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Abstract

While the share of electric vehicles in the passenger car sector is steadily increasing,
electrification in the commercial vehicle sector is progressing much slower. The
reasons include lower production figures and an even stronger focus on efficiency and
costs. When developing new powertrain systems, it is crucial to consider individual
user and application requirements. Real driving data representing the demands of
different application scenarios can be integrated into the development process and
combined with a modular and holistic concept design approach for drive modules to
accelerate and automate powertrain development. This process is being developed at
the Institute for Automotive Engineering (ika) of RWTH Aachen University. In this
paper, the application potential for real driving data within the concept design of drive
modules for heavy trucks is analysed and current research projects at ika in the field
of heavy-duty vehicle powertrain development are presented.
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1 Introduction and Motivation

The reduction of CO2 emissions is one of the most important tasks of the current era.
At 8.8 Gt COz2 in 2022, global mobility-related emissions represent a significant share
of the 36.8 Gt total CO2 emissions [1]. Road freight transport in particular has a major
share in this. Road freight transport in particular has a major share in this. The
substantially lower quantity of trucks is overcompensated by the high mileage. In 2022,
transport performance in Germany was 504.8 billion ton kilometres [2].

The electrification of vehicles represents a promising opportunity to reduce both local
and global CO2 emissions. At the same time, it presents one of the greatest challenges
for vehicle manufacturers, suppliers and the customers. Aspects such as range,
charging speed, reliability and durability are even more important in the commercial
vehicle segment than for passenger cars for economic operation. In order to design
and optimise new electric vehicles to their specific requirements, new methods are
required as well. Currently, the design of electric powertrains is mainly based on
reference data and load collectives available internally to the vehicle manufacturers,
but less real driving data, which is publicly available or can be easily generated. For
application-specific design of powertrains however, representative driving profiles are
essential. These can be derived from measured real driving data, improving the
development process for electric powertrains in heavy-duty vehicles.

2 General Methodology

In order to assist the process of powertrain electrification for heavy-duty trucks, a
methodology of holistic powertrain concept design has been developed at the Institute
for Automotive Engineering (ika). This method is extended by the integration of real
driving data to derive application-specific design requirements within the research
project “BEV Goes eHighway — BEE”. The general methodology is shown in Fig. 1.
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Fig. 1 V-model: Methodology of extended powertrain design at ika

The methodology of real driving data-based holistic powertrain design begins with the
definition of a conventional diesel-powered reference vehicle, which is to be electrified
or substituted by a requirement-appropriate electric vehicle. From the reference
vehicle, static base and application-dependent requirements such as maximum
velocity and gross vehicle mass (GVM) are derived and requirements specific for the
vehicle type and segment such as legal or market requirements are defined.

The second step in the design process consists of real driving data collection of the
reference vehicle during its normal operation. The data sets consists of vehicle and
driving parameters as well as environmental information, which are measured with an
in-house developed data logger.

From the measured real driving data, representative driving profiles are generated for
the reference vehicle. These driving profiles consist of the relevant parameters
describing the vehicle’s longitudinal behaviour, such as velocity, acceleration and road
gradient. Additionally, influences on the profiles outside of driving such as changing
cargo mass during loading and unloading as well as auxiliary consumers are taken into
account.

The generated driving profiles of the defined reference vehicle serve as basis to derive
load collectives for designing the powertrain components electric motor, inverter,
transmission and battery. In combination with a pre-selected powertrain topology, load
collectives are derived for the individual components to determine efficiency and
lifetime during the powertrain design process.

Within the holistic powertrain design process, concepts of electric powertrains for
heavy-duty trucks are designed and evaluated. Based on the defined static
requirements as well as the derived load collectives, the individual powertrain
components are designed and valid variants are selected. Subsequently, the
component variants are combined to full powertrain concepts and evaluated on vehicle
level utilising a developed digital twin with the powertrain concept parameters.
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3 Measurement of Real Driving Data

In order to model the driving behaviour of heavy-duty trucks realistically, necessary
parameters and characteristics must be identified first. Since the powertrain concept
design focuses on longitudinal dynamic driving behaviour, the first important
parameters to be measured can be derived from the equation of longitudinal motion
and driving resistances, which is given in Eq. 1.

_ 1 Twheel
(ei *Myep + mcargo) Tayn

X _(F'r+Fcl+Fair) Eq. 1

The given equation represents the relation between acceleration ¥, drive torque at the
wheel T, ., and driving resistances. Here, m,,, is the static vehicle mass, m.4,4, is
the cargo mass, e; the mass factor, an equivalent of the rotational masses of the

powertrain, 7y, is the dynamic wheel radius and E, F,;, F,; are rolling resistance,

climbing resistance and aerodynamic drag. The equations of the stationary driving
resistance forces are given in Eq. 2 to Eq. 4 respectively.

E = cp - (Myen + mcargo) - g - cos (a) Eq. 2
Fop = (Myen + Meargo) - g - sin (@) Eq. 3
Fair = 0.5 ¢4 - Afront * (x + vwind)z Eq. 4

Here, c, is the tyre friction coefficient, g the gravitational acceleration constant
(g =9.81ms™2), a the road gradient, ¢, the aerodynamic drag coefficient, As,,,; the
vehicle’s frontal area, x the vehicle velocity and v,,;,,4 the wind speed.

While some of the longitudinally relevant parameters are constant and need to be taken
from the reference vehicle, others need to be measured during vehicle operation. An
overview of the parameters and their origin is given in Tab. 1.

Tab. 1 Longitudinally relevant parameters and their origin
Origin Parameter Unit
X m/s?
. a deg
measured/estimated -
X m/s
Mceargo kg
e; -
Myen kg
. rdyn m
concept design
Cr -
Ca -
Afront m?
load collective Twheel Nm
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neglected Vwind m/s

Except the wind speed, all relevant parameters are derived from the reference vehicle,
can be measured or are simulated later in the concept design stage. For the
measurement parameters, available options for logging in vehicle applications are
identified and evaluated: While vehicle velocity can be received e.g. from the wheel
speed or from Global Navigation Satellite Systems (GNSS) such as the Global
Positioning System (GPS), the road gradient cannot be measured directly from the
vehicle.

Apart from the longitudinally relevant parameters, which describe the current vehicle
state during operation, additional driving state parameters are required for the
generation of representative driving profile, such as the actual engine torque and driver
demand torque. These parameters are made available by the SAE J1939 standard for
networking and communication within commercial vehicles [3].

For measuring both physical parameters as well as vehicle communication
simultaneously, a dedicated data logger is being developed at ika. The first prototype
is based on a Raspberry Pi 4 and combines the following sensors:

e Air pressure sensor (STMicro LPS25HB),

e Humidity temperature sensor (STMicro HTS22)

¢ Inertia measurement unit (IMU) (STMicro LSM9DS1),

e GPS receiver (DFRobot USB GPS Receiver UBX-G7020-KT).

The data logger allows simultaneous recording of vehicle communication via the
OBD Il interface while measuring the sensor data. Communication requests are sent
and evaluated at a rate of 30 Hz while the sensors, apart from the GPS receiver,
operate at 30 Hz. The GPS receiver on the other hand measures at 1 Hz. The
combination of sensors and vehicle communication allows for a detailed representation
of driving and vehicle behaviour during operation.

4 Generation of Driving Profiles

The basic principle of driving profile generation according to [4] consists of the following
steps: 1) Recording driving data during normal real-world operation, 2) analysing the
recorded data to describe or characterise the driving conditions, 3) develop
representative driving cycles for the recorded conditions. Representative driving
profiles for heavy-duty trucks require basic vehicle operation info such as velocity
profile over time or distance as well external data such as road gradient over the driven
distance.

For the estimation of road gradient over the driven profile, several methods and
measurement parameters are available. One common approach is the derivation of
road gradient from elevation data, which is received from digital elevation models, such
as the Shuttle Radar Topography Mission (SRTM) (cf. [5]). Here, only the vehicle
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position needs to be tracked during operation. Another method is to determine the
elevation using the international elevation formula, which is given in Eq. 5.

1
288.15 K p(h) 5255
LT O

0.0065 % 1013.25 hPa

Here, h is the calculated elevation and p(h) is the elevation dependent air pressure.
The air pressure can be measured by a pressure sensor, which can be found in modern
smartphones, allowing for small measurement errors as described in [6]. In both cases,
the road gradient can be derived from the elevation profile over driven distance s, as
given in Eq. 6.

dh
tan(a) = I Eq. 6

Another method using a three-axis accelerometer available from an IMU is depicted in
Fig. 2.

Fig. 2 Three-axis accelerometer mounted in vehicle (cf. [7])

Here, the road gradient a can be calculated from the gravity acceleration component
of the measured acceleration g, in the x-axis as given in Eq. 7.

a = tan"1(g,) Eq. 7

As the IMU cannot measure the gravity acceleration component directly, the vehicle
acceleration X, which is derived from the vehicle velocity over time, is required together
with the measured raw acceleration in x-axis a, as given in Eq. 8.

Ay =g, + X Eq. 8

Additional methods for road gradient estimation such as gyroscopes (cf. [8]) or power
target simulation (cf. [9], [10]) are also being considered. However, these require
further adjustments and validation for the present use case and are therefore not yet
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considered. For a comparison of the so far implemented methods of height estimation,
a short test drive is conducted, which is given in Fig. 3.
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Fig. 3 Round course around Aachen used for height estimation

The test drive represents a round course within the city of Aachen and the surrounding
area. The course begins and ends on the premises of ika. This serves as a validation
point, as the relative change of height over the round course is expected to be zero.
The test vehicle is equipped with the data logger described in chapter 3. The results of
the different methods of height estimation for the round course are shown in Fig. 4.
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Fig. 4 Relative height profile of implemented methods for test drive

The evaluated methods of height estimation are GPS map matching based on the data
sets of the German Elevation Model (DGM, blue) and SRTM (orange), international or
barometric elevation calculation (yellow) and derivation of acceleration of the IMU
(purple). For the given exemplary round course, the height estimation results based on
map matching show the most promising results with a final deviation of 0.11 mand 1 m
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for DGM and SRTM respectively. The resulting height from the barometric elevation
calculation ends with a deviation of 2.47 m and the IMU based method shows the
largest deviation of 25.25 m.

The minor deviations from the GPS map matching results can be attributed to the high
accuracy of the GPS receiver and the high level of detail for the available map data.
The SRTM data set provides a step size of 30 m and a height detail degree of 1 m
while the DGM data set offers a step size of 10 m and an accuracy of approx. 0.01 m.
As the test drive poses a round course, the GPS map matching method is proving
advantageous. The results from the barometric elevation calculation only compare the
beginning and final state as well. Here, changes in temperature and humidity have
influence on the accuracy of the results, but the deviation appears small. The method
based on the acceleration data of the IMU has a disadvantage compared to the other
methods due to the integration of the gradient. Here, the absolute difference at the end
of the trip coincides with the accumulated deviations during the measurement, which
causes the method to have a larger final error if the measurement lasts longer.
However, the absolute height is only of minor interest for the methodology, with the
focus lying on the measured or calculated gradient. Improvements are ongoing
regarding the increase of robustness for the shown methods, but for now, the results
of GPS map matching with the DGM data set are used for the further process steps.

With the estimated road gradient and measured vehicle and operation data, driving
profiles are generated. The current approach uses a Markov chain-Monte Carlo
(MCMC) technique based on the methodology presented in [11]. Here, a 2-D Markov
chain is considered for x(t) and a(t). Therefore, every state combines a synthesised
velocity class and a road gradient class with a probability for the state in the next time
step. The synthesis of velocity and gradient through two-dimensional Markov chains
incorporates their interdependencies, allowing unrealistic driving behaviour, for
example increasing velocity with simultaneously increasing gradient, to be eliminated
in advance. The Monte Carlo sampling method is based on a Poisson distribution,
which is built from the measured driving data. This MCMC method enables the
generation of driving cycles for the representative representation of the measured real
driving behaviour. Fig. 5 shows three generated drive cycles in comparison to the
measured driving cycle on which the results are based on.
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5

Exemplary generated cycles in comparison to the logged test drive

The validity of the generated cycles to represent the measured driving behaviour is
given by passing the following deviation criteria:

Deviation of mean velocity 0, mean tar < 10 %

Deviation of standard deviation of velocity o, s¢q tqr < 10 %
Deviation of maximum velocity 0, max tar < 10 %

Deviation of mean gradient (absolute) o meantar < 15 %
Deviation of standard deviation of gradient o, s¢q tar < 15 %
Deviation of minimum gradient o, 1in tar < 15 %

Deviation of maximum gradient oy iy tar < 15 %

As the cycles are generated time-based, deviations in distance travelled and
cumulative height result accordingly. The exemplary results are depicted in Fig. 6.
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Fig. 6 Cumulative height and distance of generated cycles in comparison to the

logged test drive

As the total driven distance and the cumulative height are a function of the velocity and
gradient criteria respectively, their validity is given implicitly. The results therefore
prove the selected method to function for representing the given use case under the
accepted deviations from the measured data. For the subsequent powertrain concept
design, the selected method is applied onto a more extensive data set and a
representative cycle is generated for a simulation duration of 2500 seconds. Several
valid cycles are generated from the data set and compared based on a cost and
weighting function given in Eq. 9, resulting in a weighting coefficient .

Nerit

O'.
w = Z l Eq. 9
Nerie Oitar

i=1

Here, n..;; is the number of deviation criteria, o; is the resulting deviation per criterion
and o; .4, is the allowed target deviation per criterion. The generated cycle with the
lowest weighting coefficient W and therefore smallest deviation from the measured
data set is chosen from the generation results. The resulting cycle for the exemplary
application in this paper is given in Fig. 7.
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Fig. 7 Selected generated cycle from measured data set

The weighting coefficient W of the selected cycle is 0.3678 and the driven distance
over 2500 seconds of simulation time equals 16.25 km. From the selected cycle and
the known parameters from the given reference vehicle, load collectives representing
real driving behaviour are derived in the next step.

5 Holistic Powertrain Concept Design Process

Based on the generated driving profiles and the available reference vehicle
parameters, potential electric powertrain systems are conceptualised. For this task, a
modular holistic concept design methodology for electric powertrains has been
developed at ika, as presented in [12], [13], [14] and [15]. This concept design method
comprises the requirement derivation, the individual concept design of the components
electric machine, inverter and transmission and concludes with prototype validation on
test rigs. Since the method is tailored for designing electric powertrains, its modularity
allows not only systematic development from scratch but also targeted component
optimisation.

From use case definition, a load spectrum for further powertrain development is
derived based on the distribution of load points. Fig. 8 shows the distribution of the
generated drive cycle’s load points.
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Fig. 8 Distribution of load points on wheel level derived from generated drive cycle

As can be seen from Fig. 8, in most cases wheel torques between 4 and 6 kNm are
required over the whole velocity range (city and highway). From these wheel based
load points, requirements for the powertrain component concept design are derived in
accordance with the reference vehicle specific data. Together with topology-specific
boundary conditions, a first rough sizing of the components electric machine, inverter
and transmission is conducted. After selecting a powertrain topology (e.g. high speed
electric motor, dual-speed transmission), the automated concept design of the
components is run, followed by a holistic evaluation regarding factors such as
feasibility, lifetime, efficiency, costs etc. The concept design process with focus on the
transmission synthesis is described in detail in [16].

6 Application of Methodology in Current Research Projects

The presented methodology is being improved and applied in multiple research
projects at ika. Within the BEE project, the initial concept of application-specific
powertrain design is developed. Here, a diesel-powered DAF XD FAN is available for
initial data logging. Additionally, a battery-electric DAF XD FAN with identical body and
vehicle options is used for validation of the presented methodology. The battery-
electric vehicles will be equipped with a pantograph system to operate as overhead
line trucks, which will be used for test drives on dedicated test routes and in real
operations of logistics companies. In addition to the validation, this will also serve to
increase the existing database for the development of the methodology. [17]

As a further source for data for the presented methodology, it is planned to acquire
data of conventional trucks in field operation within the project eTestHiL. For this
purpose, a logging hardware setup is chosen which is easily adaptable and minimal
invasive. Logged data is sent to a server hosted by ika, which interprets the CAN data
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to physical values. This data is then processed according to the aforementioned
methodology. [15]

Within the EU-funded project Powering EU Net Zero Future by Escalating Zero
Emission HDVs and Logistic Intelligence (ESCALATE), highly efficient zero emission
heavy-duty vehicles are developed and demonstrators are built. For the powertrain
concept design of the demonstrators, the presented methodology will assist the
requirement definition and derivation of load collectives. [18]

7 Summary and Outlook

Within this paper, a method for the integration of real driving data into the concept
design of drive modules for heavy trucks was demonstrated. The process of measuring
real driving data from a reference vehicle with a prototypic data logger was shown.
Based on exemplary measured data, the current approach of driving cycle generation
and load collective derivation was introduced. At last, the holistic powertrain concept
design process at ika was presented and an overview of the current research projects
in the field of heavy-duty vehicle powertrain development, where the methodology is
or will be applied, was given.

With the selected methodology for driving profile generation, representative velocity
and road gradient profiles can be synthesised. However, the current approach neglects
both the variable payload mass of the vehicle and possible undermotorisation during
driving, both important factors within the operation of heavy-duty trucks. In addition,
the method operates based on statistical distribution only, wherefore no dependencies
(e.g. change of payload during standstill) are considered yet. These points are
addressed in the ongoing refinement of the algorithms. Additionally, the data logger
prototype is being optimised for operation in vehicle fleets instead of individual vehicles
only. For this purpose, automation and robustness are improved according to the field
of application and an online evaluation of the measured driving data is added.

8 Acknowledgement

The authors want to express their gratitude for the opportunity of this research to the
Federal Ministry of Economics and Climate Action (BMWK) for the funding of the
project ‘BEV Goes eHighway - BEE’ (16EM5003-1), which enables the development
of the presented methodologies at the Institute for Automotive Engineering (ika).



14

32nd Aachen Colloquium Sustainable Mobility 2023

9 References

[1]

[2]

3]

[4]

[3]

[6]

[7]

[8]

9]

IEA, 2023

CO2 Emissions in 2022

International Energy Agency, Paris
https://www.iea.org, retrieved on 30.08.2023

Federal Statistical Office of Germany, 2023
Goods transport — Transport, performance
https://www.destatis.de, retrieved on 30.08.2023

SAE International, 2020
SAE J1939 Functional Safety Communications Protocol
https://doi.org/10.4271/J1939-76_202004

André, Michel, 2004

The ARTEMIS European driving cycles for measuring car pollutant emissions
In: Science of the Total Environment. Volumes 334-335, pages 73-84
https://doi.org/10.1016/j.scitotenv.2004.04.070

Kinsey-Henderson, Anne E., and Wilkinson, Scott N., 2013

Evaluating Shuttle radar and interpolated DEMs for slope gradient and soil
erosion estimation in low relief terrain

In: Environmental Modelling & Software. Volume 40, pages 128-139
https://doi.org/10.1016/j.envsoft.2012.08.010

SuRmann, Alexander, 2021

Customer-specific evaluation of measures for the reduction of fuel consumption
of heavy-duty commercial vehicles

Dissertation, Technical University of Munich
https://mediatum.ub.tum.de/1546563

Bonnedahl, Tobias, 2010

Road Slope Estimation Using a Longitudinal Accelerometer and Kalman
Filtering

Master thesis, Lund University
https://www.lunduniversity.lu.se/lup/publication/8847441

Palella, Nicola, Colombo, Lucio, Pisoni, Fabio, Avellone, Giuseppe, and
Philippe, Jean-Marc, 2016

Sensor fusion for land vehicle slope estimation

In: Inertial Sensors and Systems. Karlsruhe, Germany, 2016.
https://doi.org/10.1109/InertialSensors.2016.7745683

Ghotikar, Tejas, 2008

Estimation of vehicle mass and road grade

In: All Theses. Volume 412, Publisher: Clemson University
https://tigerprints.clemson.edu/all_theses/412



32nd Aachen Colloquium Sustainable Mobility 2023 15

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Vahidi, Ardalan, Stefanopoulou, Anna G., and Peng, Hui, 2005

Recursive least squares with forgetting for online estimation of vehicle mass
and road grade: theory and experiments

In: Vehicle System Dynamics. Volume 43, pages 31-55
https://doi.org/10.1080/00423110412331290446

Silvas, Emilia, Hereijgers, Kobus, Peng, Huei, Hofman, Theo, and Steinbuch,
Maarten, 2016

Synthesis of Realistic Driving Cycles With High Accuracy and Computational
Speed, Including Slope Information

In: IEEE Transactions on Vehicular Technology. Volume 65, pages 4118-4128
https://doi.org/10.1109/TVT.2016.2546338

Kieninger, Daniel, 2022

Holistic design of electric vehicle drives by means of integrated component
design

https://doi.org/10.18154/RWTH-2022-07714

Koller, Sven, Uerlich, Roland, Witham, Gordon, Swierc, Daniel, Gerigk, Markus,
Hemsen, Jonas and Eckstein, Lutz, 2022

Design and Prototype of Electric Drive Axles for Heavy-Duty Trucks

In: 31st Aachen Colloguium Sustainable Mobility. Aachen, Germany, 2022

Witham, Gordon, Hemsen, Jonas, Swierc, Daniel, and Eckstein, Lutz, 2022
Potentials of Dual-speed Transmissions in Electric Powertrains depending on
Passenger Vehicle Segment

In: International Symposium on Electromobility. Puebla, Mexico, 2022
https://doi.org/10.1109/ISEM55847.2022.9976542

Rozum, Anna, Uerlich, Roland, Witham, Gordon, and Eckstein, Lutz, 2023
Modular powertrains for heavy-duty electric vehicles — From concept to
prototype

In: Drivetrain Solutions for Commercial Vehicles. Volume 8, pages 191-206
https://doi.org/10.51202/9783181024218-191

Koller, Sven, and Schmitz, Vincent, 2022

Systematic synthesis and multi-criteria evaluation of transmission topologies for
electric vehicles

In: Automotive and Engine Technology. Volume 7, pages 65-79
https://doi.org/10.1007/s41104-021-00101-5

BEE — BEV Goes eHighway, 2023
Project website
https://www.bee-ehighway.de, retrieved on 30.08.2023

European Commission, 2023
ESCALATE - Project description
https://doi.org/10.3030/101096598



