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Abstract: Reducing air pollution caused by emissions from road traffic, especially in urban areas, is an
important goal of legislators and the automotive industry. The introduction of so-called “Real Driving
Emission” (RDE) tests for the homologation of vehicles with internal combustion engines according
to the EU6d legislation was a fundamental milestone for vehicle and powertrain development. Due
to the introduction of non-reproducible on-road emission tests with “Portable Emission Measurement
Systems” (PEMS) in addition to the standardized emission tests on chassis dynamometers, emission
aftertreatment development and validation has become significantly more complex. For explicit proof
of compliance with the emission and fuel consumption regulations, the legislators continue to require
the “Worldwide Harmonized Light Duty Vehicle Test Cycle” (WLTC) on a chassis dynamometer.
For calibration purposes, also various RDE profiles are conducted on the chassis dynamometer.
However, the combination of precisely defined driving profiles on the chassis dynamometer and
the dynamics-limiting boundary conditions in PEMS tests on the road still lead to discrepancies
between the certified test results and the real vehicle behavior. The expected future emissions
standards to replace EU6d will therefore force even more realistic RDE tests. This is to be achieved by
significantly extending the permissible RDE test boundary conditions, such as giving more weight
to the urban section of an RDE test. In addition, the introduction of limit values for previously
unregulated pollutants such as nitrogen dioxide (NO,), nitrous oxide (N,O), ammonia (NH3) and
formaldehyde (CH,O) is being considered. Furthermore, the particle number (for diameters of
solid particles > 10 nm: PNyp), the methane (CH4) emissions and emissions of non-methane organic
gases (NMOG) shall be limited and must be tested. To simplify the test procedure in the long term,
the abandonment of predefined chassis dyno emission tests to determine the pollutant emission
behavior is under discussion. Against this background, current testing, validation, and development
methods are reviewed in this paper. New challenges and necessary adaptations of current approaches
are discussed and presented to illustrate the need to consider future regulatory requirements in
today’s approaches. Conclusions are drawn and suggestions for a robust RDE validation procedure
are formulated.

Keywords: RDE; Real Driving Emissions; pollutant emissions; powertrain calibration; EU7; cycle
generation; statistically representative; emission legislation; emission testing; test procedures

1. Introduction

Reduction of emissions is one of the most important goals in shaping future mobility
without negative effects on human health and the environment. This is counteracted by
the permanent growth of the world’s population and the concomitant increase in motor-
ized individual mobility [1-3]. The constant evolution of the pollutant and CO; emission
standards is a technology driver that is forcing the automotive industry to continuously
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develop ever more robust powertrains and emission control as well as exhaust gas af-
tertreatment systems.

In contrast to the comparatively moderate adjustments of the emission standards in
recent decades, the introduction of the current EU6d legislation was a milestone for the
requirements on the development of emission reduction technologies as shown in Figure 1.
Since the introduction of Real Driving Emissions (RDE) tests, pollutant emissions must be
validated and reported under real road and traffic conditions and not only in the driving
cycles on a chassis dynamometer that were exclusively relevant to legislation so far [4].
Many Original Equipment Manufacturers (OEM) implemented task forces to avoid having
to discard the planned Starts of Production (SOP) for their products, some were even forced
to reduce their product portfolio [5]. This is due to the wide range of possible testing
conditions already required by the current legislation to cover all possible test scenarios for
RDE [6].
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Figure 1. Development of emission limits from Euro 1 to Euro 6 for gasoline and diesel engines.

Current proposals and discussions in the context of an upcoming EU7 legislation
indicate that a further milestone for powertrain development must be reached [7]. This
will pose new challenges for the automotive industry, but also for the manufacturers of
Portable Emission Measurement Systems (PEMS).

In this paper, these challenges are discussed with focus on the field of emission
calibration. Therefore, current publications are reviewed for proposals and prognoses
concerning the next steps of the emission legislation. The findings are summarized in
the chapter “Challenges posed by the upcoming emission legislation”. Subsequently, the
problems are transferred to the subject area of emission calibration. For this purpose, the
entirety of the changes is condensed into four core elements, which require a review or
action in regard to established development methods.

For these core elements, a problem analysis is performed in “Problem analysis and
consequences of potential legislative amendments for calibration”. Accordingly, all four is-
sue blocks are addressed separately and challenges for vehicle development and especially
for emission calibration are identified.

Current RDE development and testing methods are examined for their future prac-
ticability in “Review of current methodologies against the background of calibration
challenges”. The extent to which existing development methods can meet the future re-
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quirements is analyzed. Necessary changes are examined and discussed, provided they
can be implemented in the respective approaches.

Once specific tasks have been identified, the chapter “Implementation of solutions and
presentation of a suitable RDE development and validation methodology” will provide
concrete solutions. In this context, a methodology is presented that is already able to meet
many of the challenges of the upcoming legislative changes previously discussed.

The section entitled “Conclusions and Outlook” provides a compact summary of
technical achievements with particular added value for automotive development and
provides an outlook on further research activities in the area of RDE calibration methods.

2. Challenges Posed by the Upcoming Emission Legislation

Figure 2 shows an overview of the development of emissions legislation in Europe
since 2015. The standards take into account technical trends and further developments that
enable more non-critical emissions behavior while at the same time allowing for justifiable
additional effort on the part of manufacturers and consumers. Forecasts and future scenar-
ios are particularly important for OEM, as the development cycles of new hardware are in
some cases longer than the current revision intervals of emissions legislation in Europe [8].
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Figure 2. FEV scenario for European emission legislation roadmap with focus on RDE.

The overall objective of the regular revision of emission legislation is an improvement
in air quality. In particular, zero-emission mobility in urban environments is focused
since many years. The sometimes considerable discrepancies between emission results
determined in the laboratory and PEMS measurement results on the road [9-12] have led
to public discussions, juristic conflicts and consequently to local bans on vehicles of older
construction years [7,13]. With the introduction of the “Worldwide harmonized Light duty
vehicle Test Procedure” (WLIP), RDE tests were integrated into the vehicle homologation
procedure in addition to chassis dyno tests in the laboratory environment.

Currently, a debate is taking place about the elimination of laboratory tests as main
criterion for the evaluation of pollutant emissions for the period after EU6 [14]. The CLOVE
Consortium states that so far “non-regulated pollutants (gaseous and particles) [shall] be
included in the regulations and measured on board the vehicle with PEMS” [14].

Laboratory tests should then only be necessary, for example, to evaluate new pollu-
tants for which an appropriate mobile measuring technology is not yet available. Addi-
tionally “for CO, emission measurement and check of compliance with the fleet-based
CO;, emission targets” [15], the WLTP chassis dynamometer tests could still be applied
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according to this reference. However, the actual “[pollutant] emission certification [will
probably be]-based (solely) on RDE and PEMS testing” [15].

A further adjustment of the specifications is planned in the form of fuel and technology
neutrality of emission standards [15,16]. Thus, there will probably be uniform limit values
for petrol, diesel, and any hybrid applications. At the same time, it is likely that all fuels
available on the market can be used for test purposes. Examples for the influence of the fuel
on the particulate number (PN) emission result are given in [17-23]. The oxygen content
in the fuel has a strong influence; increasing oxygen content in the fuel (e.g., in ethanol
or methanol) causes a decrease in the total PN concentration and in the concentration of
nucleation mode PN [24-26].

The importance of RDE will increase significantly as a result of these changes. Es-
pecially as the acceptance in society for emission results from measurements in real road
traffic is higher than for the testing approach on chassis dynos used so far. However, the
current legally defined boundary conditions for e.g., longitudinal vehicle dynamics or road
topography still lead to discrepancies between compliant RDE test results and reality. The
current conditions and limitations are highlighted in Figure 3.
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Figure 3. RDE test limitations of EU6d and potential extensions due to EU7.

With a clear differentiation of the drive profile into the urban, rural and motorway
phases, the possible shares of speed ranges are clearly defined. On top of the speed itself,
restrictions for allowed driving dynamics ranges are given by providing a maximum
limitation for v-apes95 (95th percentile of the products of velocity and positive accelera-
tion for each phase) and a minimum limitation for RPA (relative positive acceleration).
Furthermore, the limitation of boundary conditions for temperature and altitude with
the separation into moderate and extended conditions restrict the potential test scenarios
compared to a possible real-world usage behavior.

To close this gap, the CLOVE consortium [14,15,27] recommends that RDE tests in the
future should take into account all parameters mentioned below:

Driving dynamics

Ambient temperatures

Altitudes

Payloads

Types of driving distances with emphasis on short trips, cold starts, and warm starts

The last point is a particular challenge for emission measurement devices, because
depending on the measurement principle (dry/wet), only a delayed recording of emissions
is possible due to condensation effects at temperatures of exhaust gas components below
the dew point [28].
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Consideration of the approaches presented against the background of the available
sensor and measurement technologies partially rules out some measures for the near future.
However, a scenario for a gradual implementation in two stages is conceivable.

According to CLOVE, the following points must be realistically assigned to the long-
term goals:

o  The test procedure must be able to monitor the vehicles’ cleanliness under (almost) all
circumstances and boundary conditions and during its entire realistic lifetime [27].

e  Urban mobility must be (almost) emission-free. This should be “guaranteed via a
combination of RDE and On Board Monitoring (OBM) systems” [27,29]

e Replacement of all chassis dynamometer type approval tests by RDE procedures [27].

These long-term goals must be noted and considered where possible for new develop-
ments. However, from the current perspective, the “short term scenario” is more important.
It consists of the following proposals, which can technically be realized within a time
horizon of a few years in advance:

e  OEM must ensure that emissions are low across the entire engine operation map by
means of appropriate control mechanisms [27,30]. In recent years, feasibility of this
topic has already been demonstrated by various studies, particularly in the context of
CO emissions from gasoline engines [30-32].

e In Service Conformity (ISC) will be checked by RDE tests until suitable OBM systems
are available [27]. However, OBM will be introduced successively. A first sign has
already been set by the introduction of the Fuel Consumption Monitoring (FCM)
system within EU6d [33,34].

e  On Board Diagnostics (OBD) functionality is to be demonstrated under RDE condi-
tions.

e Implementation of stricter and uniform limit values for pollutant emissions of the
various propulsion technologies [35].

e Introduction of limits for additional pollutants [2,7,35]—new emissions species con-
sidered relevant are: nitrogen dioxide (NOy), nitrous oxide (N>O), ammonia (NH3),
formaldehyde (CH,O), particle number (for diameters of solid particles >10 nm: PNy),
methane (CHy4) and non-methane organic gases (NMOG) [15,36].

e Type approval as such will continue to take place on the chassis dynamometer for
an indefinite period of time and will be supplemented by RDE tests on the road.
However, the focus could gradually (comparable to the stages between EU6b and
EU6d (final)) be shifted more and more toward “certification of Air Pollutants and
verification of [Green House Gases (GHG)]” [27] by RDE tests with PEMS. For many
of the non-regulated pollutants, there are already promising approaches for on-road
measurements. Examples are the measurement of N,O, NH3, CHy and CH,O during
on-road operation in [37], which shows good results in correlation with laboratory
measurement technology. However, further testing is necessary [27].

e  The RDE test procedure will be significantly modified:

O Adaptation of the RDE boundary conditions with regard to the question “how
are the cars in fact driven/used in practice?”—“Normal use and normal con-
ditions across Europe will be reassessed to consider a more encompassing
RDE” [27].

O Definition of a significantly “wider RDE testing range” [15].

Future ISC tests with PEMS will require additional testing effort. Additionally, the
shift of OBD demonstrations from the chassis dynamometer to the road means a change
in processes and an increased demand for mobile emission measurement technology.
Considering the results of the comprehensive market analysis on emission measurement
technology, shown in Figure 4, an increase of 67% can be expected between the date of
introduction of EU6d (2019) and the earliest possible introduction of EU7 (~2025).
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Figure 4. Development of vehicle emission test system market size [38].

Between the introduction of EU6b and EU6d, the Grand View Research Inc. study
“Vehicle Emissions Test System Market: ANALYSIS AND FORECASTS FROM 2016 TO
2027” shows a market growth of about 90%. This relative increase also correlates with
the increase in the number of emission tests carried out during this period, due to the
increased need for validation per product resulting from the introduction of WLTP and
RDE. Accordingly, an increase in the number of tests required for the next emissions
legislation step can be anticipated.

In the future, the significant increase in need for testing will result in particular from
RDE tests, which already represent a significant part of the validation process. An overview
of the upcoming changes under discussion shows that the importance of RDE is growing
rapidly in the context of future legislation and vehicle homologation. This paper therefore
focuses on the question: “What do the upcoming changes in the legislation mean for the
existing RDE test procedures and how can we ensure that newly developed vehicles will
be clean within the wider RDE test range?

This is discussed in terms of the following key challenges to be considered:

“New pollutants”—Is measurement technology up to the task?
Progressive shift of test operations from the laboratory onto the road
Increase of possible test cases: “Wider RDE testing range” in “order to address all
driving conditions” [14]

e  Vehicle testing according to actual use: “Normal use and normal conditions will be
reassessed” [15]

3. Problem Analysis and Consequences of Potential Legislative Amendments
for Calibration

The measurement of previously unregulated pollutants is a challenge for various
reasons. Additional measurement technology is required and the necessity to measure
pollutant emissions mainly in real road traffic in the future requires mobile measurement
systems with sufficiently accurate sensor technology.

3.1. “"New Pollutants”—Is Measurement Technology up to the Task?

State-of-the-art PEMS are equipped with sensors for concentration measurement of
nitrogen oxides (NOx), carbon monoxide (CO) and carbon dioxide (CO,) as well as for
counting PN (with diameters >23 nm: PNj3). In addition, the PEMS setup includes an
exhaust gas mass flow measurement (EFM) system, a Global Positioning System (GPS) and
an energy source. Each additional analyzer requires further installation space in the already
very compact PEMS design [39]. The compact design causes compromises in measurement
accuracy (currently the law allows 50% deviation for PN and 43% for NOx) [4]. Since PEMS
are operated under strongly varying environmental conditions (temperature, humidity) and
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are subject to strong accelerations and shaking, they are designed simpler than laboratory
devices in order to increase robustness. This is another reason for the higher measurement
uncertainty compared to the laboratory grade equipment [40,41].

Mobile measuring systems are already available on the market for some of the poten-
tially future regulated gaseous pollutants. Some of those new pollutants can be measured
quite satisfactorily with such systems [37].

In contrast to the gaseous emissions, the results for the measurement of ultrafine
particles (PNyg) are subject to high inaccuracies. Dorscheidt et al. show that PNjy can
account for up to 50% of the total PN result when a vehicle is operated dynamically on a
chassis dynamometer [42]. For these investigations, a selection of gasoline vehicles with
state-of-the-art aftertreatment systems including a gasoline particulate filter (GPF) have
been used. Figure 5 shows measurement results of PNy and PNj3 and their respective
share of the total PN emission result. The investigation points out how critical a deviation
of only 50% in PNy can be for the overall result.
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Figure 5. Share of ultrafine particles in the overall PN result for transient and stationary measurements.

The diagram shows the PN results in a WLTC for a J-, S- and A-class vehicle, each
equipped with a state-of-the-art emission aftertreatment system including a GPF. These
were measured on the emission chassis dynamometer with a Cambustion DMS500 [43] and
a condensation particle counter (CPC—[44-46]). On the other hand, measurement results
of selected stationary operating points (measured upstream and downstream of the GPF)
of the S-class vehicle are shown. For this purpose the DMS500 was set up on the engine
test bench.

The significant share of PNjg on the total PN results is also confirmed by the results of
another study on the “Laboratory and On-Road Evaluation of a GPF-Equipped Gasoline
Vehicle”, which shows proportions between 20% and 50% [47].

PEMS for PNy are part of different studies that show large scattering measurement re-
sults [48,49]. Particularly in direct comparison with laboratory equipment, clear deviations
are detected. The “Assessment of 10-nm Particle Number (PN) PEMS” [40] summarizes that
the most accurate system shows +25% deviations. However, depending on the measuring
principle, deviations between 25% and 100% can be observed:

e  CPC systems had 25% to 50% differences compared to the reference systems
e  diffusion charger systems had 50% to 100% differences [40]

The use of the current PNy mobile emission measurement technology would therefore
in some cases falsely generate results that exceed the legal limit. If the legislator provides a
sufficiently high Conformity Factor (CF), this is acceptable for individual homologation
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tests, but not for development purposes where high measurement accuracy is required for
system optimization.

On top of challenges regarding the robustness and availability of measurement devices
for the new pollutants, the impact of adjusted boundary conditions needs to be considered
for PEMS devices. Yet difficult measurement procedures for e.g., HC and NHj species as
well as procedures for already PEMS relevant pollutants must work securely and reliably
under all ambient conditions. This includes low temperatures (likely down to —10 °C)
and high temperatures (likely up to 45 °C) at high altitudes of around 1600 m above sea
level [50].

Furthermore, the extended range of operation as a consequence of potentially omitted
boundary conditions for the dynamics of a test cycle may lead to a high variance of exhaust
gas mass flows during a single test. The measurement device must then be able to capture
low mass flows during low load urban operation as well as extremely high mass flows at
high speed motorway driving with a sufficient accuracy [50].

Extending the on-road measurements from PEMS to in-vehicle OBM systems within
a future legislation to track the fleet’s emission conformity in use during the vehicle’s
lifetime rises the need for adequate measurement devices and technologies. Accordingly,
sensors need to be implemented into the exhaust aftertreatment system that are capable of
identifying all relevant pollutant components. Such sensors must be installed in a highly
limited space—extreme reduction compared to PEMS—with a sufficient level of accuracy—
comparable to PEMS—at the same time [51]. Within current EU6d, the legislator already
allows a conformity factor of 1.43 to 1.5 to compensate the variance of PEMS test results
due to the device’s tolerances [4]. Performing a PEMS test with a duration of roughly two
hours necessitates a pre-calibration and post-check for each test. A reduction of calibration
intervals for OBM hard- and software is required with adequate procedures to compensate
or prohibit measurement drift to allow a normal operation of the vehicle in daily use.
Considering high variances in boundary conditions with extreme levels of experienced
limits (real vehicle use instead of legislative test conditions) further complicates the design
of systems with a reasonable robustness. This includes the durability and the resistance
against cross sensitivities.

3.2. Progressive Shift of Test Operations from the Laboratory onto the Road

For emission optimization and calibration in general, reproducibility of test results
and test conditions is essential. For example, for calibration of catalyst purge strategies
or the optimization of the lambda controller downstream catalyst, the effect of smallest
calibration changes on the emission results must be assessed over several calibration
loops. Disturbances in form of varying boundary conditions must be excluded. This is
only possible in a laboratory environment. The required degree of reproducibility for the
successful completion of development projects cannot be achieved during road tests [52].

The “non-exhaust emissions” behavior [15], which is also discussed and which is
the result, for example, of abrasion of the tires and brakes while driving, is very strongly
influenced by the driving style and driving behavior, as well as the used components. From
the perspective of calibration, these emissions would then become an issue if a combined
PN limit value would be implemented. Calibration would then have to reduce exhaust
emissions to such an extent that the limits would be met with all conceivable combinations
of particulate emissions from tires and brakes. Otherwise, all vehicle-specific consumable
parts and their manufacturers would have to be defined prior to homologation.

3.3. Increase of Possible Test Cases: “Wider RDE Testing Range”

The extension of the defined boundary conditions in RDE testing is accompanied by
an increase in the number of test cases required for calibration and validation. Adjusting
or even eliminating the required minimum driving distances for a valid RDE test results
is a significant challenge for calibration due to the high emission level during cold start
and warm-up phase [53,54]. Shortening the required total driving distance results in only a
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reduced distance to “dilute” the start emissions by the range covered in warm condition.
For demonstration, the distance specific and cumulated PN, NOx and CO emissions for a
WLTC test on a chassis dyno with a 1.6 1155 kW GDI 1783 kg D segment vehicle with a
state-of-the-art exhaust aftertreatment system including a three-way catalytic converter
and a GPF are shown in Figure 6. Due to the cold system conditions, the increased raw
emissions, and the low conversion rate of the aftertreatment system lead to a high increase
of cumulated emissions within the first 100 s. Once the catalytic converter has reached
the light-off temperature, the conversion of the raw emissions reaches a suitable efficiency,
leading to a clear reduction in tailpipe emissions. The distance specific intensity indicates
the diluting effect of the following test distance on the overall result. Even a shorter
distance after a cold-start with restricted driving dynamics [4] can significantly increase the
emissions generated in this phase if higher loads and thus higher mass flows are provoked
while the exhaust aftertreatment components have not yet reached the necessary operation
and light-off temperatures. As a consequence, additional auxiliaries such as electrically or
burner-heated exhaust aftertreatment systems must be applied to support the warm-up
process [2,55-58]. Further measures such as the use of e-fuels for improved starting and
emission behavior are conceivable to support an efficient calibration [59-62].
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Figure 6. Distance specific and cumulated emission results for PN, NOx and CO on a WLTC.

The removal of limitations for driving dynamics (RPA and v-apes9s) as well as the
topography of the route driven lead to a multitude of new engine operating conditions.
In particular, the resulting dwell time in emission-critical engine operating points makes
it difficult to robustly ensure emission compliance. Both the continuous operation in
high load ranges and the operation at low load and low dynamics must be considered in
the calibration [63]. Current concepts, which require enrichment for thermal component
protection at high loads and exhaust gas temperatures, can no longer be used due to the
expected combination of the elimination of driving dynamics limitations and additional
emission restrictions (especially for CO). This will require a change to stoichiometric
operation over the entire engine map [7,30,31]. Additionally, low loads in combination
with changed driving route restrictions can lead to a slower warm-up of the components,
especially during the urban phase as shown in [64].



Appl. Sci. 2021, 11, 5429

10 of 21

Considering the increasing hybridization of current and future powertrains, the chal-
lenge of a wider range of potential operating points and operating point traces is further
enhanced. This can result in hurdles and benefits at the same time. Being able to ac-
tively shift the operating point in load, speed and completely decouple it from the actual
propulsion demand (based on the specific hybrid topology) allows optimizing the used
operation area based on the emission behavior. At the same time, a compromise between
emission optimization and reduction of fuel consumption needs to be addressed in the
layout of the hybrid strategy calibration. This advantage of decoupling the engine may
result with regard to temperature management of the engine and exhaust aftertreatment
system. Repeated engine starts at temperatures with a low conversion efficiency may lead
to an intensified emission behavior. Accordingly, the strategy calibration needs to consider
the variable and unknown operation points. The engine may be restarted anytime with
various speeds and loads if required; for example due to insufficient state of charge of the
battery or a high propulsion power demand, exceeding the capacity of the electric machine.

Thus, profiles that were previously not permissible due to insufficient driving dy-
namics or an insufficient resulting urban share may lead to critical emission intensities in
the future. As a consequence, the increasing number of applicable boundary conditions
and the resulting challenges for emission control lead to an increase in the number of
tests required for robust validation. However, the limited capacity of test facilities and
test benches as well as measurement systems and vehicles, coupled with shorter available
development times and limited program budgets restrict the expansion of test cases that
can be investigated. To counteract this development and to further ensure both the time
required and the statistical certainty for the development under all boundary conditions, a
revision of the existing processes and tools for the calibration process is necessary.

3.4. Vehicle Testing according to Actual Use: “Normal Use and Normal Conditions Will
Be Reassessed”

The question arises how normal operation can be defined. An important aspect is the
evaluation and quantification of operational and driving behavior with the respective vehicle.

Within the RDE legislation, the key figures v-apos95 and RPA are implemented
(Figure 3) [4]. However, these are not sufficient to clearly describe “normal use” [65].
The introduction of further indicators as described in [65,66] is an important next step.
The goal of focusing test procedures and operating modes on typical usage affects the
calibration itself, the design of tests, and the evaluation and interpretation of test data.
The demand for more realistic operating modes in legal tests has already been pursued by
the introduction of the WLTC. To design this test cycle, statistical data of typical driving
behavior was collected and the speed profile was derived from this data [67,68]. More
realistic tests cause more realistic emission results, e.g., compared to NEDC [69]. An equiv-
alent approach was implemented in the Chinese emission legislation with the introduction
of CATC [70]. With the goal of mapping geographically regional driving behavior in a
more focused manner [71-74], local target group-specific data are also collected, evaluated
and, for example, combined into a supplementary test cycle via Markov chains (further
explained in [75-78]) as described in [79,80].

The shift away from predefined driving cycles to a focus on free RDE routes means
however that the previously used approaches will also be revised in the future. Methods
must be introduced that do not define statistically relevant driving profile sequences on
the basis of databases, but rather determine statistical relevance by means of comparison
algorithms. The EU6d standard does not specify any characteristic values that describe
typical driving behavior. The driving dynamics-limiting parameters v-apos95 and RPA
are only used to ensure comparable test requirements. The derivation of corresponding
parameters and especially the determination of target values is highly relevant since the
driving behavior influence the total emission results significantly [6,81], but remains open.

A definition of global statistical targets by the legislator remains difficult and impracti-
cal. Different vehicles and motorizations have correspondingly different statistically typical
operating modes [82-85]. With the goal of individual relevance, a target-oriented concept
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must leave the verification of the statistical relevance of a test drive to the manufacturer.
In addition to the additional implementation of methods with statistical relevance, an
increased calibration effort is necessary. Already in the case of derivative changes, the
following changed typical usage behavior can lead to a shift in the focus of the calibration.
Even with the same test, the emissions of a uniform propulsion system can vary in differ-
ent vehicles, as shown in [82]. With the introduction of typical driving behaviors in the
future, not only the effects of the vehicle on the operating point, but also the shifting of the
operating points due to changed driving behavior will require extended calibration scopes.

4. Review of Current Methodologies against the Background of Calibration Challenges

With the new challenges resulting from the expected changes by the introduction of a
new EU7 standard, a review of the approaches used to support calibration and validation
process becomes necessary. The methods currently in use have been implemented to
address the changes brought about by the introduction of RDE in EU6d-temp. With the
focus of ensuring emission compliance within all possible operation conditions during
current RDE boundaries and reducing the required amount of prototype vehicles, several
solutions have been introduced, as shown in Figure 7.

Generic Cycles

Hh m  Defined test cycles
]’ (for entire fleet)
B o L i
®m  Fixed reference for

comparison of vehicles
and datasets
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Figure 7. Overview of current RDE validation methodologies.

Specific requirements for an efficient EU7 validation methodology can be derived
from the previous chapters:

Sufficient flexibility toward the measurement of additional pollutant emissions
Appropriate measurement accuracy in a suitable test environment

Ability to adapt new/modified RDE boundary conditions

Consideration of representative driver-vehicle-interaction (“normal use”)
Possibility to emulate all influencing ambient conditions

While not directly resulting from expected regulative changes, further demands for a
successful and resource-saving calibration process are:

Product or vehicle-specific problem identification and consideration

Examination of the entire relevant operating area for weak spots within the application
Reproducibility to validate the success of applicative changes

Efficient usage of available measurement data
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Evaluating these requirements, the so far established RDE validation methodologies
will be discussed:

e  Worst-case cycles:

@) (Fleet) generic cycles—often characterized by high driving dynamics
@) Pollutant specific created cycles based on simulation and/or Design of Experi-
ment (DoE)

e Real driving route testing—measurements with PEMS on-road or as replay on test
bed facilities
e  Synthetically designed cycles based on (regionally) relevant driving behavior

4.1. Fleet Generic Cycles

A majority of the OEM and the Non-Governmental Organizations (NGO) use fleet
generic approaches. Common methods using this approach are presented in [5,64,82,86].
The cycles presented are usually neither vehicle/application nor pollutant specific. With
their suitability not ensured for providing a robust RDE validation within the current
legislation [65,82,87], they are not expected to be sufficient for EU7. As they are limited to
the same range of different driving maneuvers while testing various vehicles, their quality
toward ensuring “worst-case” intensities of additional pollutants remains to be evaluated.
Potentially, new cycles will have to be created by the OEM to cover these additional
restrictions as well as extending the currently used profiles to the changes in the RDE
boundary conditions for the cycle layout. Being tested on the chassis dynamometer within
a laboratory environment with state-of-the-art and high quality measurement systems
available, the detection of new pollutants will not provide a major additional challenge.
Especially when referring to a typical usage of the vehicle, the relevance of the generic
cycles will have to be proven for each vehicle. With different kinds of vehicles in the OEM’s
fleet with differentiations in the “normal use”, one generic cycle for the entire fleet will
quite likely not be sufficient anymore.

4.2. Worst-Case Cycles

Worst-case cycles based on DoE and test bench investigation approaches [17,30,31,88-93]
offer a detailed tool for the evaluation of vehicle and pollutant specific characteristics.
Especially in early stages of the vehicle development, these approaches provide a deep
knowledge about potential future challenges during the further calibration and can support
the selection of appropriate hardware. When conducted on an engine test bench, the
reduction of limitations in boundary conditions will lead to an extension of the DoE test
set range. Due to the laboratory environment, additional pollutants will not put further
challenges to the methodology, but an extension of the DoE range might also be required.
With the advantage of real emissions and component behaviors being available, detailed
analyses of critical situations and formation of new pollutant enhancing factors is possible.

When using DoE approaches in a simulative environment, new models will have to
be created, describing the formation of these previously not considered pollutants. This is
not only connected to implementing new models into existing subsystems, but also to the
demand of identifying the explicit formation and conversion mechanisms of the engine
and aftertreatment systems for the creation of such models.

Furthermore, current models will have to be validated for the extension of the bound-
ary conditions. Therefore, the implementation of EU7 could lead to an enormous amount
of work-load to adapt current methodologies that follow purely simulative approaches.

4.3. Real Driving Route Testing

With the adjustment of limitations in driving dynamics and profile characteristics,
existing routes will have to be revised. Especially when designed for a regional emission
intensive route, a re-evaluation of the impact on current and new pollutants is required.
The assessment of the route’s impact on new pollutants depends on the reliability of
the measurement system. The precise measurement in a laboratory environment can
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only be achieved providing a suitable route has been recorded beforehand. This requires
consideration of all influencing variables and subsequent transfer to the test bench. Such
transfer is provided in [83-85], where the chassis dyno is used for reproduction of speed
and a driver robot is used to reproduce the load profile measured on-road using the
accelerator pedal.

Previously used routes take neither the new pollutants nor potential new and extended
boundary conditions into account. All current driving cycles must therefore be critically
reviewed and probably replaced by updated driving profiles. The process of identifying a
suitable route is very challenging, as it always has to meet the desired boundary conditions
in a given contiguous road infrastructure under the unpredictable influences of current
traffic. Approaches to methodologically create and evaluate such routes as presented
in [94], need to be revised and optionally adjusted to run the optimization process for the
updated boundary conditions.

4.4. Synthetically Designed Cycles Based on (Regionally) Relevant Driving Behavior

In addition to the testing of real routes and the purely emissions-motivated simulative
development of worst-case test cycles, it is also possible to create test scenarios that process
empirical findings from previous measurements into fictitious routes [67,71-74,95,96]. The
database must sufficiently represent the criteria to be checked. Possible input data for this
process can be collected in fixed geographical areas, for example, if a driving cycle is to be
created for a specific region. An example for this procedure is the development of the WLTC.
It is based on a database containing a representative amount of data on typical driving
behavior in Europe [67,68]. This background information is used to parameterize transition
matrices for Markov chains. These Markov chains [97] determine probable implications
for characteristic values, such as vehicle speeds and accelerations, and thus enable the
creation of a driving profile that is characterized by an average typical European speed
and acceleration pattern. However, the emission behavior of a vehicle is not considered in
these methods.

Based on adjusted boundary conditions, an extension of the geographical areas might
be required (e.g., typical driving behavior in high altitudes outside of the current EU6d
legislative restrictions). The layout of these cycles can in general remain on the current
approaches with existing databases and generation algorithms. Modifications of the input
parameters for controlling the dynamics and distance shares will have to be carried out
based on upcoming changes.

5. Implementation of Solutions and Presentation of a Suitable RDE Development and
Validation Methodology

As previously presented, a suitable solution to support the RDE development for
existing and future legislative requirements needs to combine different aspects. A labora-
tory environment is required, to be able to measure all relevant pollutants in an accurate
manner. The focus on cycles used for these measurements must be able to be placed on all
different exhaust gas components.

For a high flexibility and thus low efforts to adjust the approach for new legislations,
the process for the test profile definition must be built to easily control the boundary
conditions with regard to driving dynamics and track characteristics. Especially when
referring the test profile to a statistical relevance for the typical usage of the vehicle,
these statistical data have to be considered already during the generation of the profiles.
Adjustment of existing models must not be necessary, or at most only to a minor extend.

These requirements are combined in an approach of statistically supported RDE cycle
generation [65]. With measurement data being collected from all available sources (Figure 8
“Measurement Data”), such as on-road robustness recordings or PEMS measurements,
chassis dynamometer and X-in-the-Loop test benches as described in [85,95,96,98-107],
the methodology is highly flexible towards the consideration of additional new pollutants.
Furthermore, specifications of exhaust gas components that require a highly sophisticated mea-
surement equipment can easily be evaluated using the laboratory measurement equipment.
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Figure 8. Schematic overview of the process for statistically supported RDE test cycle generation.

An automatic evaluation of these measurement data (Figure 8 “Event Detection”) not
only allows a more efficient analysis of data than a manual evaluation by an engineer, but
also considers any data input identifying potentially critical sequences in these, regardless
of the absolute intensity of the total test result. In this way, data are included in the
consideration of emission robustness and calibration potentials, even if they are not critical
on first sight. In the context of emission optimization, the event detection identifies critical
sequences with regard to their individual emission intensity by analyzing the emission
formation in a certain sequence. Using measurement data with real emissions allows
flexibly changing the target of the investigation without the requirement of adjusting
existing or building new models for the emission formation. Due to this, a big advantage is
provided toward the potential implementation of new exhaust gas components.

The demand for usage-relevant test cycles is covered by the approach of statistical
analysis of the collected data. On the one hand, a huge amount of data (e.g., robustness
measurements and fleet data) is used for the calculation of probability distributions and
targets for reference values describing the overall dynamics and power demands, such as
V-aposos, RPA or DrCE (distance related cycle energy) [82]. These can be used for the rating
of how relevant a certain drive profile is in the general context of real-world usage of the
vehicle and the decision of which targets shall be applied for a new test cycle. On the other
hand, the signal traces are analyzed for similarity with the detected critical events [65],
using a dynamic time warping approach [108]. By explicitly searching for similar signal
patterns of all critical events in the complete amount of available real-world driving data,
the statistical relevance of each event can be evaluated.

Applying the methodology to hybrid vehicles requires only small adjustments. While
the derivation of statistical distributions remains untouched, it may be extended by addi-
tional characteristic values. These may include e.g., the duration or distance of operation
with an active or inactive internal combustion engine. Comparing the traces of signals
for the identification of most relevant events remains unchanged. The set of features
used for the comparison can be either supplemented or replaced by relevant signals for
hybrid operation.

The knowledge about relevance of specific measurement data and driving styles
allows shifting the focus from “worst-case” driving cycles that do not necessarily reflect
a realistic behavior on public roads to a critical “most relevant” cycle. Here, the critical
sequences are combined with their appearance under normal use conditions, leading
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to a cycle that is not only relevant with respect to key values describing the totality of
the profile, but also relevant regarding the local traces. Using a cost function, control
inputs (Figure 8 “Required Inputs”) can be applied to weight between the potential targets
of the critical pollutant species, the intensity and statistical relevance of the emission
events to be used, the overall driving dynamics and the characteristics to be achieved.
Distances and distance shares can be explicitly specified with respect to the final definition
of the legislation. For the application on hybrid use-cases, additional information of e.g.,
statistically representative durations and distances with and without use of the internal
combustion engine or typical load distributions can be considered within the cost function
as well. The reproduction of such inputs although requires supplementary algorithms
and models. With additional degrees of freedom or hybrid powertrains, a detailed system
prediction will become necessary to achieve the desired operation behavior on the chassis
dynamometer or test bench. The extension of the approach is currently being developed
and will be described in [109].

For the actual generation of the cycle (Figure 8 “Event Combination”), adjustments of
simplified models are carried out based on the use case and the input data. Basic models for
the engine map and transmission are required to support the acceleration profile generation
and ensuring a drivable speed profile for the individual vehicle. The previously selected
events are placed in the cycle considering the input values for distance shares and speed
targets and are connected by synthetically generated parts.

The vehicle-specific test cycle thus generated enables the calibration and validation
of critical scenarios while ensuring the statistical relevance of the considered sequences
considered. Such cycles are designed for testing on a chassis dynamometer, which offers the
ability to use precise measurement equipment in a laboratory environment. Furthermore,
the usage on engine test benches or even on hardware-in-the-loop or model-in-the-loop
applications is possible. The low-level requirements for models and the ability to focus on
any target during the event detection provides the opportunity to adjust the focus onto
any scenario of interest. Including real-world driving data allows not only evaluating and
proving the relevance of a certain drive cycle, but already puts the focus onto the statistical
probability when creating the test profile.

6. Conclusions and Outlook

With the introduction of an anticipated EU7 emission legislation and its expected con-
tent, manufacturers and vehicle developers will be facing new challenges. The exact scope
of the planned adjustments in the transition from EU6 to EU7 is still unclear. However,
it is already becoming apparent that in addition to improved exhaust gas aftertreatment
systems and advanced measurement systems for accurate measurement of very low con-
centrations of already restricted and additional new pollutants, expanded or even new
development structures and procedures are required in some areas to assure high quality
in emission calibration and validation.

It also has to be considered that fewer constraints on boundary conditions for compli-
ant RDE testing will expand the possible variation of driving test scenarios that must be
covered during the calibration and verification process and that the statistical relevance
during RDE testing will be enhanced.

All this results in not only technical but also in methodological challenges. With the
higher number of pollutants to be minimized and validated for compliance and reduced
limitations in test scenarios, the demand for testing and test resources will increase.

State-of-the-art approaches based on the introduction of RDE with the EU6 legisla-
tion mainly focus on specific aspects to reduce the testing effort and provide calibration
robustness. They typically focus on the identification of worst-case scenarios based on
DoE investigations in simulative environments or the engine test bench. Furthermore,
they cover real-world driving profiles by re-driving such “relevant” routes on a test bench
or focus on statistical relevance by deriving regionally typical velocity and acceleration
profiles from databases representing characteristic driving behavior for a geographical area.
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For future usability, an efficient approach must take into account the impact of the
potential adaptations in a future EU7 legislation:

1.  Possibility of execution in an environment that allows the use of highly accurate
measurement equipment under laboratory conditions.

2. Ability of considering new pollutants and their dependence on the condition of the
aftertreatment system.

3. Inclusion of the statistical relevance of a specific test scenario to ensure compliance
with future legislative requirements with respect to typical vehicle use under real-
world conditions.

4.  Hexibility with varying boundary conditions, such as minimum driving distances, dis-
tance shares, altitude and temperature requirements or limitations for driving dynamics.

5. Focus on critical emission intensity scenarios to support the calibration process and
provide sound validation.

While all current approaches already focus on execution in a laboratory environment,
the implementation of limits for additional pollutants brings new challenges for simulation-
based approaches. New models will have to be developed and validated with yet unknown
influences of the state of the aftertreatment system on the formation of these additional
pollutants and their conversion. Thus, a major focus in research will need to be placed on
evaluating these issues to further take advantage of simulative studies.

Focusing solely on the statistical relevance of a particular drive profile cannot provide
sound assurance of the robustness of a calibration and can hardly support the calibration
process in focusing on weak points. However, with the claim of increasing statistical
relevance in homologation testing, statistical investigations must be included in the creation
of test scenarios for emission calibration and validation.

Here, a major advantage of the approach to measurement data-based statistical cycle
generation becomes apparent. This methodology does not rely on is not depending on
models for emission formation and conversion, since the measurement data are used to
automatically identify the critical driving sequences. Including robustness and fleet data in
the evaluation of the critical sequences for relevance and the derivation of target ranges for
characteristic values already provides an approach to validate the statistical compliance
of a test scenario for the OEM. Using this approach, a typical operating behavior can be
described specifically for each vehicle.
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