global benchmark-
ing expertise is the creativity to develop 
and use specialized instrumentation to 
meet specific project goals. FEV routinely 
employs torque sensors at various points 
in the driveline, e.g., flexplates, driveshafts, 
in addition to pressure measurements 
in clutch circuits, non-intrusive solenoid 
monitoring sensors (to avoid controller 

UTCU has modular software in which 
the controls for almost all transmission 
types can be stored. The UTCU can be 
utilized either as the sole control unit or 
also as a subordinate actuator within a 
given drivetrain.
The modular approach allows not only 
the operation of classic solenoid actuator 
systems with PWM and associated carrier 
frequencies, but also that of BLDC actu-
ator systems, which are used in modern 
transmissions. 
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---- Special measurement technology
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BENCHMARKING

01 TRANSMISSION AND PROCESS SOLUTIONS FOR ELECTRIFIED POWERTRAINS 

faults), and 3-phase power measurements 
in relevant portions of electrified drive-
trains. Since standard instrumentation 
calibration approaches don’t always of-
fer the required measurement precision, 
where relevant, FEV uses calibration pro-
cesses that take load and temperature 
dependency into account, and minimize 
uncertainties in the measurement chain to 
prevent implausible measurement results.  

FEV defines a set of transducers that is 
consistent with the goals of a given pro- 
ject and associated measurement situ-
ations. In addition to the use of suitable 

data acquisition tools, the measurement 
data is processed to yield the required 
information depending on the required 
measurement scenario, online or via 
post-processing. The application of this 
determination process guarantees the 
use of a measurement setup that fully 
meets the precision requirements while 
avoiding unnecessary, expensive preci-
sion measurement technology that may 
not be absolutely necessary for achieving 
the defined precision required for a given 
project. 

FEV Benchmark Series

In 2018, FEV will implement a standard-
ized transmission benchmark series 

in which conventional automated 
transmissions as well as CVT and 

hybrid or DHT transmissions will 
be examined. The goal is to de-
termine the efficiency and drag 

losses (under appropriate bound-
ary conditions), operating strategy, 



shift quality and evaluation of unique 
and special characteristics/features (as 
appropriate). FEV is working to convert 
the detailed benchmarking services for 
advanced transmissions to standard-
ized work plans, with the goal of offering 
our customers significant added value 
compared to conventional transmission 
benchmarking for a moderate additional 
price.  
The program includes vehicle and test 
bench based measurements. For vehicle 
measurements, the shift quality is de-
termined objectively and a tool-based 
measurement of the shift strategy is 
performed. In addition, the information 
required to optimize the UTCU is entered 
automatically to enable operations for 
test bench measurements relating to drag 
torque and loaded efficiency. The results 
are presented on an absolute basis as well 
as in the context of scatterbands from 
FEV’s global database.  

By: 
Bernd Stolze

stolze@fev.com

Glenn Haverkort
haverkort@fev.com

Fig. 4: V-P2: Vehicle Instrumentation 
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CALIBRATION

HOLISTIC CALIBRATION: 
FEV OFFERS COST BENEFITS BY SOLUTIONS 
FROM A SINGLE SOURCE
As the technical complexity of modern electrified powertrains is increasing significantly, the effort for systems engi-
neering, function development, system calibration, and system validation will increase. For the specification of the 
system requirement FEV has developed a structured approach of system analysis and controller design that helps 
to identify system requirement parameters and reduces the time and associated costs for function development 
and calibration.

HYBRID & 
POWERTRAIN 

CONCEPTS

CONTROL SYSTEM
& SOFTWARE  

DEVELOPMENT

BENCHMARK 
& TARGET 

SETTING

DEDICATED 
ENGINE DEVELOPMENT 

FOR HYBRID

E-MOTOR AND 
INVERTER  

DEVELOPMENT

DEDICATED HYBRID 
TRANSMISSION
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The powertrain calibration engineer must have deep 
systems knowledge to be able to calibrate modern 
electrified propulsion systems. FEV has qualified re-
sources to develop and calibrate these kinds of modern 

powertrains with over 1,000 experts possessing “e”-powertrain 
know-how & the mindset to work in interdisciplinary teams to 
bring these “e”-powertrain to the streets. All powertrain appli-
cation activities are integrated within FEV's vehicle application 
centers, in which all vehicle-related activities and departments 
work together.

Effective Transmission Calibration 
Process, Tools and Methods

The complexity of modern control units, the increasing diversity 
of powertrain applications and the need for shortened devel-
opment cycles require novel approaches towards powertrain 
calibration. A model-based calibration process to transfer major 
parts of the calibration activities from the vehicle to the calibra-
tor’s desktop is an answer to these contemporary challenges. 

Against this background FEV has developed tools and processes 
for efficient powertrain calibration. Typical tools and processes 
that are used by FEV in the field of transmission calibration are:

 � For efficient driving mode calibration FEV developed 
the TOPEXPERT Transmission Calibration Expert toolset 
(TraCE). This calibration tool is used for calibrating 
accelerator pedal maps, shift lines, variograms, driving 
resistance and e-powertrain functions such as load-point 
shifting, boost, sailing and regeneration operation. This 
model-based calibration tool reduces the required time 
for transmission control function calibration significantly 
and increases the calibration robustness.
 �To increase the vehicle testing and calibration 
efficiency, FEV has developed the TOPEXPERT Vehicle 
Test Automator (VTA), a unique solution that’s able to 
transfer the automation approaches from the test bed 
environment to vehicle calibration.  
 �A requirement-based parameter management system 
is used for effective handling of calibration datasets in 
projects with numerous vehicle variants. This tool is 
based on physical system dependencies. Depending on 
these physical dependencies the transmission control 
unit (TCU) parameters are assigned to powertrain 
components. If a calibration parameter that is assigned 
to a component needs to be changed the change will 
be valid for all vehicle variants which are assigned to 
this particular component. At every calibration release 
the calibration maturity will be compared to the agreed 
program targets.
 � FEVcal makes the powerful Design of Experiment (DoE) 
technique easily applicable for a calibration engineer. 
The state-of-the-art global modeling techniques based 
on Gaussian processes have been adapted to also 
address the specific characteristics of transmission and 
powertrain modeling. 

CALIBRATION

REQUIREMENT  
SPECIFICATION & SUPPLIER  
MANAGEMENT

HYBRID  
CALIBRATION 
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& VEHICLE 
VALIDATION

PACKAGING 
&VEHICLE 
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DEVELOPMENT



Transmission Calibration Process

The combination of above mentioned processes and tools allows 
FEV to deliver a high quality dataset for all possible applications 
and variants. FEV has the experience from numerous projects with 
AT, CVT, AMT, DCT, modular hybrid, DHT and EDU transmissions 
to handle multi-variant production transmission calibration 
projects. Therefore, FEV has developed an in-house calibration 
process that allows a secure and reliable project management. 
Main features of the calibration process are:

 �Clear change management of calibration parameters 
based on a web server to enable project traceability and 
risk management that’s completely transparent to our 
clients.
 �Defined maturity levels for datasets to track the actual 
status of calibration level of TCU functionality and the 
overall calibration.
 �Easy adaptation to customers processes to support the 
needs of different customers. 
 �With this level of organization FEV has the capability to 
take over production calibration projects with turnkey 
responsibility including project management, supplier 
handling, homologation support and after production 
assistance.

Transmission Calibration by Design of 
Experience

One of the developed methods for efficient shift quality calibra-
tion is based on the Design of Experiment approach (DoE). Shift 
quality calibration means, regulating the clutch torque capacity 
control and engine control parameters to ensure a comfortable 
shifting behavior in every driving situation with respect to the 
customer-defined requirements. The DoE approach is used 
to predict the shift quality of the system, based on calibration 
parameters. The shift quality is characterized by various objec-
tive physical metrics from FEV’s objectification toolbox (FEVos). 
Examples of such metrics are the Vibration Dose Value (VDV) and 
the Low Frequency Percentage (LFP). The clustered calibration 
parameters, which form the input for the creation of DoE mea-
surement plans and for the DoE model in the TOPEXPERT Tool 
FEVcal, are restricted within certain boundaries in the operating 

range of the system. These calibration parameters are then 
optimized based on the DoE model outputs which describe the 
shift quality objective ratings. 
Finally, the optimized calibration parameters are tested at the 
vehicle level to validate the results of the shift quality calibration 
with subjective and objective ratings. 
For several production applications FEV has optimized “problem 
areas” using the DOE method. An example of results from a 
6-speed production automatic transmission calibration program 
is shown below. 

In this example the shift quality improvement was also con-
firmed via subjective evaluation by an experienced calibration 
engineer. The calibration test runs are performed by the TOP-
EXPERT VTA tool.

Vehicle Test Automator for Efficient 
Transmission Calibration

To increase the vehicle testing and calibration efficiency, FEV 
has developed the TOPEXPERT Vehicle Test Automator (VTA), a 
unique solution to be able to transfer automation approaches 
from the test bed environment to vehicle calibration. It allows 
the calibration engineer to plan experiments at the desk using a 
comfortable graphical workflow editor. With libraries of calibra-
tion-specific blocks and the open environment for custom eval-
uation algorithms, VTA provides a platform to easily document, 
transfer and standardize calibration expertise. On this basis the 
use of model-based calibration approaches can be expanded 
to vehicle calibration. The generated test descriptions can be 
executed in the vehicle, either guiding the calibration engineer 
through the maneuvers or completely taking over vehicle control 
and to collect appropriate data in a structured way.
 
For transmission calibration and validation FEV has developed 
rating sheet workflows which will guide the driver through the 
maneuvers. After the VTA run is started the calibration engineer 
will be guided by the tool through graphical interfaces. The cal-
ibration engineer can monitor the important signals and will be 
guided through the defined set of maneuvers. If the maneuver 
is driven successfully VTA will save the recording. The recording 
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will only be saved when all pre-defined 
boundary conditions are fulfilled (e.g., 
vehicle has to be stationary, accelerator 
pedal position within a bandwidth, air 
conditioning must be switched off, engine 
must be running, etc.), otherwise the re-
cording will be rejected and the tool will 
ask the driver to repeat the maneuver. Ac-
cordingly, the tool collects data from only 
those maneuvers which are performed 
in a right way which makes offline anal-
ysis and dataset improvements highly 
efficient. At the end of the procedure the 
tool will request the calibration engineer 
to provide a subjective rating value to 
the maneuver. All important data will be 
stored in the measurement file comment 
or the measurement file name to make 
the documentation complete. 

Drivability Improvements 
With Electrified Powertrain

To be able to use the advantages of mod-
ern electrified powertrains with increasing 
technical complexity the engineer will be 
challenged to find smart solutions. FEV 

has experienced system engineers to de-
velop electrified powertrain concepts and 
use the advantages of these systems. For 
example, a dedicated hybrid transmission 
in combination with a P4 system can im-
prove the shift quality by providing torque 
support during the shift by the electric 
machine in the transmission and by the 
electric machine at the rear axle. At the 
inertia phase of the shift the belt starter 
generator (BSG) can regenerate energy by 
compensating the internal combustion 
engine (ICE) inertia torque. To achieve the 
optimum shift quality all the sub-systems 
needs to be controlled and calibrated by 
considering the whole system. 
 To be able to calibrate these modern 
electrified powertrains FEV has developed 
an efficient calibration process in combi-
nation with smart tools and methods to 
achieve optimum energy management, 
fuel economy, emissions, NVH, and driv-
ability.

By:
Glenn Haverkort

haverkort@fev.com

Bernd Stolze
stolze@fev.com
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02 RESEARCH AND DEVELOPMENT

FUEL CELLS

ADAPTIVE FUEL CELL RANGE EXTENDER  
ENABLES EMISSION REDUCTION OF BATTERY 
ELECTRIC COMMERCIAL VEHICLES
The transportation of goods, a key element of economic development, enables trade between producers, whole- 
salers, retailers and customers. However, for instance because of its emissions it causes global challenges that call for 
solutions. One adequate approach is the fuel cell range extender which is explained in more detail in the following.
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T ransport services will rise at even 
higher rates than the growth 
in population, especially due 
to increasing e-commerce, as 

seen in Figure 1. The growth of commer-
cial vehicles (CV) is also differentiated by 
specific markets. These trends are major 
obstacles to achieve the required reduc-
tion of global greenhouse gas emissions 
(GHG), a mandatory reduction to meet and 
keep the UN target limit of 2 °C in global 
warming. Local air 
pollution by trans-
portation in densely 
populated urban ar-
eas is another driver 
towards zero emis-
sion technologies. 
Therefore, battery 
electric commercial 
vehicle powertrains, 
preferably those in 
combination with regenerative production 
of the electric energy, are strongly pro-
moted. As stated by the United Nations, 
“electric drive vehicles […] need to rep-
resent 35 percent of global sales in 2030”.

In the light duty segment, e.g. postal and 
courier parcel distribution, the trans-
portation of goods by battery electric 
vehicles (BEV) has already become 
reality. Thistrend is expected to pene-
trate into the larger 
vehicle segments, 
reinforced by pro-
hibitive legislation 
in urban areas. Cur-
rently, the first field 
tests with battery 
electric medium 
and heavy duty 
trucks are ongo-
ing. Of course, this 
transition will only 
be possible if cost 
efficient coverage 
of daily changing transportation tasks 
is maintained. This requires flexibility, 
which may not allow a strict limitation 
in range due to battery size for larger 
vehicles. Shift operation is especially 
difficult to realize with a battery elec-
tric powertrain, as known from material 
handling applications.

Considering today’s battery electric 
passenger car market, the number of 
announced BEVs worldwide will amount 
to 300 vehicles in nearly all segments 
by 2025. While most of the currently 
available BEVs enable driving ranges 
of about 250 km, the next generation 
will be equipped with larger batteries 
with a range of more than 500 km. This 
range seems to be a good compromise 
between customer expectations, bat-

tery cost, volume 
and weight. For 
lithium-ion batter-
ies, energy related 
costs of roughly 100 
€/kWh and energy 
densities up to 300 
Wh/kg are expect-
ed. The range of the 
vehicle is defined 
by the battery size, 

energy consumption of the propulsion 
system, and the accessory loads of the 
low-voltage electrical systems. De-
pending on the equipment of the car, 
including electronic devices for safety 
and comfort reasons, the power con-
sumption can increase up to several kW 
peak power and an average power of 
about 500 W. For BEVs, auxiliaries such 
as heating or air-conditioning devices 
are powered by electric energy, which 

also reduce the real 
world driving range.
The energy con-
sumption for pro-
pulsion is strongly 
influenced by the 
weight of the ve-
hicle. Analyzing 
current vehicles in 
the NEDC driving cy-
cle, the power con-
sumption is roughly 
750 Wh per 100 kg 
weight and 100 km 

driving range. Using this simplified value, 
a 1.5 ton vehicle needs 60 kWh usable 
energy to achieve a NEDC range of 500 
km, as seen in Figure 3. This leads to 
a nominal energy contentof approx-
imately 65 kWh.The weight of such a 
battery pack will increase the vehicle 
weight by roughly 200 kg. To carry this  

 INSTEAD OF 
TODAY'S RANGE  
OF ABOUT 250 KM, 
THE NEXT GENERA-
TION OF BATTERIES 
FOR BEVS WILL 
MASTER RANGES 
OF MORE THAN  
500 KM

THE BATTERY 
CAPACITY AND THE 
FUEL CELL RANGE 
EXTENDER POWER 
CAN BE TAILORED 
FOR THE MAIN USE 
CASE
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additional weight, the battery size must 
be increased by 20 percent again, if it 
cannot be compensated by weight re-
duction of other vehicle components. 
Upcoming battery electric trucks pro-
vide a range between 100 and 200 km. 
Exemplary data from a distribution truck 
fleet in the Cologne-Aachen areaover a 
selected timeframe of 10 days, reveals 
that approximately 50 percent of all day 
trips are within the range of up to 120 km 
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Fig. 1: Growth of commercial vehicles and global population from 2005 to 2014
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(Figure 3). It can be noted that the pure 
electrically driven truck, which is part of 
the fleet, was used only for shorter trips.
In order to substitute conventionally 
powered vehicles in distribution truck 
fleets with BEVs, electric ranges higher 
than 200 km are needed. As an example, 
a commercial vehicle with a maximum 
gross vehicle weight of 7.5 tons or more 
and a range of 500 km is considered. 
The battery causes additional weight or 
loss of payload of more than 1 ton, and 
additional costs of more than 30.000 €, 
as seen in Figure 3.
In order to increase flexibility of these 
vehicles, fuel cell range extenders can be 
applied instead of increasing battery ca-
pacity. Proton-exchange membrane (PEM) 
fuel cells can be operated with hydrogen 
and the hydrogen tank can be refueled 
within a few minutes. During operation, 
only water is emitted.
The battery capacity and the fuel cell 
range extender power can be tailored 
for the main use case to reduce invest-
ment cost and total cost of ownership. The 
battery costs are dependent on the ca-
pacity and finally on 
the battery electric 
range. The fuel cell 
costs depend on 
the power demand, 
and in cases when 
it’s used as a range 
extender, costs de-
pends on the aver-
age power demand 
of the vehicle.
Because of that, 
applications for 
urban use and dis-
tribution tasks are 

suitable fuel cell range extender appli-
cations. Use cases such as a delivery 
vehicle, a distribution truck or a city 
bus have a low average power demand 
compared to required peak power due 
to many downtimes and lower average 
speeds. In addition, a light duty CV for 

the discussed use 
cases has a lower 
maximum speed 
requirement.
Currently, FEV is de-
veloping a scalable 
fuel cell system 
for its customer, 
ElringKlinger. The 
fuel cell system is 
equipped with an 
ElringKlinger NM se-
ries fuel cell stack.
The fuel cell stack 
and its system can 

 IN ORDER TO 
SUBSTITUTE CON-
VENTIONALLY 
POWERED VE-
HICLES IN DISTRI-
BUTION TRUCK 
FLEETS WITH BEVS, 
ELEVTRIC RANGES 
HIGHER THAN 200 
KM ARE NEEDED

Fig. 3: Battery mass for 200 and 500 km battery electric range for different  
applications
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be scaled for different CV applications 
between 5 to 100 kW of electric power. 
The fuel cell system can be adapted for 
different CV applications ranging from 
light duty commercial vehicles to trucks 
and busses.

By:
Marius Walters

walters@fev.com
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E-FUELS

ALMOST CO2-NEUTRAL 
MOBILITY BY OPTIMIZED 
E-FUELS MIX
Using power to x, synthetic fuels can be produced from hydrogen and 
carbon. Ideally, the hydrogen is produced by means of electrolysis using 
renewable electricity. CO2 taken from the atmosphere or organic matter 
should be the source of carbon. Using these kinds of fuels in internal 
combustion engines would achieve virtually CO2-neutral mobility [1,2]. 
Because of their optimized molecular structure, they also offer a means 
of reducing exhaust emissions. However, to achieve a quick reduction in 
the amount of CO2 emitted by the transportation sector, these alternative 
fuels would need to be compatible with the existing vehicle fleet and in-
frastructure. Oxymethylene ethers are incompatible with some materials, 
making fuels, methane and dimethyl ether gases only partially suitable. 
Fischer-Tropsch (FT) products are very similar to fossil fuels and can be 
added to them without any problems [3]. 
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Today’s FT processes are designed to yield as many long-chain, saturated 
hydrocarbons as possible. Alkanes and alkenes with medium-length chains 
could also be obtained using a high-temperature Fischer-Tropsch (HTFT) 
process. Adding a hydroformylation process to the end of production makes 

it possible to create new types of composite fuels (alkane/alcohol mixtures) using ro-
bust and easy-to-control technologies. Before a synthesizing plant begins operation, 
it cannot be predicted what the exact composition of the product will be because the 
alkanes and alcohols of differing chain lengths are formed only with the likelihood of 
polymerization. To cover the broad range of possible fuels, two extreme fuel mixtures 
consisting of C7 to C12 alkanes and C6 to C8 alcohols were chosen for engine testing.

The first fuel defined, hereafter referred to as “Fischer- Tropsch Fuel 1” (FTF1), represents 
a non-reactive fuel with a rather short chain and a very high concentration of alcohol 
at 40 percent m/m. By contrast, FTF2 creates a highly reactive fuel with a low concen-
tration of alcohol at 10 percent m/m and longer molecules. In addition to these two 
FT alcohol fuels, we examined blends with fossil diesel fuel, with the concentration 
of FT alcohol fuels in each being 20 percent (with FTF1, referred to below as “Blend1” 
and referred to as “Blend2” when combined with FTF2).

Challenges for Engine Control

Despite the similarity of these fuels to fossil diesel fuel, there are some major differ-
ences in their combustion characteristics especially when an engine controller is used 
based on an engine map (Fig. 1). The combustibility of FTF2 is clearly seen in a very 
short ignition delay. By using EGR, the difference further increases to as much as 10°  
compared to diesel. Blend2 also shows this tendency. 

Engine control systems based purely on engine mapping cannot exploit the full 
potential of e-fuels. Even customized calibration of the engine maps for a specific 
number of predefined fuels is not helpful because of their diversity, which results 
from the production process and mixture rate. Therefore, out of necessity, we use a 
control system that enables us to maintain the desired form of combustion regardless 
of the fuel being used.

Fig. 1: Comparison between fuels for reference injection
(Rotational speed: 1,500 1/min., PMI: 6.8 bar)
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A new type of control system based on an approach called “dig-
ital combustion rate shaping” (DiCoRS) may provide a solution. 
Especially in light of the unpredictable fuel compositions, this 
approach continues to guarantee reliable control of all target 
values without the need to know the fuel composition, neither 
during initial engine calibration or during subsequent vehicle 
operation.
The key difference between DiCoRS and conventional control 
systems built into engines is the control variable they use. Un-
like a combustion-phased or PMI controller, no optimization 
of previously calibrated injection processes is performed in 
order to control individual parameters. Instead, DiCoRS controls 
combustion at a completely predefined crankshaft angle. This 
means that DiCoRS takes advantage of the maximum degree 
of freedom of combustion control.

From this operating condition-based standard of optimum 
combustion, a pre-control algorithm automatically calculates 
the proper injection rate necessary, including the number of 
injections, the electric trigger times, and the amounts to be 

Material Molecular 
formula

Mass 
percent

Density @ 
25°C / kg/m³

Lower heat value
/ MJ/kg c/h/o / - Kin. viscosity @ 

25°C / mm²/s
Boiling 

range / °C
Cetane 
rating

FTF1 C7.47H16.34O0.4 1 741 41.05 0.79/0.15/0.06 2.84 98.4-195.2 44.9

Diesel C13.8/H25.8/O0.08 1 823 42.82 0.86/0.13/0.01 3 172.0-360.8 53

Blend1 C12.66H24.1O0.07 0.18/0.82 808 42.5 0.85/0.13/0.02 2.97 98.4-360.8 52.3

FTF2 C10,47H22,94O0,1 1 742 43.31 0.84/0.15/0.01 2.59 174.2-245 63.6

Blend2 C13.2H25.29O0.08 0.18/0.82 808 42.9 0.86/0.13/0.01 2.92 172.0-360.8 57.4

Table 1: Properties of FTF1 fuels tested 

injected. At this point, it should be noted that this approach 
causes a shift in conventional engine calibration from defining 
the process of injection to specification of an ideal process of 
combustion. At the same time, the time and effort required for 
calibration is reduced drastically and the desired thermodynamic 
optimum is achieved more reliably [4].

Experimental Results

The engine testing impressively demonstrates that the control 
algorithm developed can control acceptable combustion with 
a wide variety of fuel mixtures, even without calibration for 
varying fuel specifications. Through the use of DiCoRS, it is also 
possible for the first time to compare different fuels at a fixed, 
constant rate of combustion. This enables statements to be 
made about fuel emissions that are virtually independent of 
the form or phase of combustion. 

Figure 2 shows an excerpt of the test results. At all EGR rates, 
the target progressions of the burn rate were easily achieved. 

Fig. 2: Comparison between fuels at three different EGR rates
(rotational speed: 1,500 1/min., PMI: 6.8 bar)
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There is a clearly noticeable shift in the 
injection rates in accordance with the 
fuels’ combustibility. At this load point, the 
reduction in soot emissions is quite pro-
nounced thanks to use of the FT alcohol 
fuels. With FTF1, there is a reduction of up 
to 80 percent, and with FTF2, the amount 
was lowered by as much as 50 percent 
compared to fossil diesel fuel (Fig. 3).

The particulate/NOx trade-off is illus-
trated in Fig. 4 for two load points. The 
alternative fuels shift the curve so that a 
more optimal solution can be reached. 
The strong advantage of soot can mainly 
be seen as higher EGR compatibility of 
the alternative fuels. In future calibration 
strategies, this could allow the EGR rate to 
be increased in order to reduce the NOx 
emissions, while still inside the engine. 

Summary

In this examination, we assessed the 
potential for creating innovative e-fuels 
based on the Fischer-Tropsch process and 
by adding hydroformylation to the end 
of production. There is large variation in 
fuel composition possible because of the 

production process. The use of such FT 
alcohol fuels thus enable the CO2 footprint 
to be reduced considerably by increasing 
the concentration of regenerative energies 
in the transportation sector using existing 
engine technology and infrastructure. 
Thanks to their optimized physical and 
chemical properties, it is also possible 
to further lower pollutant emissions, es-
pecially particulates and nitrogen oxides, 
at the same time.

Based on the results, a statement regard-
ing the emissions potential of the fuels 
with the same rates of combustion and, 
thus, the same combustion noise levels 
through the use of the controller can be 
acheived. 

With respect to the effectiveness of the 
DiCoRS approach to control, we achieved 
excellent quality across all fuels, load 
ranges and EGR rates. In each case, the 
controller was able to make adjustments 
for the specified target combustion rate. 
It is conceivable that the system may be 
expanded to include an external control 
loop to complete the integrated e-fu-
el control system. Additional injection 

pressure and EGR controllers could take 
optimal advantage of the demonstrated 
lowering of the particulate/NOx trade-off. 
Depending on the fuel mixture and asso-
ciated potential to produce particulates, 
the injection pressure or even the EGR 
rate can be subsequently adjusted online 
as needed to find an ideal compromise.
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Fig. 3: Comparison of fuel emissions under Euro 6 NOx levels
(Rotational speed: 1,500 1/min, PMI: 6.8 bar)

Fig. 4: Lower particulate/NOx trade-off for two  
different engine loads and rotational speeds 
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THERMAL MANAGEMENT

RANGE EXTENSION: CLEVER CLIMATE 
CONTROL FOR ELECTRIC VEHICLES 
In order to increase the attractiveness of the electric mobility, neither the comfort nor the driving range of the vehicle 
may suffer under extreme ambient temperatures. Optimized thermal management helps to meet customer comfort 
requirements, while at the same time reduces energy demand [1]. In this article, the structure and the validation of 
a new developed simulation model are explained. Based on the model, measures to reduce the energy demand 
with regard to cabin temperature control are investigated. Finally, the results, as well as a summary of the energy 
saving potentials are presented. 

02 RESEARCH AND DEVELOPMENT
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The generated vehicle simulation 
model consists of several modu-
lar components, as depicted in 
Figure 1. Each of these objects 

represents a subsystem of the electric 
vehicle. With this model, it is possible to 
simulate different driving profiles, as well as 
ambient conditions. Thus, various thermal 
management measures can be assessed 
regarding their influence on system efficien-
cy [2, 3]. For the validation of the simulation 
model, measurements were carried out on 
both, the component and system level.

at an ambient temperature of -20 °C. This 
result is also used as a reference point 
for the calculation of the energy savings. 
Furthermore, the energy consumption of 
the vehicle without heating the cabin is 
shown in all diagrams. It is 22.2 kWh/100 
km at an ambient temperature of -20 °C 
and is therefore, significantly below that 
of the heated vehicle, as seen in Figure 2. 
A promising approach for saving heat 
energy is a reduction of the fresh air rate 
in the air conditioning of the cabin. In 
contrast to fresh-air operation, a large 

 AS A FURTHER 
MEASURE TO  
REDUCE HEATING 
ENERGY DEMAND 
DURING WINTER 
OPERATION,  
RADIATION  
SURFACES ARE  
CONSIDERED 

Fig. 1:  Submodels of the CVSM

Cooling system Underhood Cabin

VehicleGearboxElectric motorInverterBattery

DC/DC

ECU

Conducted Investigations

Various cabin measures are investigated 
regarding their energy saving potentials 
with the created simulation model. All sim-
ulations were conducted during the WLTP 
driving cycle for 30 minutes at an ambient 
temperature range from -20 to +20 °C. At 
the same time, the cabin is heated from 
the respective ambient temperature to 
an average cabin temperature of 20 °C 
and the total energy demand is deter-
mined. In addition, to the energy savings 
for a particular ambient temperature, 
the energy saving potential in annual 
means is calculated. Therefore, climatic 
data from Europe is used [4]. The results, 
which are referred to as Reference in the 
following, show the energy consumption 
of the electric vehicle when the cabin is 
heated up only with the PTC-air heater. 
Under these conditions, the vehicle has 
an energy demand of 31.4 kWh/100 km 

proportion of the required heating energy 
can be saved in recirculation mode. At 
an ambient temperature of -20 °C, the 
total energy demand is reduced from 31.4 
kWh/ 100 km to 27.9 kWh/100 km, which 
corresponds to a saving of 11.1 percent, 
as seen in Figure 2. Averaged over the year, 
this results in a saving of 3.1 percent. As a 
further measure to reduce heating energy 
demand during winter operation, radia-
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tion surfaces are considered, as seen in 
Figure 3. Through the use of radiation heat 
surfaces, the air temperature inside the 
cabin can be lowered with a comparable 
sensation of comfort of the occupants. For 
the corresponding comfort tests, six elec-
tric radiation surfaces were installed in the 
driver and passen-
ger foot wells (three 
on each side). In the 
simulation, the re-
sult of the previous 
measurements were 
confirmed. The en-
ergy demand at -20 
°C can be reduced 
from 31.4 kWh/100 
km to 30.1 kWh/100 
km by the use of 
radiation surfaces. 
This corresponds to 
an improvement of 
4.1 percent, as seen 
in Figure 2. Averaged over the year, an 
energy savings potential of 3.8 percent 
can be realized. The generated heat is 
sufficient to heat the cabin completely 
without the PTC-air heater from an am-
bient temperature of 10 °C or higher and 
without reducing the comfort for the oc-
cupants. In order to reduce the heating 
energy demand even further, targeted 
heating of the driver is chosen as another 
measure. The total energy demand at -20 
°C can be reduced to 30.8 kWh/100 km or 
by 1.9 percent from 31.4 kWh/100 km, as 
noted in Figure 2. Averaged over the entire 
year, a savings of 0.5 percent is achieved. 

By integrating a heat pump into the vehi-
cle, the energy demand can be reduced 
additionally. With the heat pump, heat 
can be absorbed at lower temperature 
levels and discharged at higher tempera-
ture levels. The amount of heat emitted 
is thereby much higher than the work 

expended [5]. For an 
ambient tempera-
ture of -10 °C, the 
energy requirement 
can be reduced from 
27.5 kWh/100 km to 
23.7 kWh/100 km or 
by 13.8 percent, as 
depicted in Figure 2. 
The energy savings 
potential is reduced 
for rising ambient 
temperatures. The 
heat generated is 
not sufficient to heat 
the cabin to 20 °C at 

an ambient temperature of -20 °C due to 
the integrated compressor. For this reason, 
Figure 2 shows only the energy demand at 
ambient temperatures from -10 to +20 °C.

In addition, combinations of the indi-
vidual measures were also considered, 
as noted in Figure 4. By combining the 
individual measures, the energy saving 
potential can be increased even further. 
The starting point for the comparison of 
the different combinations is the energy 
consumption of the vehicle in recircu-
lation mode. Combination 1 describes 
the expansion of the recirculation mode 

with the use of radiation surfaces. The 
energy demand at an ambient tempera-
ture of -20 °C can be reduced from 31.4 
to 27.1 kWh/100 km. This corresponds 
to a saving of 13.7 percent. The average 
energy consumption over the year can be 
reduced by 5.6 percent. If the system is 
extended by targeted heating of the driver 
(combination 2), 2.3 percent of the energy 
can additionally be saved at an ambient 
temperature of -20 °C. This results in an 
energy consumption of 26.4.kWh/100 km 
and thus a saving of 15.9 percent. For the 
targeted heating of the driver synergy, 
effects with other individual measures 
can be seen. Over the entire year, 6.4 per-
cent of the required energy can be saved. 
Finally, combination 3, an expansion of 
combination 2 by a heat pump operation, 
is considered. The simulation shows that 
a total of 22.9 percent of the energy can 
be saved at an ambient temperature of 
-20 °C compared to reference operation. 
The energy demand is reduced from 31.4 
kWh/100 km to 24.2 kWh/100 km. Aver-
aged over the year, an energy savings 
of 7.2 percent can be determined. Using 
combination 3, the energy demand at -20 
°C of 24.2 kWh/100 km is only 9.0 percent 
higher than that of the vehicle without 
cabin heating. Without any measures, the 
energy consumption with cabin heating 
was 41.4 percent higher than without, as 
seen in Figure 4.

THROUGH THE 
USE OF RADIATION 
HEAT SURFACES, 
THE AIR TEMPERA-
TURE INSIDE THE 
CABIN CAN BE 
LOWERED WITH A 
COMPARABLE 
SENSATION OF 
COMFORT OF THE 
OCCUPANTS

Fig. 2:  Simulated energy consumption of the individual measures investigated
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Summary and Conclusion

In this article, various measures for the 
cabin air-conditioning have been intro-
duced using a vehicle simulation model 
that reduces the energy demand of the 
electric vehicle at low ambient tem-
peratures. By combining the individual 
measures, the shown energy savings 
potential can be increased even fur-
ther. Throughout the year, 7.2 percent 
of the total energy can be saved. This 
saved energy can be used to increase 
the range and thus directly contribute 
to an improvement in the acceptance 
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 A TOTAL OF 22.9 PERCENT OF THE 
ENERGY CAN BE SAVED AT AN AMBIENT 
TEMPERATURE OF -20 °C COMPARED TO 
REFERENCE OPERATION
of electric vehicles. Intelligent operat-
ing strategies for the individual com-
ponents of the thermal management 
system could result in a significantly 
higher saving potential. These operating 
strategies and the use of the heat pump 
as a refrigerating machine at high ambi-
ent temperatures will therefore be the 
subject of further research.

Fig. 3: Radiating surfaces in the footwell

Fig. 4: Simulated energy consumption of different combinations  
of individual measures
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FEV ECOBRID

ELECTRIC TREATMENT FOR DIESEL ENGINES: 
FEV ECOBRID PROVIDES CLEAN AIR  
IN CITY TRAFFIC 
Improving air quality while simultaneously reducing CO2 emissions requires a significant modification to drive 
systems. In 2021, newly approved vehicles will need to reach 95 g/km of CO2, and following this first milestone a 
further reduction of 15 percent per year is planned for 2025 to 2030. In order to achieve these goals, the electrifica-
tion of the powertrain is critical.  The hybridization on a 48 V basis, in this context, offers significant potential, while 
simultaneously avoiding extensive reconstruction. 

02 RESEARCH AND DEVELOPMENT
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The efforts of reducing green-
house gas emissions results in 
stricter testing cycles for the de-
termination of CO2 emissions. 

The expansion to real driving emissions 
(RDE) means a massive tightening of the 
requirements. In regards to the global 
efforts of CO2 reduction, it cannot be 
excluded that, in the future,, other cli-
mate-relevant exhaust gas components, 
such as CH4 and N2O,will also be subject 
to regulation. The study of the CO2 norm 
shows that the required reductions can-
not be achieved with the optimization of 
conventional powertrains alone, but that 
a change in technology is necessary. This 
means that, in addition to the introduc-
tion of electrically operated vehicles (Bat-
tery Electric Vehicle - BEV), conventional 
drives must also be electrified. 
The EU market is characterized, among 
other things, by compact vehicles that 
offer various versions on one platform. 
The compact car segment (C-segment) 
covers the classic second vehicle with 
short-distance traffic on one hand, and 

E-COMPRESSOR

BMS

RSG

MBC

serves as family vehicle on the other. In light of this background, the potential analysis 
for partially electrified drives was carried out with regard to:

 � Lowest emissions; especially in urban operation
 �CO2 reduction in real operation

The basis was a EU6b vehicle with CO2 emissions of 100 g/km in the NEDC. For modifi-
cations in light of the above-mentioned goals, a targeted adjustment of the technical 
package was carried out:

Measure Primary Function Funktion

Opt. combustion methods (FIE, ETC, EGR, etc.) CO2 + EU6d / EU6+

Opt. air system (VVA, eCompressor) EU6d / EU6+

Opt. EA system (DeNOx) EU6d / EU6+

48 V belt starter generator (BSG) CO2
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Conceptualization

A matrix-based selection of the components was carried out 
with regard to these objectives. The powertrain configuration 
examined represents a pMHEV concept with a 48V BSG, meaning 
that a Diesel engine with improved functional characteristics 
was partially electrified in a P0 layout.

The core elements of engine optimization are the new 2,500-bar 
CR system and a newly specified exhaust turbocharger with 
variable turbine geometry (VTG). In addition to an eCompres-
sor and cooled multiple exhaust gas recirculation (M-EGR), the 
new engine version also has a 48 V BSG. By way of an imme-
diate torque increase, the eCompressor enables a reduction 
in emissions in highly dynamic cycles and an improvement in 
responsiveness. Two configurations were investigated for the 
exhaust aftertreatment system:

 �Topology A: Combined DeNOx system with a nitrous oxide 
catalytic converter installed close to the engine, DPF, and 
underbody SCR unit. 
 �Topology B: Electrically heated catalytic converter 
(E-DOC) with SDPF installed close to the engine and active 
underbody SCR system (incl. 2nd dosing)

In light of stricter air quality requirements, there was a focus on 
the optimization of urban operation. Since the BEV is considered 
to be locally emission-free, the “almost emission-free” attribute 
must be formulated for conventional vehicles to maintain 
market acceptance.

▶ NOx:  ≤ 55 mg/km
▶ PM /PN: ≤ 3 / ≤ 5 x 1011 mg/km  / #/ km
▶ HC:  ≤ 80 mg/km
▶ CO:  ≤ 500 mg/km

With regard to CO2 reduction, a target range of 115 g/km was 
defined for real operation, derived from:
CO2,current: NEDC:100 ▶ CO2,current: WLTP:110 ▶ CO2,Target,WLTP:~100  ▶  
CO2,Target,RDE: ≤115 g/km

The functional results were evaluated using RDE driving profiles 
from the extensive FEV database.

Holistic Powertrain Optimization 
Approach

The significantly increased complexity of a Diesel-hybrid pow-
ertrain requires a systematic optimization process that follows 
the flow shown in Figure 2.

At the start, the parameters of the operating strategy and the 
powertrain are reduced on a weighted basis, including catalytic 
converter volumes or temperature thresholds. This allows the 
system characteristics to be optimized simultaneously with 
the operating strategy. 
A specific DoE approach is elaborated for each layout using 
these combinations. This leads to a statistical overall model 
and the identification of the key parameters. The optimiza-
tions are then evaluated and validated for benchmark driving 
cycles using FEV SimEx software, a virtual test environment for 
the powertrain which takes into consideration the EA system 
functionality. The model has a modular construction, so that 
layouts, cycles, and strategies are calculated flexibly and can 
then be used again for validation.
For implementation, a pMHEV concept with dual influence was 
selected through the targeted addition of electric components 
to the engine. The integration of the 48 V BSG was carried out 
to guarantee the following functions:

Fig. 1: Newly formulated technical package

Compact Car (C-Segment) NEDC WLTP low Real world WLTP high

Vehicle mass in kg 1,360 1,415 1,485 1,560

Aerodynamics resistance   cd x A in m² 0.62 0.62 0.64 0.69

Rolling resistance   fr x m in kg/t 8.15 8.95 9.75 10.73

Diesel Engine FIE Air System
+ EGR Intercooler Charging 
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 �Engine support and 
phlegmatization
 �Start/stop functionality, 
especially combined with 
variable valve actuation
 �Recuperation and optimized 
battery management in 
combination with an e-catalytic 
converter

In addition to this step, the inclusion 
of the following is essential: 

 � eCompressor for:
▶ Accelerated charge pressure for attractive driving behavior 
▶ Reduction of NOx and PM peaks 

 �E-catalytic converter in an EA version

For a hybrid concept, the operating strategy is key for poten-
tial maximization. When stationary, the torque distribution 
between the engine and the e-machine is determined based 
on the torque requirement at the transmission input, the en-
gine or transmission rotational speed, and the state of charge 
(SOC) of the battery.  For heavy loads, the BSG system helps 
to avoid high NOx emissions during operation. In case of a low 
SOC, additional sets of parameters determine the conditions 
under which load shifting is required. This field is limited by 
defined efficiency increases and the NOx increase. In transient 
operation, BSG is also in control for a moment to avoid engine 
exhaust soot and NOx emission peaks. 
For the cold-start phase or at low speed, a dedicated heating 
strategy is selected that includes a more aggressive load switch-
point and stronger transient support. This heating strategy is 
active until the EA system has reached an adequate conversion 

level. The operating strategy selection is 
carried out as a rule-based optimum be-
tween NOx emissions in low-load cycles 
and CO2 emissions in the overall cycle.

Operating Behavior

The achievement of challenging target 
values requires a systematic approach in 
the specification of the systems for the re-
duction of exhaust emissions. This is made 
possible by the application of an internal 

methodology with a high prediction share, such as FEV XiL. The 
use of virtualized routines enables the efficient management of 
high system complexities, while effort and expenses are reduced. 
At the start, requirements for emission-critical scenarios are 
identified and the scenarios are evaluated in a multi-dimensional 
DoE campaign. Then, the virtual system optimization geared 
toward robustness is carried out. Finally, the system behavior 
is validated extensively in a second DoE campaign.

The high performance of the selected technology components 
is evident in Figure 3. Since the variable heating performance 
represents a powerful degree of freedom, the e-catalytic converter 
version has an advantage in future requirements.

Vehicle acceptance is also determined by driving and comfort 
attributes. In this context, the combination of additional drive 
torque via the BSG and the “multiplier function” for the engine 
torque from the electric compressor can provide impressive 
values. Combined with the model-based control algorithms, 
advantages in CO2 values and emissions can also be obtained 

 THE REQUIRED 
REDUCTIONS CAN-
NOT BE ACHIEVED 
WITH THE OPTI- 
MIZATION OF CON-
VENTIONAL POWER-
TRAINS ALONE 

Fig. 2: Optimization methodology
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Fig. 3: NOx emission behavior

 FOR HEAVY LOADS, THE BSG SYSTEM HELPS TO AVOID HIGH 
NOx EMISSIONS DURING OPERATION 
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Fig. 4: CO2 potential under real conditions

in this way. As seen in Figure 4, an examination of various cy-
cles under variable temperature conditions describes the CO2 
potential of the powertrain configurations.
Even 48 V hybridization offers significant potential in emissions 
reduction. Multi-level DeNOx systems enable almost “zero NOx” 
emissions as soon as the catalytic converter start-up temperature 
is reached. The very low NOx emissions can be achieved with the 
selected combinations, but driving at a reduced speed remains 
the biggest challenge. Electrically heated catalytic converters 
offer a degree of freedom with additional reduction potential. 
A partially electrified diesel engine is, and will be in the future, 
an attractive drive concept, and makes a convincing argument 
against inner-city restrictions on the operation of vehicles with 
combustion engines.
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COMMERCIAL POWERTRAINS

LOW CONSUMPTION AND LESS POLLUTANTS: 
OPTIMIZATION POTENTIALS OF COMMERCIAL 
COMBUSTION ENGINES
As the global population continues to grow, the need for increased logistics, infrastructure and agricultural produc-
tion do also. As a result, improving commercial diesel powertrain efficiency, and reducing its climate and emissions 
footprint has become a major topic of focus. Using typical commerical applications from the market, we will discuss 
efficiency enhancing and promising technologies. 

02 RESEARCH AND DEVELOPMENT



37

COmmERCIAL POwERTRAINS

Due to the sheer number of units, on-road 
applications contribute significantly more 
energy consumption, as well as pollutant 
emissions, compared to mobile machin-

ery.. Until 2040, commercial on-road vehicles are 
forecasted to increase energy consumption by 1.4 
percent year-over-year. During this time, a majority 
of the transportation will be sourced by liquid fuels.  
Increasing efficiency in basic engine development
Based on several projects and comprehensive 
studies conducted by FEV & FEV Consulting GmbH 
regarding powertrain development and optimization, 
researchers are working on developing current and 
future requirements for the base engine, which are 
summarized in Figure 1. Most optimization measures 
have been available on the market for some time 
and became established features for reducing fuel 
consumption. In the near future, we can expect 
new measures to be launched and others are being 
intensively researched. 
“Downspeeding” and “downsizing” represent effec-
tive options for reducing fuel consumption through 
lowered friction. The goal is to shift the vehicle’s 
engine operating point close to the optimal Brake 

“DOWNSPEEDING” AND 
“DOWNSIZING” REPRE-
SENT EFFECTIVE OPTIONS 
FOR REDUCING FUEL 
CONSUMPTION THROUGH 
LOWERED FRICTION

Fig. 1:  Improvement potential in fuel consumption compared to additional engine costs

Specific Fuel Consumption (BSFC) area in the engine 
performance map. The average fuel consumption 
improvement potential is near 2-3 percent. As an alter-
native approach, FEV investigated the influence of the 
cylinder swept volume and the number of cylinders, 
keeping the engine displacement constant. Based 
on this, different medium-duty (MD)  and heavy-duty 
(HD) six-cylinder inline engines were analyzed and 
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then transferred to four cylinder engines with more 
than 2 L/cylinder. In addition to weight and package 
advantages, fuel savings of 3 percent are possible 
(Figure 2).
Several other known and established measures can 
also be applied. For example,cranktrain optimiza-
tion involves adjusting the crankshaft bearing and 
journal dimensions, with a potential fuel savings of 
up to 3 percent. Additionally, advanced coatings can 
be applied. Reducing the parasitic losses from de-
mand-controlled oil and water pumps, controllable 
thermostats and switchable piston cooling jets (PCJ), 
can generate additional improvements of nearly 2 
percent. Optimized air path and further increase of 
the boost pressure using a high efficient turbocharger 

and two-stage charging are also applied. In regards to 
thermal management, a variable valve train system 
with a cam phaser on the outlet sidehas the potential 
to raise the exhaust temperature, and improve Diesel 
Particle Filter (DPF) regeneration and warm-up time. 
Such advantages were verified specially on delivery 
trucks and off-road machines under, low ambient 
temperatures and low engine loads. 
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Waste Heat Recovery Through Organic 
Rankine Cycle 

In addition to the engine-internal measures, the further use of 
the exhaust gas energy represents an additional potential for 
the improvement of overall vehicle efficiency and therefore, 
fuel consumption. 
Organic Rankine Cycle (ORC) is the most promising technology 
for waste heat recovery in commercial vehiclesbecause it has 
the highest power output in comparison to other technologies. 
In an ORC,a fluid is condensed isobaric, compressed isentropic, 
evaporated isobaric and expanded isentropic to convert heat 
into work. Because of their low boiling points, organic fluids 
are best suited for medium heat sources, as is the case for 
exhaust gases from internal combustion engines. One of the 
major challenges for mobile applications are packaging and 
the additional cooling demand. 
Pre-analysis, based on computational simulation, is a pre-
requisite for the specific concept decision and integration 
of such an application. Therefore, FEV developed a holistic 
investigation and simulation platform, based on established 
software products. 
The vehicle model generates the speed and torque information 
to define the load points out of the engine performance map. 
These are generated with a physical and scalable engine model, 
which simulates the combustion process and the according 
losses. The ORC model is then fed with information about 
the exhaust gas temperature and mass flow. In order to not 
negatively influence the emission reduction, the ORC is placed 
after the exhaust after treatment system (EATS). Therefore, the 
simulation of the heat losses between the turbocharger and the 
EATS are necessary in determining the exhaust gas temperature 
downstream the EATS. 

To evaluate the fuel savings potential for the ORC system which 
includes, a piston expander, and ethanol, the simulations were 
performed on a 40-ton on-road HD truck with an 11l, 345kW 
Diesel engine. The Long Haul cycle, which is an upcoming CO2 
certification cycle for HD trucks in the EU, is the basis for the 
transient simulations. The net power output – expander output 
reduced by the power needed to drive the ORC pump – was used 
to determine system performance. The maximum net power 
output was nearly 14 kW, with an average of 4.46 kW. The ORC 
had its highest impact on the fuel consumption mainly at high 
load points during the second half of the cycle, resulting in a 
simulated fuel consumption reduction of 3.8 percent. 

Improving Efficiency Through 
Hybridization

As we know from passenger car powertrains, the benefit of 
hybridization or electrification lies in the possible recupera-
tion of mechanical work and the use of regenerative energy 
sources to charge electric energy storage systems. At the same 
time, depending on the topology of the powertrain and its 
application, the corresponding potential can be leveraged by 
optimizing the configuration of different energy storage systems 
and drive sources.
For example, Figure 4 presents the results from a study con-
ducted with a 40-ton semi-trailer. In terms of hybrid concepts, 
the “mild hybrid” concept was examined first. This concept 
enabled extended start-stop operation with support from 
the combustion engine in transient operations. “Full hybrid” 
concepts were also examined, which allowed for maximum 
recuperation of braking energy and, on top of that, facilitated 
all-electric driving. This means a correspondingly strong elec-
tric machine with roughly 200kW output will be required. The 
storage size of the electric battery has to be designed based on 
the desired driving distance. The “Full Hybrid II,” for example, 
can travel 20 km, or nearly 12.5 miles, on electric power.
As shown below, a moderate improvement in fuel consumption 
of 1-3 percent in the Mild or Full-Hybrid I can be achieved, while 
improvements of up to 18 percent are possible for short-distance 
city driving. However, in comparison, emissions disadvantages 
in the “Full Hybrid I”, due to the cooling down of the exhaust 
system, have been found.. The use of such concepts in long-dis-
tance HD trucks is not particularly economically feasible due to 
the cost and net-weight load capacity disadvantages caused 
by the high voltage system, the battery package and its overall 
weight. However, this depends largely on the cost trends in 
electric systems and the economy of scale.
Taking a serial hybrid concept into account, the energy savings 
potential is dependent on the load profile/driving distance and 
primary energy source of about 20 percent (Well-to-Wheel). 
This compared to base combustion engines was calculated 
at100 km/day, power mix.

 � Hight

 � Width

 � Length

 � Weight

 � Power / Torque

 � Fuel Consumption

 � Production Costs

 � Airborne Path

 � Structure Borne

 � Prim. Speed Fluct.

 � Sec. Speed Fluct.
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Fig. 2: Influence of the cylinder swept volume while retaining 
the engine displacement.MD commercial vehicle is used as 
an example
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Summary and Outlook

Based on worldwide scientific and business researches, it is 
clearly forecasted that internal combustion engines – specifically 
the diesel engines – will play a major role in the sustainable 
economic and society development in the future. Therefore, 
it is mandatory to continue to develop advanced powertrain 
system technologies and drive concepts, which include internal 
combustion engines, in parallel with electrification.
Technology measures reducing engine friction and parasitic 
losses have been discussed and have been already widely 
introduced in modern powertrains by many manufacturers. 
Therefore, this paper highlights two technology measures, 
WHR and electric hybridization, which shows major potential 
when integrated in the complete powertrains. Figure 5 pro-
vides an overview and outlook for the technologies discussed 
in this paper.

By:
Dr. Dirk Bergmann 

bergmann_d@fev.com 
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NO MORE WORST CASE: 
FEV KNOW-HOW MAKES RDE-CONFORM 
GASOLINE ENGINES POSSIBLE
The introduction of gasoline particulate filters (GPF) leads to new challenges in terms of calibration. FEV addresses 
these challenges with new development methods. The methods presented are simulation-supported RDE testing, 
use of specific worst-case fuels and accelerated ash loading.

The introduction of stricter particulate number (PN) limits in Europe and China 
is complemented by the measurement of Real Driving Emissions (RDE) on 
public roads at arbitrary boundary conditions. This creates a challenge to 
meet the PN limits and a clear trend for all OEMs to apply GPF systems in 

order to comply with current and future RDE legislations.
Up until now, automotive manufacturers have been able to meet the EU6d-TEMP PN 
limits for standardized driving cycles, such as the NEDC with the Worldwide Harmonized 
Light-Duty Vehicles Test Procedure (WLTP) without having to depend on a GPF. The 
left side of Figure 1 supports this statement, showing PN emissions of approximately 
3 x 1011 1/km without a GPF for a J-class vehicle with a turbo DI gasoline engine in a 
WLTC test. The implementation of a GPF with an efficiency of around 75 percent leads 
to a further significant PN reduction.
The right hand side of Figure 1 shows influences that are valid under RDE conditions, 
which can lead to substantially higher particulate emissions compared to nominal 

WLTP conditions. The first factor shown, 
is the decrease in the share of the ethanol 
content in the fuel, e.g. from 10 vol-percent 
(EU6 fuel respectively “nom. Cond.”) to  
0 vol-percent (EU6 worst-case fuel), which 
is caused by the reduction of the fuel´s 
oxygen share. Secondly, and also a fuel-re-
lated topic, a strong knock resistance of 
high aromatic content comes with a high 
particulate formation potential. A payload 
increase, caused by luggage and/or pas-
sengers, leads to engine operation with 
higher speeds and loads, which further 
increases the PN output (dark blue bar). 
Moreover, a sporty or aggressive driving 
style causes increased particulate num-
bers, especially when combined with the 
other illustrated influences. [1]
Considering these multiple aspects and all 
their possible combinations, the extensive 
integration of GPFs will become mandato-
ry. Consequently, a need to develop suit-
able tools and methods becomes import-
ant, which enables the consideration of all 
GPF impacts and interactions in an early 
development phase. The following article 
discusses the simulation-supported RDE 
testing and highlights the current GPF 
hardware trends and calibration subtasks 
for ultra-low temperatures. It concludes 
with results of an accelerated GPF ash 
loading procedure.

Fig. 1: PN emissions with and without GPF
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 THE FEV WORST-CASE 
RDE SIMULATION ENABLES 

AN EVALUATION OF THE FULL 
RANGE OF BOUNDARY 

CONDITIONS
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Simulation-Supported RDE Testing 

Often, the investigation of all influencing boundary conditions 
for the determination of RDE values requires consideration 
of several cycles and driving scenarios. If a large number of 
different cycles need to be tested, this leads to cost and time 
issues. Figure 2 shows the main RDE boundary conditions and 
a comparison of the WLTC chassis dyno cycle with an on-road 
RDE test (conducted on the FEV Aachen RDE track). In addition, 
a simulation-supported, tailor-made worst-case RDE driving 
scenario, conducted on a chassis dyno is depicted. The on-road 
Aachen RDE test is compliant with the law and covers sections 
in an average mountain range. The best-case condition of each 
criterion is marked by the center of the diagram, whereas the 
worst-case condition is marked by the outer border.
  
As seen in Figure 2, the WLTP covers quite severe speed condi-
tions, and medium v*apos and vehicle weight values. The v*apos 
number describes the positive acceleration multiplied by the 
vehicle speed and is a first characteristic number to evaluate 
RDE driving. However, the influences of full load acceleration, 
cold start and positive altitude gain or temperatures are not 
covered completely. The RDE-compliant FEV Aachen RDE track 
covers significantly more of the diagram. But, only the FEV worst-
case RDE simulation enables an evaluation of the full range of 
boundary conditions. It is clear that only a holistic simulation 
approach is able to cover all of these boundary conditions in 
one cycle. 

GPF Hardware and Calibration Overview

Another fact supporting the trend of simulation-supported 
testing is the wide variety of GPF applications on the market. 
Figure 4 displays current technology and market trends for 
GPF applications based on FEV’s in-house analysis. Despite 

the fact that 75 percent of actual GPFs are coated, FEV expects 
a long-term trend of uncoated GPFs due to their backpressure 
advantages [3]. Besides, most GPFs are located in close-coupled 
position in order to utilize the high exhaust gas temperatures 
for soot regeneration.
 
The integration of GPFs into a gasoline powertrain brings a 
number of additional calibration tasks. The major tasks are soot 
model calibration, monitoring of soot loading (simulation and DP 
sensor) and safety function calibration. All calibration tasks aim 
at minimizing the customer impact of the GPF implementation. 
Typical ECU calibration tasks are listed in Figure 2. 

Calibration Task Content

Soot loading modelling Engine out emissions 
Dynamic correction

GPF monitoring
Soot mass vs. backpressure
Sensor calibration
On-board diagnosis

Active regeneration 
calibration

Triggering (soot mass limit)
Execution (lambda, temperature, 
torque)

Soot oxidation modelling Monitoring of passive reg
Duration of active reg.

Component protection
Restriction of operating area
Signaling / instructing active 
regeneration

Ash modelling HMI / Anweisung zur aktiven 
Regeneration

Aschemodellierung Reduction of GPF volume

Workshop mode Active regeneration
GPF replacement

Fig. 2: Calibration tasks
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The most important input for GPF calibration is an engine-out 
soot map. For that, the base engine calibration must be in a 
mature state, including optimized particulate emissions. The 
soot map is usually based on worst-case fuel, as these conditions 
serve as a main driver for the initiation of active regenerations. 
Tests for GPF loading and (active) regeneration take place at the 
engine test bench. It is necessary to determine the critical specific 
soot mass for the filter to prevent thermal shock during regener-
ation. Furthermore, the corresponding tests 
generate input data for soot loading and 
oxidation models, as well as for the back-
pressure model. With the definition of the 
critical specific soot mass, the calibration 
of GPF monitoring and safety functions are 
possible. Both are of high importance for 
the impact on drivers. [4]

GPF and Cold-Start Conditions

As the worst-case fuel plays a central role within GPF calibra-
tion, FEV applied their fundamental fuel research experience 
regarding the impacts of ethanol or aromatics content in the 

fuel to a complying fuel. Since there is no fuel quality sensor 
in current series applications, the ECU must always  consider 
worst-case fuel.

Figure 5 displays the GPF soot load after ten repeated cold starts 
at different temperatures. For EU6 certification, fuel with 10 
vol-percent ethanol and the chosen SUV with a turbo DI engine, 
ten cold starts at -20 °C result in a soot load of approximately 

0.9 g/l. For the same conditions, the FEV 
worst-case fuel produces about 50 percent 
more soot. A reference fuel shows the same 
behavior 
 
Ten repeated cold starts at -30 °C led to 
a specific soot load of 2 g/l, which is the 
threshold to trigger an active regeneration 

for the specific application. Considering two cold starts per 
day, a temperature of -30 °C may become critical regarding 
the GPF soot loading after only five days of client operation. 
Thus, it is mandatory to implement an ECU function for active 
filter regeneration. 

cold start influence

positive altitude gain

temperature

vehicle weight

v*apos

average urban speed

average rural speed

average 
motorway speed

maximum speed

full load acceleration

FEV worst-case RDE simulation

 A HIGH NUMBER 
OF PARAMETERS 
REQUIRES  
SIMULATION- 
BASED TESTS 

FEV Aachen RDE track WLTC

Fig. 3: Testing at RDE boundary conditions
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Accelerated Ash Loading

In order to consider the aging effects 
during calibration, accelerated GPF ashing 
is carried out on the burner test bench. 
Figure 6 illustrates two oil-based fuel 
doping experiments on the burner test 
bench, However, since this aging method 
is known to produce ash with very high 
backpressure, the burner hardware has 
been modified to precisely control the 
ash properties. The modified hardware 
can optimize the ash formation and sig-
nificantly reduce the backpressure, which 
leads to ash properties comparable to ve-
hicle ash. This improvement was achieved 
without limiting the shortening factor 
and full utilization of the potential is still 
in development.
 
Thus, the burner ash generation is a cost- 
and time-effective tool for end-of-lifetime 
investigations with respect to the wide 
range in which field ash varies for different 
customer applications. Especially in early 
development stages, where no durability 

runs are finished, the burner aging enables 
GPF aging-effect calibration.

Summary

Due to the future measurements of real 
driving emissions, an entire new range of 
influencing factors of vehicle calibration 
must be considered in order to be cer-

Fig. 4: GPF technology and market trends 
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tification compliant. This makes a GPF 
application mandatory. Currently, test 
cycles do not include RDE worst-case 
conditions. FEV developed a simulation 
tool that generates worst-case cycles in 
order to develop calibrations that guaran-
tee RDE compliance under all boundary 
conditions.
An FEV market analysis confirms the  

Fig. 5: GPF soot loading after each 10 cold starts at different ambient tem-
peratures
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increasing trend to GPF applications, 
but also shows that there are a variety 
of technologies and installations for dif-
ferent vehicle applications available. As 
the GPF affects the engine operation, new 
calibration tasks arise. In order to mini-
mize the related calibration effort, the 
simulation-supported testing is combined 

By:
Michael Görgen 

goergen_m@fev.com 
Helmut Lehn 

lehn@fev.com
FEV Europe GmbH

Stefan Sterlepper, 
Johannes Claßen

RWTH Aachen University

Fig. 6: : Ash loading results
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with worst-case fuels and cold start con-
ditions. As a result, the soot modelling 
and regeneration calibration tends to be 
on the safe side. Accelerated ash loading 
on the burner test bench addresses the 
evaluation of aging impacts and allows 
end-of-life GPFs at a very early develop-
ment stage. 
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VCR RODS

SERIAL PRODUCTION OF POWERFUL VCR 
RODS: FEV AND HILITE FORM PARTNERSHIP 
The FEV Group and automotive parts supplier Hilite International are partnering to develop and manufacture a 
two-stage, variable compression ratio (VCR) connecting rod. The goal of this partnership is to leverage synergies in 
the development of the product and devise a cost-efficient solution for serial production.

03 NEWS



This collaboration is mutually beneficial for both par-
ties. FEV will provide the development and systems 
expertise, while Hilite, an established systems supplier 
on the market, has vast experience in production. 

Furthermore, the company, based in Marktheidenfeld, Germany, 
can produce large quantities of the components and is therefore 
a strong partner in the final development phase of the VCR 
connecting rod – the know-how can be ideally bundled. VCR 
connecting rods are an important technology for the future of 
the internal combustion engine to considerably reduce CO2 
and exhaust emissions in real operation. FEV’s solution has the 
advantage that it can be incorporated into nearly any engine 
without an entire redesign. 

The VCR technology meets the challenges of downsizing and 
the associated increase in combustion pressure by enabling 
optimal adjustment of the compression ratio at any time. This 
innovative approach is a reasonable complement to the wide 
variety of future powertrain solutions for affordable, personal 
mobility. The optimized internal combustion engine will con-
tinue to play a major role alongside purely electric drives – in 
particular, for long-distance travel – and in hybrid vehicles. That 
claim is even more valid when considering that the properties 
of future, renewable fuels (referred to as “e-fuels”) encounter 
favorable conditions within a VCR engine.

The two-stage, VCR connecting rod developed by FEV is already 
being used in multiple demonstration vehicles. The company 
also has prototypes for heavy-duty and large engines, which 
have already proven their performance in a comprehensive 
series of tests.

VCR RODS

About Hilite

Since it was founded in June 1999, Hilite International has 
grown into a global automobile parts supplier. The focus 
is on the development and production of systems and 
components for improving fuel consumption and reducing 
emissions. The company demonstrates its comprehensive 
experience and vast expertise with advanced products for 
engines and powertrains. 

Hilite has just under 1,600 employees at eight locations 
in Europe, North America and Asia.

 VCR-RODS OPTIMIZE THE 
COMPRESSION RATIO IN COM-
BUSTION ENGINES AND REDUCE 
EMISSIONS
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Dr. Alexander Tolga Uhlmann (FEV) 
and David Wei (Hilite) signing  
the contract
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FEV SPECIALIST CONFERENCE  
“ZERO CO2 MOBILITY” TAKES ROOT AS A 
PLATFORM FOR DISCUSSION   
FEV will once again provide an important expert platform for emission-free mobility with the second international 
specialist conference, “Zero CO2 Mobility”, in Aachen, Germany. After the successful premiere last year, with more 
than 140 participants, the topic will once again be considered from different perspectives this November.

ZERO CO2 MOBILITY

03 NEWS
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2ND INTERNATIONAL  
SPECIALIST CONFERENCE: 

ZERO CO2 MOBILITY 
November 13–14, 2018
Hotel Pullman Aachen Quellenhof

More information  
and registration at:

www.fev.com/zero-co2-mobility

ZERO CO2 mOBILITY

The goals for emissions reduc-
tion in Europe, as defined in 
the Paris Climate Agreement, 
require significant CO2 reduc-

tions in the transportation sector by the 
year 2050. However, experts are already 
warning that although electrification 
alone is an important means of achiev-
ing climate-friendly mobility, it is by no 
means sufficient in the foreseeable future. 
In order to discuss general conditions and 
potential solutions with expert speakers, 
FEV is holding an international conference 
in Aachen from November 13 to 14, 2018. 
Presentations and panel discussions with 
a focus on the reduction of CO2 in mo-
bility are on the program. Participants 
will include leaders from the automotive, 

fuel and energy industries, research and 
development specialists, and the German 
Federal Ministry for the Environment.

As the organizer, FEV is leading by example 
and reducing emissions. The atmosphere 
label confirms that the conference is a 
climate-friendly event. To this end, among 
other things, FEV is carrying out CO2 com-
pensation for environmental projects in 
various developing countries in Africa, 
South America, and Asia. These projects 
were verified by the Clean Development 
Mechanism Executive Board of the United 
Nations with regard to their environmental 
friendliness. The event location, the Pull-
man Aachen Quellenhof, has previously 
certified sustainability programs. 
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JUNE

Automotive Testing Expo Europe 2018

TU-Automotive Detroit

Automotive Electronics Congress –  
22nd Intenational Congress & Exhibition 

VDI Dritev - Drivetrain for Vehicles 2018 –International 
Congress & Exhibition
 
Electric & Hybrid Marine World Expo 2018

Stuttgart, Germany

Novi, Michigan, United States

Ludwigsburg, Germany

 
 
Bonn, Germany

 
 
Amsterdam, Netherlands

JULY

Automated Vehicles Symposium 

 
FEV Future Mobility Conference 2018 – 
Engineering Solutions 

FEV Future Mobility Conference 2018 – 
Software & Testing Solutions

PlugVolt Battery Summit

San Francisco, California, 
United States

Shanghai, China

Shanghai, China 
 
Plymouth, Michigan,  
United States

10.–12.07.2018

 
11.07.2018 

11.07.2018

 
19.–20.07.2018

05.–07.06.2018

06.–07.06.2018

19.–20.06.2018

27.–28.06.2018

27.–29.06.2018

JOIN OUR UPCOMING FEV CONFERENCES

ZERO CO2 MOBILITY

13 – 14 NOVEMBER 2018,
HOTEL QUELLENHOF, AACHEN

DIESEL POWERTRAINS 3.0 

3 – 4 JULY 2018,
COVENTRY / WEST MIDLANDS, UK

MEET MORE THAN 5,000 FEV EXPERTS IN  
OUR INTERNATIONAL ENGINEERING  

AND SERVICE CENTERS



01 ZERO CO2 MOBILITY

CONTACT

FEV Europe GmbH
Neuenhofstraße 181
52078 Aachen
Germany 

Phone +49 241 5689-0
Fax +49 241 5689-119
 
marketing@fev.com

www.fev.com

FEV North America, Inc.
4554 Glenmeade Lane  
Auburn Hills,  
MI 48326-1766 ∙ USA
 
Phone +1 248 373-6000
Fax +1 248 373-8084 

marketing@fev-et.com

FEV India Pvt, Ltd.
Technical Center India
A-21, Talegaon MIDC
Tal Maval District ∙ Pune-
410 507 ∙ India
 
Phone +91 2114 666 - 000
 
fev-india@fev.com

FEV Beijing Vehicle  
Development Center
168 Huada Road,  
Yanjiao High-Tech Zone
065201 Sanhe City  
Langfang Hebei Province ∙
China
 
Phone +86 10 80 84 11 68
fev-china@fev.com


