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Abstract

The future of Internal Combustion Engines in the automotive sector seems
uncertain, to some extent, due to the recent changes in type approval regu-
lations. Current regulations have considerably reduced the engine pollutant
emissions limits, as well as introduced more demanding testing conditions.
The introduction of real driving cycles presented a challenging issue for car
manufacturers when homologating their vehicles, since the traditional and un-
demanding New European Driving Cycle (NEDC) certification cycle has been
replaced by more severe cycles such as World Light-Duty Test Cycle (WLTC)
and Real Driving Emissions (RDE).

This study, in the first place, presents a methodology for implementing
RDE cycles in an engine test bench. Even knowing that the essence of RDE
regulation is to assess actual driving conditions, reproducing RDE cycles in a
test bench is of great interest since, the controlled and reproducible conditions
that can be achieved in a laboratory lead to valuable information to under-
stand engine behaviour in real driving conditions, and therefore contribute to
engine development. This document applies the most recent European Com-
munity regulation and sets the essential steps to carry out an RDE cycle in
an engine test bench.

Secondly, as the feasibility of a test bench to perform RDE cycles has been
proven, different RDE cycles have been performed under different dynamic so-
licitations and external conditions such as ambient or intake air temperatures.
After that, the pollutant’s emission and fuel mass consumption were analysed
with the aim of characterising RDE cycles and conditions.

Furthermore, a comparison of RDE test emissions and fuel consumption
versus those obtained from steady-state tests has been carried out, where very
small discrepancies were found.
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Resumen

El futuro de los Motores de Combustién Interna en el sector de la auto-
mocién parece incierto, en cierta medida, debido a los cambios recientes en
las normativas de homologacién. Las regulaciones actuales han reducido con-
siderablemente los limites de emisiones contaminantes , asi como también han
introducido pruebas mas exigentes. La introducciéon de ciclos de conduccion
reales supuso un reto para los fabricantes de automéviles a la hora de homo-
logar sus vehiculos, ya que el tradicional y poco exigente ciclo de certificacion
del New European Driving Cycle (NEDC) ha sido sustituido por ciclos més
severos como el World Light-Duty Test Cycle (WLTC) y Real Driving Emis-
sions (RDE).

Este estudio, en primer lugar, presenta una metodologia para implementar
ciclos RDE en un banco de ensayos de motores. Aun sabiendo que la esencia de
la regulacién RDE es evaluar las condiciones reales de conduccion, reproducir
los ciclos RDE en un banco de pruebas es de gran interés ya que las condiciones
controladas y reproducibles que se pueden lograr en un laboratorio aportan
informacién valiosa para entender el comportamiento del motor en conducciéon
real, y por lo tanto contribuyen al desarrollo del motor. Este documento apli-
ca la normativa mas reciente de la Comunidad Europea y establece los pasos
imprescindibles para realizar un ciclo RDE en un banco de pruebas de motores.

En segundo lugar, gracias a que se ha demostrado la viabilidad de una sala
de pruebas para realizar ciclos RDE, se han realizado diferentes ciclos RDE
bajo diferentes solicitaciones dindmicas y condiciones externas como tempera-
tura ambiente o temperatura del aire de admision. Posteriormente, se analiz6
la emision de contaminantes y el consumo de combustible con el fin de carac-
terizar los ciclos y condiciones de RDE.

Ademas, se ha llevado a cabo una comparacién de las emisiones y el con-
sumo de combustible de las pruebas RDE frente a las obtenidas en las pruebas
de estado estacionario, donde se encontraron discrepancias bastante bajas.
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Resum

El futur dels Motors de Combustié Interna al sector de 'automocié sem-
bla incert, en certa mesura, a causa dels canvis recents a les normatives d’-
homologacié. Les regulacions actuals han reduit considerablement els limits
d’emissions contaminants i també han introduit proves més exigents. La in-
troducci6 de cicles de conduccié reals va suposar un repte per als fabricants
d’automobils a I’hora d’homologar els seus vehicles, ja que el tradicional i poc
exigent cicle de certificacié del New European Driving Cycle (NEDC) ha estat
substituit per cicles més severs com el World Light-Duty Test Cycle (WLTC)
i Real Driving Emissions (RDE).

Aquest estudi, en primer lloc, presenta una metodologia per implemen-
tar cicles RDE a un banc d’assajos de motors. Tot i saber que l’essencia
de la regulacié RDE és avaluar les condicions reals de conduccid, reproduir
els cicles RDE en un banc de proves és de gran interes ja que les condicions
controlades i reproduibles que es poden aconseguir en un laboratori aporten
informacié valuosa per entendre el comportament del motor en conduccié re-
al, i per tant contribueixen al desenvolupament del motor. Aquest document
aplica la normativa més recent de la Comunitat Europea i estableix els passos
imprescindibles per fer un cicle RDE en un banc de proves de motors.

En segon lloc, gracies al fet que s’ha demostrat la viabilitat d’una sala de
proves per fer cicles RDE, s’han realitzat diferents cicles RDE sota diferents
sol - licitacions dinamiques i condicions externes com ara temperatura ambient
o temperatura de 'aire d’admissié. Posteriorment, es va analitzar ’emissié de
contaminants i el consum de combustible per tal de caracteritzar els cicles i
les condicions de RDE.

A més, s’ha dut a terme una comparacié de les emissions i el consum de
combustible de les proves RDE davant de les obtingudes a les proves d’estat
estacionari, on es van trobar discrepancies forca baixes.
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1.1 Motivation

The world’s light-duty vehicle fleet has considerably increased during the last
decades. Currently, there are more than 1.2 billion vehicles in the world,
according to the International Organization of Motor Vehicle Manufactur-
ers (OICA) http://www.oica.net/category/vehiclesin-use/). Adding that the
world population could be increased to more than 11 billion in 2100, accord-
ing to the United Nations (UN) [4], and the development of countries such
as China and India (Global Economic Prospects, World Bank Group) [5], the
number of vehicles will continue rising.

Most of these vehicles are equipped with internal combustion engines that
use fossil fuels as their primary energy source. In addition, despite the number
of electric vehicles has increased in recent years, achieving a share of 5.1 million
in the world according to the International Energy Agency (IEA)[6], they only
represent 0.4% of the total. Furthermore, the internal combustion engines
will have significant importance in the ecological transition in the following
decades, improving their efficiency and incorporating hybrid solutions [7].

Currently, one of the biggest concerns in the world is air quality. Many
of the largest cities have implanted different regulations, especially to ban the
circulation of older vehicles and reduce as much as possible pollutant emissions.
These restrictions were applied due to poor air quality, as reported in 2019
by the European Environment Agency (EEA) [8]. The 2020 report [9] points
to significant reductions in emissions of air pollutants, particularly from road
transport, aviation and international shipping but mainly due to the lockdown
actions introduced by most of the European countries to reduce transmission
of COVID-19. The EEA considers air quality through the parameter known as
Air Quality Index (AQI) (https://www.eea.europa.eu/themes/air/air-quality-
index). To calculate this parameter, it is necessary to consider the hourly
concentrations of the polluting substances as ozone (Os), particulate mass
(PM), carbon monoxide (CO), sulfur dioxide (SO2), and nitrogen dioxide
(NO3).

Actually, according to EEA [9], road transport is not the main and only
responsible for air pollution, as shown in the figure 1.1. (Percentages shown
in the figure belong to emission contribution from road transport).
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m Non-transport sectors Road transport, exhaust ® Road transport, non-exhaust
®m Railways m Domestic shipping HInternational shipping
m Domestic aviation mInternational aviation
100% E—

90% 17,97% S

80% 5,39%

70%

60% 2812%
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CcO NMVOC NOx PM10 PM2.5 SOx

Figure 1.1: Pollutants emissions contribution of each sector. CO, Non-methane
volatile organic compounds (NMVOC), Nitrogen oxides (NOx ), Particle matter
smaller than 2.5um (PM;g), Particle matter smaller than 2.5um (PMs 5) and
Sulphur oxides (SOx).

Furthermore, as stated by the EEA source, [10], air pollutants emissions
trends from transport are downward, as shown in the figure 1.2.

—m-CO —e—NMVOC —&—NOx © SOx ——PM2.5 —SO0x excluding international shipping
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Figure 1.2: Trend pollutant emissions from transport. CO, NMVOC, NOx, SOy,
PMy 5



Section 1.1 Chapter 1

This reduction is attributable to substantial anti-pollution regulations that
have taken place during the last years. However, the previous European reg-
ulations have not managed to preserve good air quality, as some studies point
out [11] [12]. In addition, vehicles increase their polluting emissions as their
age and mileage increase [13].

Nowadays, car manufacturers’ efforts are principally focused on decreasing
pollutant emissions through different actives, and passives systems [14] [15].

Besides this, there is the problem of greenhouse gas emissions culprits of
climate change. Nowadays, the world is facing the impact of climate change,
being the last six years the warmest on record [16]. To achieve the challenges
proposed in the climate change conference held in Paris 2015 [17], the concept
of carbon footprint is of great importance, especially for greenhouse gasses
(GHG) emissions management [18]. Significant developments in renewable
energies [19] have been done to reduce GHG emissions, although additional
efforts are required from critical sectors like transportation.

GHG emissions have no boundaries. In other words, the entire planet is
affected if they are emitted in any part of the world. Internal combustion
engines that work with fossil or hydrocarbon fuels, during the combustion,
emit Carbon Dioxide (CO2) gases as equation 1.1 shows. In sum, more fuel
consumption involves more C'O2 emissions.

CnHonio + Oy — COs + H2O (1.1)

CO5 emission comes from total transport representing a 24% in 2019 ac-
cording to the International Energy Agency (IEA) [20]. Road vehicles like cars,
trucks, buses and, two and three-wheelers contribute to nearly three-quarters
of transport C'Oy emissions, which involves around 18% of the total C'Oy emis-
sions. In this regard, the European Union has established stringent standards,
reflected in the 443/2009 [21] regulation. This directive specifies that the EU
fleet-wide average emission target for new cars must be 95gCO2/km from 2021.
Later on, the European Union decided to reduce this limit by an additional
15% from 2025 and 37.5% from 2030 through regulation 2019/631 [22].

Moreover, the well-known trade-off between NOx and C'Os emissions rep-
resents a significant inconvenience when using different pollutant emissions
control as Exhaust Gases Recirculation (EGR) systems impair the combus-
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tion process or aftertreatment systems, increasing engine backpressure and
subsequently pumping losses. Nowadays, car manufacturers have made their
utmost efforts to reduce pollutant emissions and improve the engine’s per-
formance. They are pretty complex to fulfil both purposes since, often, the
improvement of one makes the others worse.

The spark ignition engine can reduce their gaseous pollutant emissions with
a unique device, the three-way catalytic converter. However, the issue with
diesel engines is harder to solve. In this engine, Total Hydrocarbons (T HC)
and C'O emissions can be reduced with the diesel oxidation catalyst, commonly
used in this kind of engine. Particulates can also be reduced through combus-
tion systems improvement, mainly with sophisticated injection systems. In
addition, diesel engines are equipped with particulate filters.

Nevertheless, NOx emissions are hard to solve. Although EGR systems
are fully implemented in diesel engines reducing significantly NOx emissions
at the combustion chamber, exhaust NOx emissions are still important. Two
different technologies, Lean NOx Trap (LNT) and Selective Catalyst Reduc-
tion (SCR), are currently used to reduce NOx emissions.

In the second half of the twentieth century, the research community pointed
out the negative impacts of the engine’s exhaust gases. These gases affect
humans and the environment. The adverse effects are greatly appreciated in
big cities with traffic jam problems. Poor air quality is a big issue for human
health. It is estimated that approximately 3% of cardiopulmonary and 5% of
lung cancer deaths are attributable to PM globally, according to the World
Health Organization (WHO) [23]. The first regulation restricting the emissions
of pollutant gases was established in California in the 60s[24]. Years later, the
first pollutant emissions regulation for vehicles appeared in Europe, known as
EURO 1 regulation [25]. Its first version was introduced in 1992 by delimiting
the emissions of NOx, THC, CO, and PM. To certify that the limits of each
one of these substances had been accomplished, the NEDC type approval cycle
was established in 2000 [26].

This cycle has to be performed in a rolling test cell facility. Over the
years, the limits of each of these substances have been reduced [27], with
the final purpose that car manufacturers design engines committed to the
environment and human health. The fulfilment of these limits was verified
with the NEDC. However, the NEDC became questioned years later since, it
is an undemanding cycle for current engines and vehicles, whose power and
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performance have increased over the years. Consequently, the type approval
emissions have been strongly reduced during the last years, as can be observed
in the table 1.1, whereas real driving emissions have decreased only by 40% on
average between Euro3 and Euro6 [28]. In other words, real driving emissions
are substantially higher than emissions under type approval conditions, with
variable factors from 4 to 10 times depending on the source [29].

co | nox | pm | THO

Date [g/km)] | [g/km] | [g/km] | FOX

[g/km]
Euro 1 Jul-92 2.72 - 0.14 0.97
Euro 2 Jan-96 1 - 0.08 0.9
Euro 3 Jan-00 0.64 0.5 0.1 0.56
Euro 4 Jan-05 0.5 0.25 0.05 0.3
Euro 5 Sep-09 0.5 0.18 0.05 0.23
Euro 6 Sep-14 0.5 0.08 0.05 0.17

Reduction from Eurol to Euro6* | -81.6% -84% -64.3% | -82.5%

Table 1.1: Pollutant vehicle emissions from Euro 1 to the last Euro 6. *In the case
of NOx, since, the first limit was established (Euro 3).

This situation was known by the European Union a long time ago, and there
are reports, such as the report drawn up by the Joint Research Centre-Institute
for Energy (JRC), an Institute depending on the European Commission [30].
Other reports elaborated by independent organizations such as the Interna-
tional Council on Clean Transportation (ICCT) [31] and [32] arrive to similar
conclusions.

These issues were revealed after the “diesel gate” scandal [33], finding out
that most of the vehicles, not only Volkswagen cars, widely surpassed the emis-
sion limits the regulation imposed when driving in the street. Consequently,
NOx and particle concentrations are higher than recommended, especially in
big cities subject to dense traffic [8]. To solve it during the following years,
the vehicle manufacturers and owners had to suffer several costs to deal with
and repair this issue [34].

In this respect, the European Commission drafted a report about the au-
tomobile emissions measurement, finding significant differences between emis-
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sions in the NEDC and road emissions, blaming manufacturers for this fact
[35].

To cope with this situation, the European Commission recently established
a relevant modification concerning evaluating pollutant emissions limits. This
modification consists of the implantation of two news cycles, WLTC and RDE,
described for the first time in the regulation in 2016 [36]. The WLTC is
performed in a chassis dynamometer, as well as NEDC, but with different
characteristics and requirements [37] [38].

The WLTC was obtained from “real world” driving data [39], and its condi-
tions are more demanding than NEDC [40], not only due to the higher duration
but also to the higher power needed to follow the speed profile as a consequence
of more aggressive accelerations and a higher percentage of the cycle with high
speeds. These requirements extend the engine operating map, giving emission
information in a wider operation zone including high load conditions[41] [42],
where the emissions can widely differ [43].

On the other hand, the European Regulation [36] introduced the RDE as a
method to assess vehicle emissions during real driving conditions. In order to

register pollutant emissions, a Portable Emissions Measure System (PEMS)
must be used [44] [45].

The RDE regulation establishes many conditions and restrictions to per-
form a valid RDE cycle. However, different cycle alternatives and routes are
infinite. Those cycles can have diverse dynamic conditions with the same
car, and therefore different pollutant emissions and fuel consumption can be
obtained, which affects when the homologation of the vehicle is carried out.

Due to the complexity of RDE cycles that establishes the regulation with
all the restrictions and guidelines, performing valid RDE cycles may be an
arduous task, since, during the conduct of the test, it may be aborted due to
deviations from the admitted range in the operating conditions or even, after
finishing it, when the data will be processed, realise that the cycle is not valid.

1.2 Background

Several fields of study have been explored for considering a full view of a study
carried out in this work. The highlighted investigations are described next.
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Nowadays, research works optimise different control systems and strategies
that minimise the fuel consumption and emissions of the engines in transient
evolutions. In general, these strategies are applied to the precisely defined
cycles as the WLTC, reaching very satisfactory results that, in many cases, are
validated with tests in experimental laboratory facilities (rolling test benches
or engine test cells) [46, 47]. There are also many publications in which these
results are obtained by simulation, which entails a substantial cost reduction
compared to physical vehicle testing [48] [49] [50].

However, it is not easy to carry out these validations for real driving situ-
ations, where it is necessary to reproduce specific engine operating conditions
on the road. Another problem is the lack of repeatability found on road cy-
cles. If the driver changes, significant dynamical differences can be found [51].
Even if on-road cycles try to be repeated with the same driver and condi-
tions, issues can spoil the test (Diesel particulate filter (DPF) regeneration,
traffic jams...). Testing on-road cycles, even following the same route, has
great NOx emissions dispersion [52], with final emissions differences higher
than 24% [53]. Furthermore, PEMS has smaller precision than stationary lab-
oratory equipment [54]. Consequently, transporting the RDE conditions to
an engine test bench could greatly help engine calibration and research and
development tasks [55].

1.3 Objetives

Reproducing RDE cycles under controlled conditions in the laboratory is a
challenge that the different research groups have considered [56]. An option
to mitigate the repeatability problem is to transfer the dynamic conditions
obtained in an RDE cycle done on road with a PEMS to an engine test bench,
so although finally, it is necessary to perform the RDE on-road, reproducing
its conditions to a test bench could help to many developments works [57].

Implementing these real driving conditions in an engine test bench en-
vironment is possible thanks to the software’s capacity to simulate driving
conditions. So, reproducing the RDE test in an engine test bench allows to,
after comparing the obtained results with those in the real route, take profit
of the test bench higher instrumentation and control capabilities to get accu-
rate results that assess the performance of the engine and allow to carry out
specific studies aimed to improve the engine performance in this particular
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route.

After that, comparatives, or many parametric studies in the same RDE cy-
cle, can be done without being affected by traffic and climatology conditions or
driving behaviour. Using this methodology, studies aimed at reducing pollu-
tants emissions and fuel consumption can be entirely performed with accuracy
guarantees. For instance, implementing new driving behaviour strategies, en-
gine control, trying different engine components, bodyworks with better drag
coefficient or climatic conditions studies, tasks are already done in WLTC,
and NEDC cycles [58].

This thesis’s first objective is to analyse the RDE regulation and the char-
acteristics of this type of cycle to study the viability later and assess the uncer-
tainty of transporting and performing RDE cycles with its complex features
in an internal combustion engine test bench.

Test benches have been traditionally used to test engines under several
stationary or transient conditions. Still, works on determining the variability
of measurements before complete RDE cycles have not been found in the
literature. These cycles, due to their long duration, as well as their range of
use of the engine, and the numerous and rapid transient evolutions to which the
engine is subjected, force the engines to behave in a non-repetitive way (mainly
due to non-repetitive control actions of systems such as turbocharger, EGR
or injection systems). So, it has been considered to quantify and limit these
discrepancies to rigorously determine the improvements that can be obtained
from the engines, due to the changes in their components or control strategies.

To make this possible, the repeatability and reproducibility of real-world
conditions, such as RDE cycles in an engine test bench, have been studied.
Hence, it is also crucial to consider the accuracy and uncertainty of all the
measurement systems used.

The analysis of RDE cycles will help to assess the uncertainty in the main
variables measured in the engine test bench, such as pressures, temperatures,
mass flows, pollutant emissions, etc., in a driving cycle. All the improvements
that could have been found in the research work carried out in the test cell,
will be finally confirmed on the route.

A second objective is to analyse different RDE cycles with different dy-
namic solicitations and driver behaviour and check how engine efficiency and
polluting emissions are affected. Furthermore, an analysis of the polluting
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emissions from the RDE tests versus those extracted from steady-state tests
was carried out.

The last objective of the thesis is to study the influence of intake mani-
fold and ambient temperatures on pollutant emissions and fuel consumption
in a diesel engine under RDE conditions. The intake manifold temperature
change could be produced for two different reasons, first, due to an improve-
ment in the efficiency of the Water Charger Air Cooler (WCAC), whose aim
is to lower the intake air temperature upstream of the combustion chamber,
to grow air density and thus increase air mass flow, the other reasonable rea-
son that can explain a change in the intake temperature would be a different
ambient temperature, a fact that will be more studied in more detail thanks
to the installation of the engine in a climatic test bench. The analysis under
different ambient temperature scenarios involves incurring extended regula-
tion conditions, where the European regulation changes since, the engine can
drastically change its behaviour and polluting emissions.

1.4 Thesis outline

Considering this introduction as Chapter 1, subsequent chapters are organised
as follows.

In the first place, the current RDE regulation is described in Chapter 2.
After that, the engine test bench feasibility for the research and study of real
driving cycles will be proved.

The pollutant emission uncertainty characterisation of RDE is analysed in
Chapter 3.

In Chapter 4, the different RDE cycles will be analysed under different
dynamics solicitations and driver behaviours, where it can be affirmed how
very different RDE cycles can be considered valid and significant polluting
emissions dispersion can be found.

Chapter 5 reports a study where different RDE tests were carried out under
different air intake and ambient temperatures, where the polluting emissions
and fuel consumption are analysed, and how the European regulation influ-
ences the accounting of emissions.

10
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Finally, the findings and contributions, as well as limitations and sugges-
tions for future studies, are summarised in Chapter 6 of the thesis.

11
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2.1 Introduction

The European RDE regulation appeared for the first time in the 2016/427
regulation [36] in March 2016. The implementation of this RDE regulation
has as its main objective to equate the emissions obtained in the type approval
tests, with those obtained in real driving conditions [59].

Compared with previous regulations and homologation cycles, the most
disruptive factor was that the RDE must be carried out on the road instead of
in a chassis dynamometer. Another big difference is that the previous cycles
were perfectly defined. However, RDE cycle routes are entirely open to the
user’s choice. The regulation marks an extensive and complex requirements
guide to perform a valid RDE cycle [60], but even so, the possibilities of
different cycles and routes are uncountable [61].

In the beginning, two different validation methodologies coexisted to eval-
uate pollutant emissions, Mobil Average Windows (MAW) and Power Binning
(PB) [62]. In 2017, with 1151/2017 [63] and later on in 2018, with 1832/2018
regulations [64], the European Commission made some changes in the method-
ology since, the adoption of two different methods (MAW and PB) led to inco-
herent results and often invalid tests[65]. In particular, the application of the
two methods shows noticeable differences in the emission rates ranging from
10% to 45% depending on the considered pollutant [66]. After that, PB was
removed, and MAW was modified, and due to incoherent results[67], MAW is
no more used for emissions calculation, but it is needed to certify the validity
of the cycle. In addition, the emissions during the cold start period that be-
fore were not considered shall be included in the evaluation of the results due
to their significant contribution to the total emissions [68] [69] and that can
seriously pose threats to human health. Additionally, a new concept known as
Result evaluation Factor (RF) was introduced to calculate the final emissions,
which tries to equalise the emissions of more or less dynamic cycles.

2.2 RDE regulation

The main characteristic of the RDE cycles is that they must have three differ-
ent vehicle speed zones, concretely, urban, rural and motorway. Furthermore,
currently, the regulation establishes a vast list of guidelines which are grouped
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in the three steps listed below, where different conditions must be completed
to consider a cycle valid.

STEP A:

e Climatological conditions.
o Altitude.

e Dynamic route requirements.
STEP B:

» Relative position acceleration (RPA).

e The 95" percentile of the product of vehicle speed and acceleration
(val95]).

e Cumulative altitude gain.
STEP C:
« MAW.

Step A assesses that the driving cycle is carried out respecting limits on
ambient, altitude, and overall route conditions of each zone (Urban, rural and
motorway) such as time, kilometres covered, mean vehicle speeds..etc. The
regulation establishes a minimum and maximum threshold for every criterion,
and if one of these is not fulfilled, the cycle will not be valid. Table 2.1 presents
a resume of the parameters that must be fulfilled.
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‘ Min value \ Max value
Route characteristics
Duration min 90 120
Altitude m a.s.l. 0 700
Temperature °C 0 30
Altitude difference (Start-End) | m a.s.l. 100
Urban zone
Distance km 16 -
Distance proportion % 29 44
Stop time (idle) % 6 30
Longer stop % - 80
Average speed km/h 15 30
Rural zone
Distance km 16 -
Distance proportion % 23 43
Motorway zone
Distance km 16 -
Distance proportion % 23 43
Time speed >100 km/h min 5 -

Table 2.1: RDE route requirements

Step B introduces the calculation of two parameters to regulate the driving
cycle dynamics. The first one, the RPA, is an average acceleration calculated
for each zone. Equation 2.1 shows how to calculate it where k=urban, rural
or motorway.

RPAk(g) = Z(At* (v * Qpos) )/ di; (2.1)
Where:

e v = Instantaneous vehicle speed.

e apos = Instantaneuos positive acceleration.
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e d = Distance covered in each zone.

This RPA value must be above the following calculated thresholds, based
on the average speed in each cycle zone (urban, rural and motorway).

If v, < 94,05 km/h and RPAy < (—0.0016 * vg, + 0,1755) is fulfilled, the
trip is invalid.

If v > 94,05 km/h and RPAj < 0.025 is fulfilled, the trip is invalid.

The second parameter, va[95], is the 95th percentile of the product of vehi-
cle speed and positive acceleration (only when the instantaneous acceleration
is higher than 0,1 m/s?) for urban, rural, and motorway driving. In this case,
it must be less than another threshold, which also depends on the average
speed in each zone which has to be calculated as follows.

If v, < 74,6 km/h and va[95]; > (0.136 * v, 4 14.44) is fulfilled, the trip is
invalid.

If v, > 74,6 km/h and va[95]; > (—0.097 % v3, +31.635) is fulfilled, the trip

is invalid.

Furthermore, in this step, the cumulative altitude gain is also calculated.
It should be lower than 1200m/100km to avoid routes with large negative
slopes, which would mean lower fuel consumption and emissions.

The last step, step C, consists of the calculations of MAW. First, to carry
out this step, a WLTC must be performed in order to obtain a COs. Reference
mass value consisting of half of the CO2 mass emitted by the vehicle during
the test. Finally, averaged emissions and engine speed at low, medium, and
extra-high zones are calculated from WLTC data. Once the average values
are obtained, a reference C'O5 curve can be calculated.

The CO2 mass reference is used to calculate the average windows used
for RDE cycle analysis. They use a sampling frequency of 1Hz, COs, and
emissions will be cumulated until they reach the COq reference. During this
period, the average speed in km/h and the average specific emissions of COg in
g/km was calculated and obtained in the first window. The following window
will start a second later than the first the same calculation will be done until
the cycle is over. And finally, the test is valid when it comprises at least 50%
of the urban, rural, and motorway windows within the tolerances defined by
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the CO5 characteristic curve.

If the three steps have been met successfully, the emissions calculation can
be done as described in appendices 4 and 6 of the regulation[64]. In order to do
that, the RF obtained from the CO5 emissions ratio of RDE and WLTC needs
to be used. This RF factor reduces the RDE emissions if the performed RDE
cycle has higher COs specific emissions than those obtained in the WLTC. It
is applied throughout the entire route and in the rural zone. Once it is applied,
in order to obtain the type approval conformity report, total and rural specific
emissions have to be under the limits of Euro 6 regulation. Nevertheless, due
to developing a vehicle to meet the regulation limits in a wide range of driving
conditions proposed by RDE has a massive impact on all the aspects of the
powertrain development, Conformity Factors (CF) were introduced to relax,
at least temporarily, the emissions limits. In this way, Not to Exceed (NTE)
limits for RDE are according to equation 2.2.

Table 2.2 shows Euro 6 limits of NOx, THC, HCNM (Non-methane
Hydrocarbons), CO, PN (Particulate Number), and PM.

NTEpollutant = CFpollutant * Euro 6pollutant (22)
EURO 6
NOX | THC + NOX | THC HCNM CO PN PM
mg/km mg/km mg/km | mg/km mg/km # /km mg/km
PI | CI | PI CI PI | CI | PI| CI PI CI PI CI PI | CI
60 | 80 | - 170 100 | - | 68 - 1000 | 500 | 6E11 | 6E11 | 4,5 | 4,5

Table 2.2: Euro 6 limits. PI = Provocated Ignition. CI=Compression Ignition

Initially, in the Euro 6d-temporary, it was stipulated a CF of 2.1 for NOx
emissions, which was cut down to 1.43 in the final Euro 6d. The CF for PN is
1.5. These reductions complicate even more the regulation fulfilment for the
car manufacturers.

After applying the first RDE regulations, the Furopean Commission re-
alised that the spectrum of different cycles and final emission values could be
vast, so it implemented two correction factors.
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In the first place, it coined the denomination of extended conditions. The
extended conditions occur in specific temperature or altitude ranges, con-
cretely between -7°C to 0°C and from 30°C to 35°C and regarding altitudes
between 700 and 1300 m.a.s.. Once the RDE cycle or all of it enters into
extended conditions, the polluting emissions during the time that these con-
ditions exist should be divided by 1.6, excepting COs.

In the second place, the European Commission introduced the RF to
equate emissions of different RDE cycles. This factor is calculated as the ratio
between the C'Oy emissions measured during the RDE test and the WLTC
test in grams per kilometre.

To calculate the RF, specific COy in grams per kilometre of the RDE
cycle and WLTC are needed. Having these two values, the ratio between both
emissions is obtained as shown in the equation 2.3, where k is equal to Urban
or Total.

mco2 K
ry = 2C02mpp. K (2.3)
mco2wrre,K

After obtaining this ratio, the next step is to obtain the RF. It is obtained
through the table 2.3.

When: RF value (depending on r; value ) is equal to: Where:
If :r, < RFpq RF. =1
If:RF1 <rp > RFpo RF. =a1*xr, + b1 1 [REL2*(REFL1—
by =1—a; x RI
If:r, < RFpo RFk:i

Table 2.3: RF calculation

The current values of the parameters RF1 and RFys are as follows:

e RFr; =1.30

e RFs=1.50
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Figure 2.1 shows the RF values once the equations of the table 2.3, and
the values of the parameters RF7; and RFys.

1.2

111

0.9¢1

RF

0.8

0.7

0.6

0.5 ' : :
0.9 1 1.1 1.2

Figure 2.1: European RDE conformity factor (RF).

As can be observed, the RF is reduced as this ratio rises. The RF is
always less than or equal to unity and serves to equalise emissions between
low, normal or very aggressive cycles.

Finally, once the polluting emissions were obtained, it has to be checked if
the cycle entered extended conditions. The division of 1.6 has to be applied
in the specific periods where this occurs.

Secondly, to obtain the final emission of all the polluting emissions of the
complete RDE trip and the urban part, equation 2.4 has to be used, where k
is equal to Urban or Total.

MRrpE K = mrDEL * RF}, (2.4)
The tested vehicle could be certified with these results, checking if every
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polluting emission is below the current limits established by the European
regulation.

2.3 Conclussions

After carrying out a comprehensive analysis of the European RDE regulation,
in the first place, it is possible to affirm that it establishes several guidelines
and restrictions to limit as far as possible the characteristics of a valid RDE
cycle.

However, despite the many guidelines for performing an RDE cycle, mul-
tiple factors can spoil it due to the complexity of carrying out these cycles on
road. Factors such as temperature, traffic conditions, aftertreatment regener-
ations, and especially the driver behaviour that has to follow the guidelines
of this cycle in the different zones of the cycle and for between 90 and 120
minutes, make it complex to perform RDE cycles on road.

The regulation tries in the first place to specially define the characteristics
of the route with the guidelines and limits established in STEP A.

STEP B delimits the driver behaviour, providing maximum and minimum
limits in two parameters known as RPA and va[95] obtained through dynamic
cycle parameters like vehicle speeds and accelerations.

The engine solicitations are stipulated in STEP C through the calculation
of the MAWs. Thanks to the curve obtained from the WLTC and the maxi-
mum and minimum limits, this step narrows the zones where the engine must
work in the different zones of the cycle since, the MAWSs are associated with
specific C'Os emissions and vehicle speed. Specific COy emissions are linked
with the engine efficiency, so it forces to carry out a cycle with specific dy-
namic solicitations and that the engine runs under high load zones, contrary
to what happened in the NEDC, that it happened in the WLTC, whence the
MAW is based on this cycle.

Nevertheless, the possibilities of different RDE cycles are endless, notwith-
standing the European regulation gives a plethora of guidelines and instruc-
tions. These cycles can have very different dynamic characteristics, and diverse
driver behaviours can perform them.
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Furthermore, not only the route characteristics and the driver behaviour
affect the results. External agents such as ambient temperature, pressure
or, wind have to be considered since, they can considerably affect polluting
emissions, and fuel consumption. So diverse results can be obtained for a given
vehicle and route, thus increasing the results dispersion of these cycles.
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3.1 Introduction

Reproducing RDE cycles under controlled conditions in the laboratory is a
challenge considered by different research groups [70]. An option to mitigate
the repeatability problem is to transfer the dynamic conditions obtained in an
RDE cycle done on road with a PEMS to an engine test bench, so although
finally, it is necessary to perform the RDE on road, reproducing its conditions
to a test bench could help to many developments works.

Implementing these real driving conditions in an engine test bench en-
vironment is possible thanks to the software’s capacity to simulate driving
conditions. So, reproducing the RDE test in an engine test bench allows to,
after comparing the obtained results with those in the real route, taking profit
of the test bench’s higher instrumentation and control capabilities to get ac-
curate results that assess the performance of the engine and allow to carry out
specific studies aimed to improve the engine performance in this particular
route.

Using this methodology, studies focused on reducing pollutants emissions,
and fuel consumption can be entirely performed with accuracy guarantees.
For instance, implementing new driving behaviour strategies, engine control,
trying different engine components, bodyworks with better drag coefficient
or climatic conditions studies, tasks are already done in WLTC, and NEDC
cycles [71].

This section aims to study the viability and assess the uncertainty of per-
forming RDE cycles in an internal combustion engine test bench.

3.2 Methodology

In order to calculate the instantaneous force to move the vehicle at each instant
of time, equations 3.1 and 3.2 were applied, where p is the air density, v is the
vehicle speed, g is the gravity acceleration, « road grade.

Where Faero is the aerodynamic resistance force, Cz is the aerodynamic
transversal coefficient, A is the vehicle section, p is the air density, and v is
the vehicle speed. And FRroying is the rolling resistance force, where 1 is the
rolling coefficient, M the vehicle mass, g the gravity acceleration, and a the
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road grade. The values of the different coefficients can be found in table 3.3.

Fooro =Cx*x A x g * 2 (3.1)

Frolling = p* M g* COS(O() (32)
The required power,Peyg4ine, to be supplied by the engine was calculated

according to Equation 3.3, where a corresponds to the instantaneous vehicle
acceleration:

Pengine =V * [(M * a) + Fhero + FRollz’ng] (33)

3.2.1 Engines and Simulated Vehicles

Two engines were used to implement RDE cycles in an engine test bench.
Table 3.1 shows its main characteristics.

Engine A Engine B
Regulation Euro 5 Euro 6
Fuel Diesel Diesel
Aspiration Turbocharged Turbocharged
Engine capacity cm3 1598 2180
Max. Power EW 96 126
Max. Torque Nm 320 400
EGR system HP and LP HP
Aftertreatment system DPF and DOC | DPF, DOC and SCR

Table 3.1: Engines characteristics

Both aftertreatment systems were composed of a Diesel Oxidation Cata-
lyst (DOC) responsible for oxidising THC and CO and a DPF to bate the
PM emissions. Considering that the DPF requires periodic regenerations,
a specific cleaning procedure was performed between two consecutive cycles.
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This strategy complemented the passive oxidation promoted by cerium dioxide
added to the fuel.

In the case of engine B, a SCR to reduce NOx emissions was integrated
into the exhaust line. Nevertheless, the AdBlue injection was deactivated in
all tests. Therefore, although the gas analyser was placed downstream of the
aftertreatment system, raw NOx emissions were monitored. Both engines
have EGR systems, in case of engine A, it has High and Low Pressure (HP
and LP) systems, however, engine B only has the HP system. The engines A
and B layout and pressure, temperature, and polluting sensors installed in it
are shown in figures 3.1 and 3.2 respectively.

Ambient

Air filter i i

FAP DOC

-
\JI A =
YMETER / Intercooler|
—
M
Intake Valve

Figure 3.1: Engine A layout.

—

Exhaust Valve

Pollutant
measurements

CO2 measurement

‘ Pollutant measurements
é Temperature measurements
<£ Pressure measurements

%
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Ambient

|
) Air filter ii

Compressor

T ii DPF SCR DoC | ©

Pollutant
measurements

Opacity
measurement

N
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Intercooler
_/
EGR Valve

Intake Valve
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L Pollutant measurements

LJJ Temperature measurements
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Figure 3.2: Engine B layout.

The acquisition frequency was always 1Hz (as RDE regulation imposes) for
all the pollutant emissions, dynamic variables, temperatures, pressures, and
mass flows.

The dynamic characteristics of a cycle previously performed on road were
obtained [66], and in the case of engine A, the vehicle simulated in the test
bench was the same used on road (a passenger car). To perform RDE cycles
in engine B, the chosen simulated vehicle was a van since, as commercially
corresponds to the tested engine. In order to perform the simulations, many
different vehicle and gearbox characteristics need to be introduced into the
simulation software. Data of these parameters are shown in table 3.3.
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Vehicle A | Vehicle B

Tires code 195/60 R16 | 225/70 R15
Vehicle mass (M) kg 1581 2731
Frontal area (A) m? 2.8 3.95
Drag coefficient (Cx) 0.3 0.335
Rolling coefficient (u) 0.03 0.032

N@ of gears: 6 6

1st 8.69 6.79
2nd . 16.42 12.96
3rd Ve’;;czeh‘gpied 25.42 21.20
4th 1(070”04 prCrLL ) 37.77 31.80
5th 48.79 41.62
6st 57.32 47.33

Table 3.2: Vehicle characteristics

3.2.2 Engine Test Bench

The test bench hosts the engine, together with the following facilities:

« Horiba SCHENK DYNAS3 asynchronous dynamometer , which
imposed the engine’s brake by simulating the corresponding resistance
force along with the real driving cycles. The resistance force applied
by the brake is considered aerodynamic, friction, and inertia forces that
would be exerted on the vehicle.

¢ Watlow type K thermocouples. Range: -200°C to 1270°C

o Kistler 4045A5 piezoresistive pressure sensors. Range: 0 to

5bar)

e Horiba MEXA-7000 gas analyser: , which measured volumetric
concentrations of Oy, THC, NOx, COs, and CO at the exhaust tailpipe.
To estimate the EGR rate, C'Os concentration was also registered at the
intake manifold downstream of the EGR junction.

e AVL 439 opacimeter,to measure the exhaust gases opacity.
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Measuring principles, ranges and uncertainties for each one of the sub-
stances are listed in table 3.3. Uncertainty-1 is expressed in relative values,
while Uncertainty-2 shows absolute values.

Pollutant Mefasu.rmg Range-1 | Uncertainty-1 Range-2 Uncertainty-2
principle
co NID 0-1250ppm 2% 1250-5000ppm 25ppm
COs NID 0-10% 2% 10%-20% 0.2vol%
NOx HCLD 0-250ppm 2% 250-5000ppm Sppm
THC HFID 0-250ppm 2% 0-50000ppm 5ppm

Table 3.3: Pollutant emissions measuring principles, ranges and uncertainties of
Horiba Mexa-7000. NID: Nondispersive Infrared Detector; HCLD: Heated
Chemiluminescent Detector; HFID: Heated Flame Ionization Detector.

From polluting volumetric concentrations of NOx, THC and CO, the
mass flow emissions were calculated using equation 3.4.

MMpollutant

Pollutant[g/s] = AN

x (Pollutant[ppm] * kw) /10000 * (AMF + FMF)
(3.4)

e M M= Molecular weight.

e Pollutant= Dry volumetric concentration measured by the pollutant
emissions analyser.

o kw= Wet-dry correction factor. In the case of THC, dry-wet correction
is equal to 1 since, the analyser measures them in wet conditions.

e AMF= Air mass flow.
o M F=Fuel mass flow.

And in the case of CO2, mass flow emissions are calculated using the equation
3.5:

_ MMgo,

CO2[g/s] VAL

* CO2[%] * kw *x (AMF + FMF) (3.5)
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To obtain the particulate mass, with the opacity can be calculated the soot
density [72] through equation 3.6.

Psoot(mg/m3) = 7.5353 + 235.23[k] — 176.45[k]> (3.6)

And k is calculated with the equation 3.7:

—In(1— %)

x (3.7)

k=

Where:

e L=Measuring length.

o N=Opacity (%).

After calculating the soot density, it is possible to obtain the PM mass flow
through the exhaust mass flow.

3.2.3 RDE validation

In order to set the RDE cycle conditions in a test bench, a specific cycle was
used as the baseline. This cycle on road was performed in Valencia, Spain.
The required data to implement an RDE cycle in the cell was collected by
Global Positioning System (GPS) and PEMS installed in the vehicle. The
figures 3.3 and 3.4 show vehicle speed and power versus time for the cycle
performed on road and the cycle performed on the test benches.
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Figure 3.3: RDE on road, versus RDE engine A in the test bench.
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Figure 3.4: RDE on road, versus RDE engine B in the test bench.

As it can be observed, neither the power nor the speed obtained on the test
benches perfectly coincides with those obtained on the road. These deviations
are due to various reasons. Firstly, both engines had to modify the RDE
vehicle speed profile. In the case of engine A, on the left side of the figure 3.3,
the vehicle speed changes in a specific section to adapt the RDE cycle to the
ewest regulation [64] since, the cycle performed on road does not comply with
it, and it would be an invalid cycle.

Secondly, engine A differs from the engine used on road, so their behaviour
and efficiency vary.

In the case of engine B, the vehicle speed profile had to be adapted to the
engine’s characteristics and, more specifically, to those of vehicle B simulated
in this engine.

This RDE cycle is divided into urban, rural, and motorway zones. Tables
3.4 and, 3.5 show the characteristics of the cycles performer in engines A and
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B.

Urban | Rural | Motorway
Average speed | km/h | 21.98 | 79.97 117.49
Time S 3906 1142 622
Distance km 23.57 25.29 20.36

Table 3.4: RDE engine Acharacteristics

Urban | Rural | Motorway
Average speed | km/h | 22.22 76.44 102.50
Time S 3906 1142 622
Distance km 24.30 23.43 17.72

Table 3.5: RDE engine B characteristics

Before dealing with the result analysis, it has to be verified that the RDE
cycle is valid. This chapter only analyses the cycle performed in engine A
since, engine B is widely analysed in Chapter 4.

The three steps previously commented on in chapter 2 were checked to
verify if it is a valid cycle. The right column in table 3.6 indicates the obtained
values of the specific RDE that was analysed. These restrictions are applied
to the three zones, and it can be observed that all the parameters are within
specifications.

Step A:
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Min Value \ Max Value \ Obtained Value

Route Requirements

Duration min 90 120 95
Altitude m.a.s.l 0 700 6
Temperature °C 0 30 20
Altitude difference(Start-End) m 0 100 0
Urban Zone

Distance km 16 - 23.85
Distance Proportion % 29 44 34.30
Stop time (iddle) % 6 30 29
Longer stop % - 80 10.21
Average speed km/h 15 30 21.76
Rural zone

Distance km 16 - 25.37
Distance proportion % 23 43 36.50
Motorway zone

Distance km 16 - 20.30
Distance proportion % 23 43 29.20
Time speed >100km/h min 5 - 8.96

Table 3.6: RDE constraints and obtained values.

Step B:
Crossed marks in figure 3.5 represent the specific values of va[95] and RPA.
It can also be confirmed that the performed cycle is valid as the values are
below and under their thresholds, respectively. The cumulative altitude gain
is 0 since, road gradient simulation was not incorporated into the test.
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VA 95 [m?/s°] RPA [m/s?]
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Figure 3.5: va[95] and RPA.
Step C:

Step C, which corresponds to the MAWs, is completely validated since, at least
50% of the windows are included inside the tolerances, as figure3.6 shows.
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Figure 3.6: CO2 curve, tolerances and MAWs obtained.

Six repetitions of RDE were carried out in the test cell. The table 3.7
shows some cycle characteristics.
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RDE
Average power | kW | 7.07
Max power kW | 55.21
Average load % | 7.36
High load % | 57.51

Table 3.7: Main RDE characteristics.

In order to obtain the uncertainty of the data, once the RDE cycle was
implemented on the test cell, the selected RDE cycle was repeated six times.
Apart from torque, speed, mass flows, temperature, and pressure measure-
ments, the tailpipe type approval pollutant emissions were registered, except
for the particulate number and particulate mass, which were not measured.
CO2 emissions are also considered an indication of fuel consumption. Figure
3.7 shows instantaneous emissions measured of NOx and COs.

0 1000 2000 3000
Time [s]

0 1000 2000 3000
Time [s]

.Jl.“l 0 A A LA R AL L AR AL

#_

4000 5000 6000

4000 5000 6000

Figure 3.7: Instantaneous NOx and COs emissions.

Figure 3.8 presents pollutant emissions of each of the six repetitions. These
are divided into urban, rural and motorway zones, and also the total cycle

44



Chapter 3 Section 3.2

emissions have been plotted.
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Figure 3.8: Final pollutant emission measured

As figure 3.8 shows, minimal differences between each repetition were ob-
tained regardless of the cycle analysed. These data will be used in the following
section to calculate the uncertainty of the measurements.
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3.2.4 Statistical Analisis

This section presents the dispersion analysis in the results obtained in sev-
eral repetitions of the tested driving cycles. Repeatability is defined by the
National Institute of Standards and Technology (NIST) Guidelines for Evalu-
ating and Expressing as [73]: “Closeness of the agreement between the results
of successive measurements of the same measurand carried out under the same
conditions of measurement”. Repeatability may be expressed quantitatively in
terms of the dispersion characteristics of the results. The following conditions
are needed to evaluate repeatability:

e The same measurement procedure.

e The same observer.

e The same measuring instrument was used under the same conditions.
e The same location.

e Repetition over a short period.

In order to identify anomalous results, the proposed methodology is split into
two parts. The first part calculates the weighted average of the relative error
of test variables. The relative error e is weighted using the instantaneous
variable measurement magnitude. The mathematical expression is shown in
the equation 3.8, where the relative error is calculated using a Riemann sum.

Jo Bra@)dt  SITfB(t) * 7
Jo #(tydt Tish @

Where beta is the instantaneous average relative error of each variable, x
means the instantaneous measured average of each parameter, and n is the
number of data points in a test. Both were obtained from the average of
several repetitions of the equivalent tests. The sampling frequency is 1Hz (as
imposed by the RDE regulation).

(3.8)

€ =

B is calculated as the equation 3.9 shows.
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Parameter m means the number of test repetitions. Parameter « is the
instantaneous relative error of each test repetition that can be calculated with

the equation 3.10:
|z — x|

Oé]‘ = T (310)

Where 7 is the parameter under study at the j test repetition. By com-
bining equation 3.9 and 3.10, equation 3.11 can be obtained:

1 xi=n
_ m £-1i=0

=0 iy — il

S0 @

(3.11)

This error calculation is a modification of the original definition of the
Symmetric Mean Average Percentage Error (SMAPE) defined by Flores [74].
It shows how great the dispersion of the tests is.

In order to analyse the accuracy and uncertainty of the tests, the evolution
of the following variables will be considered: Speed, Torque, Vehicle Speed, fuel
mass flow, exhaust mass flow, boost pressure, and turbine outlet temperature,
during RDE tests, using the equation 3.11.

Error [%]
Exhaust mass flow 7.67
Speed 0.90
Torque 10.05
Vehicle speed 0.92
Fuel mass flow 14.45
Boost pressure 1.89
Outlet temperature turbine 1.84

Table 3.8: RDE errors.

As table 3.8 shows, excepting exhaust mass flow, torque, and mass fuel
flow, the other errors are below 5%. In the cases where errors are high, it
is partially explained due to high variations of these variables in short time
period. These errors are due to the differences between the measurement
systems frequency and the acquisition frecuency. The acquisition frequency
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applied was 1Hz, and these variables can suffer relative high variations in a
second.

However, very small relative errors are obtained when the calculation is
applied to the global values of the cycle. If the relative error is applied to the
final mean values, very small values are obtained. It can be seen in table 3.9
where the relative errors are shown.

Relative Error
RDE | Exhaust mass flow [%] | Torque [%)] | Fuel mass flow [%)]
1 1.273 0.356 0.163
2 4.630 0.688 0.179
3 0.704 0.395 0.124
4 2.632 0.296 0.157
5 1.409 0.352 0.042
6 1.387 0.594 0.334

Table 3.9: RDE relative errors.

Once these previous variables were analysed, the second part consists of
analysing the pollutant emission measurement. A specific analysis method-
ology was used since, emissions naturally show higher dispersion than the
previously analysed variables. This analysis is based on the cumulated emis-
sions of each repetition. After quantifying them, the standard deviation was
calculated using the equation 3.12:

o ¢ El(@ - a(i))? 5.12)

m—1

where m is the sample size, T is the pollutant average, and x(i) are the values
of each repetition.

A 95% of confidence interval was considered as the equation 3.13 shows,
where m is the sample size, and t¢,,_1 depends on the sample size, in this case,
is six and, according to a Student-t distribution is 2.57.

CI95% = Average £ t,,—1 * % (3.13)
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Table 3.10 presents the data obtained from the cumulated pollutant emis-
sions after six repetitions of the same cycle.

CcO NOx [ THC CO,
[g/cycle] | [g/cycle] | [g/cycle] | [kg/cycle]

Average 4.578 53.701 0.396 8.881
Median 4.627 54.130 0.385 8.863
Range 1.150 4.946 0.125 0.181

o 0.359 1.602 0.041 0.061

Table 3.10: RDE statistical analysis.

The following errors were obtained:

o CO =4.578 £+ 0.376 g/cycle = 4.578 + 8.23 % g/cycle

e NOx = 53.701 £ 1.681 g/cycle = 53.701 + 3.13% g/cycle
o THC= 0.396 £+ 0.043 g/cycle = 0.396 + 10.88% g/cycle

o COy = 8.881 + 0.064 kg/cycle= 8.880 + 0.72% kg/cycle

Considering a 95% confidence interval, COs andNOyx emissions uncer-
tainty enter within the uncertainty of the measurement system. The highest
error percentage is in the THC for the WLTC cycle. Also, CO, the error
is relatively high. It is mainly due to the particularity of those substances,
which are produced mostly during cold starts. At these moments, the after-
treatment system may be in a different state. Therefore it can work having
other efficiencies since, the temperature of the test cell is not accurately con-
trolled. Also, as shown in the results, T'HC' emissions are very low compared
to other emissions. So, slight variations can lead to significant percentage dif-
ferences. For this reason, the interpretation of TTHC emissions should not be
given too much importance when analysing the results.

Making a deeper analysis and focusing only on test bench measurement fea-
sibility, in table 3.11, the polluting emissions produced during engine warming-
up were not taken into account since, during this period is when the engine
in two different tests can have a different behaviour produced by a control
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strategy change based on the engine coolant temperature. This engine’s par-
ticular feature is that it uses EGR HP during cold starts. When the coolant
temperature rises to a setpoint temperature, it switches to EGR LP to avoid
condensation in the compressor inlet. This temperature can be reached at dif-
ferent times, making it harder for the cycles to compare. In this study, the first
5 minutes were considered warming-up, as the European regulation imposes
[36] as the maximum. After the first 5 minutes, the coolant setpoint temper-
ature was reached in the six tests, which involves the same control strategy
during the rest of the cycle in all the tests.

cO NOx THC COs

[g/cycle] | [g/cycle] | [g/cycle] | [kg/cycle]
Average 3.614 52.506 0.302 8.532
Median 3.608 54.633 0.301 8.512
Range 0.602 3.763 0.061 0.165
o 0.177 1.285 0.015 0.057

Table 3.11: RDE statistical analysis without a warming-up period.

Applying the values of the table 3.11, the following errors with a 95% of
confidence interval were obtained.

o« CO = 3.614 £+ 0.186 g/cycle = 3.614 + 5.15 % g/cycle

NOx = 52.506 + 1.348 g/cycle = 52.506 + 2.57% g/cycle
o THC= 0.302 £+ 0.015 g/cycle = 0.302 + 5.18% g/cycle

o CO9 = 8.532 £ 0.060 kg/cycle= 8.532 + 0.70% kg/cycle

As can be observed, there are error reductions in the four substances. Table
3.12 shows these reductions.
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cO NOx THC CO,

Complete Cycle 8.23% 3.13% | 10.88% | 0.72%
W /O Warming-up | 5.15% 2.57% 5.18% | 0.70%
Error Reduction -37.41% | -17.99% | -52.39% | -2.53%

Table 3.12: Pollutant uncertainty and error reduction without warming-up.

Looking at the table 3.12, significant improvements were obtained overall
in the CO and T HC, pollutants that are mainly produced during the warming-
up period. This analysis helps to make a deeper characterisation of the test cell
measurement capacity, which was proven to carry out the RDE test without
hindrance.

Another methodology to verify the repeatability would be using the current
tolerances for the PEMS validation method established in the European Reg-
ulation. This consists of measuring the emissions in a WLTC cycle, utilising
a PEMS and a Constant Volume Sampler (CVS), and obtaining a difference
between the two that is at least less than one of the two following tolerances:

o Absolute tolerance.

o Relative tolerance if this relative tolerance is greater than the absolute
tolerance.

Table 3.13 presents the tolerances and the maximum difference between
the values obtained in RDE. The bold numbers represent the situations when
the obtained uncertainty is under the limit of the PEMS validation method,
and it can be confirmed as at least one of the two are within the range of
absolute or relative tolerances.
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Permissible Permissible
absolute Result relative Result
tolerance tolerance
mg/km mg/km % V4

coO 150 9.97 15 15.07
NOx 15 44,49 15 5.73
THC 15 1.08 15 18.93
COy 10,000 1556.69 10 1.20

Table 3.13: Comparison between errors obtained and PEMS regulative tolerances.

3.3 Conclussions

The feasibility of an engine test cell for reproducing the real driving conditions
was analysed. The test cell control software implemented an RDE cycle using
an engine test bench, simulating a standard passenger car. Once the cycle was
repeated several times, data corresponding to the engine operating together
with pollutant emissions was statistically treated.

The errors obtained from the statistical study are minimal, significantly,
when eliminating the effect generated by the warming-up control period that
would cause a greater dispersion.

In the case of an RDE cycle with a duration of 96 minutes, small errors
were calculated. On one hand, in the case of NOx emissions, the error is
3.13% in Nitrogen Oxides which takes on particular importance, considering
the importance that NOx emissions have in the regulation (especially for
diesel engines). On the other hand, the COs dispersion is even lower, which
would help in crucial studies to reduce it since, it is linked with fuel consump-
tion and whose reduction is a key factor in fighting against climatic change
and the greenhouse effect.

CO and THC emissions behave similarly, with the highest uncertainties
being found in these substances. But these emissions are not a concern for vehi-
cle manufacturers due to the high efficiency of oxidation catalysts incorporated
in all vehicles, complying with the regulations without significant problems.
The uncertainties obtained are pretty small compared to RDE carried out on
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the road, where significant differences can be found. Even in some cases, these
cycles cannot be considered due to their high variability or because they do
not comply with the regulation, as shown in some abovementioned research
papers [51, 52, 53].

Therefore, it is of great interest to carry out these types of cycles in a
test cell to compare them. Using this methodology, multiple studies could be
done as parametric studies modifying driving behaviour or engine controls,
aftertreatment systems, engine components, etc... The uncertainty obtained
in these tests can quantify the eventual reduction of polluting substances that
may occur solely due to the engine modifications.
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4.1 Introduction

The newest RDE regulation [64], as was described in Chapter 2, dictates a
series of guidelines for carrying out the tests. These guidelines try to resemble
cycles to normal and real driving conditions [75] as its name indicates, and
these conditions have a significant influence on the polluting emissions [76].

The cycle would be considered invalid if any of the requirements were not
fulfilled. Although the regulation is very extensive and detailed, the number
of possible different cycles is infinite, so different tests can have an important
dispersion in terms of pollutant, and COy emissions [77][78]. Therefore traffic
[79] and weather conditions, altitude [80], route typology, road grade or slope
[81] and driver behaviour [82] [83][84] have a great influence on the cycle
results [51][85][86][87], even repeating the same trip, large differences between
different cycles can be found [88]. Also, some studies combine experimental
on-road data with numerical analysis to assess the impact of the Stop/Start
system, vehicle mass, drag coefficient, and different aftertreatment system
layouts [89].

In this chapter, the methodology explained in Chapter 3 is applied, which
consists of performing real driving cycles on an engine test bench since, as
the tests were performed under highly controlled operating conditions, the
intrinsic engine response can be analysed with greater reliability since, the
uncertainties caused by traffic, temperature, or driver behaviour are eliminated
[1]. Tt can be possible to find similar studies in literature carried out aimed
at improving the reproduction of the flow conditions on the road and to be
able to perform cycles on a chassis dyno [90][91][92]. Furthermore, it is added
that although PEMSs are being improved [93][94], they have smaller accuracy
than a stationary system (CVS) [54] [95].

In this section, six cycles were analysed. Cycles that fulfil the actual RDE
regulation but have different dynamic solicitations. The methodology above
was always applied, and the registered test data was rigorously examined. The
first one replicates an on-road cycle and will be used for baseline comparison.
A second one was designed combining several WLTC dynamic phases. The
last four were defined using a computational tool considering different dynamic
conditions. Concretely with the previous two cycles, a study analysing two
other driver behaviours were also performed, which could not be carried out
on road in a consistent and repeatable manner. The data from the cycles
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above were analysed in detail to relate cycle dynamics and engine operation.

Additionally, a comparative study of different recorded variables and C'Oq
and NOx emissions obtained from the RDE tests and the steady-state results
from the engine map was performed considering the engine speed, torque or
throttle during the cycles. It would help to anticipate the emissions that a
cycle may have [96], to predict the instantaneous emissions on board [97] [9§]
or improve the measurement of them [99].

4.2 Matherial and methods

4.2.1 Methodology

To create the RDE cycle characteristics, a computational tool were developed.
Thanks to this tool, it is possible to design RDE cycles with different durations,
dynamic features, and driver behaviours that can later be transported to the
engine test bench to analyse how these parameters affect fuel consumption
and polluting emissions.

Furthermore, after performing a steady-state engine study and obtaining
engine maps of several variables, different results of the cycles are compared
with the results obtained by interpolation with the engine maps. It helps
to understand the behaviour of the engine during the transient conditions
of the RDE cycles and if these conditions are similar or not to steady-state
conditions.

4.2.2 Test bench and engine

In order to be able to compare real cycles accurately, an engine test bench
was employed to reproduce the conditions of every proposed test. In this
way, the inherent uncertainties of on-road tests are eliminated, and a common
framework for comparison is established. In this study, the engine and vehicle
B were used in the hole study, and both configurations, engines and vehicles
A and B, were only used in the section 4.4.2 where the cycles are compared
with the results from steady-state tests.
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4.3 RDE cycles description

Although the quantity of possible RDE cycles is infinite, there are some pro-
cedures to build valid RDEs [100]. In this section, six different cycles to
evaluate the engine’s emissions and consumption in other driving conditions
are defined. All cycles met the needs required by the current Euro 6d regu-
lation to be considered valid. Given the vast number of cycles that can fulfil
the requirements, these were chosen in such a way that, maintaining similar
typologies, the effect produced by the specific modifications implemented in
each were comparable.

In this study, the maximum engine speed was set along with the gear shift-
ing, representing different driver behaviours under the standard field of diesel
engines. Table 4.1 shows the maximum engine speed at which the shifting
sequence occurs for each RDE cycle.

RDE 1-5 | RDE 6
1st 3400 2900
2nd 3300 2800
3rd 3200 2700
4th 3100 2700
5th 3000 2650
6st - -

Table 4.1: Maximum engine speed limits for each gear.

4.3.1 RDE 1

This cycle was obtained from on-road driving in Valencia (Spain) [66]. Using
the data obtained from this test, it was possible to transfer its characteristics
to the engine test bench. In particular, a vehicle model was used to calculate
the instantaneous effective torque and engine speed considering the vehicle
speed profile, the vehicle, gearbox characteristics, and the driver behaviour.
These two parameters were used as inputs in the engine test cell.
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4.3.2 RDE 2

The second cycle performed was obtained by combining different WLTC seg-
ments to meet RDE requirements. WLTC represents real driving conditions,
although it must be performed in a chassis dynamometer. It is expected that
WLTC will also be used in the next Euro 7 regulation as C Oy emission certi-
fication.

In this case, WLTC phases in which the vehicle speed is less than 60km/h
were used to generate the urban zone, phases with vehicle speed between 60
and 90km/h were applied to build the rural zone, and phases characterised by
vehicle speeds over 90km /h were considered to define the motorway zone. As
WLTC is much shorter than the RDE cycles, several WLTC parts were mixed
and repeated. After obtaining the speed profile, it was combined with the
remaining data related to the vehicle, gearbox, and driver to get the required
torque and engine speed to meet the instantaneous vehicle speed setpoint.

4.3.3 RDE 3,4,5 and 6

The last four cycles were obtained using a computational tool with MATLAB.
It was designed to generate RDE cycles. This function selects different speed
profile phases with different vehicle speeds and accelerations. To fulfil the
regulatory requirements these phases fulfil standard real driving drivings. As
a result, cycles with different dynamic demands, durations, and other charac-
teristics were obtained. The user can choose the number of times every phase,
characterised by different engine load conditions, is repeated in the software.
Consequently, depending on the number of dynamic phases, the cycle gener-
ated is more or less loaded. After the cycle is generated, torque and engine
speed were finally determined in the same way as the previous cycles.

All the cycles presented a specific repetition pattern in the route. In the
urban zone, it could be like repeating the same circuit in a particular city,
provided that the conditions of traffic, driving behaviour, and traffic lights
do not affect it. This approach was also applied in the rural and motorway
areas, where the same conditions could be reproduced on a highway without
traffic, and the driver replicated the speed conditions imposed. Using this tool,
different routes, driver behaviours, etc., can be examined, reducing economic
costs and uncertainties from on-road testing.

59



Section 4.3 Chapter 4

e RDE 3: This cycle presented the lowest duration but the highest aver-
age vehicle speed in every zone. This cycle was also characterised by a
similar proportion of high and low loads.

e RDE 4: In this case, the previous RDE 3 was taken as a reference.
The objective of this RDE 4 was to generate a more dynamic cycle in
the rural zone. This cycle was also less loaded, being the average vehicle
speeds in urban and motorways zones lower than in RDE 3.

e RDE 5: The objective of this cycle was to generate a less loaded and
dynamic cycle than the previous ones. In order to do that, phases with
low dynamic demands were chosen. As observed in figure 4.1, the dif-
ferences in vehicle speed were reduced for the rural and motorway zones
compared to other cycles.

« RDE 6: This last cycle was obtained with the same vehicle profile as
RDE 5, with the driver’s behaviour as the only difference. In this case,
the gear shifting sequence was modified to obtain a lower engine speed
profile.

The RDE vehicle speed profiles are shown in 4.1.
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Figure 4.1: RDE cycles vehicle speed profiles.

Figure 4.1 shows noticeable differences between RDEs 1 and 2 compared
to RDEs 3 to 6, despite the patterns of the urban, rural, and motorway zones
being similar. The main difference is that cycles 3 to 6 are composed of a
limited set of vehicle speed transitions repeated along each cycle area, making
them significantly more repeatable in an engine test bench environment.

Table lists the characteristics of every cycle described above. It also shows
the minimum and maximum thresholds of the different parameters established
by the regulation, finding all of them accomplished by the designed RDEs.
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Min value | Max value 7

RDE 1 | RDE 2 [ RDE 3 | RDE 4 | RDE 5&6

Route characteristics

Duration min 90 120 94.9 92.58 90.9 92.33 93.4
Altitude m a.s.l. 0 700 6 6 6 6 6
Temperature °C 0 30 20 20 20 20 20
Altitude difference (Start-End) m 100 0 0 0 0 0
Urban zone

Distance km 16 - 24.1 21.59 25.87 24.86 24.19
Distance proportion % 29 44 36.48 32.86 36.38 34.54 36.71
Stop time (iddle) % 6 30 28.87 28.94 27.67 28.74 29.24
Longer stop % - 80 7.25 5.67 4.08 4.23 4.05
Average speed km/h 15 30 224 20.93 25.67 24.2 23.96
Rural zone

Distance km 16 - 24.25 23.64 27.89 26.61 22.31
Distance proportion % 23 43 36.71 35.98 39.22 36.97 33.86
Motorway zone

Distance km 16 - 17.71 20.47 17.36 20.5 19.39
Distance proportion % 23 43 26.81 35.98 39.22 36.97 33.86
Time speed >100 km/h min ) - 6.85 8.95 7.37 6.88 6.17

Table 4.2: RDE cycles characteristics.
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To fulfil the RDE regulation, it is also necessary to carry out the calcula-
tion of two parameters. Firstly, RPA is an average acceleration calculated for
urban, rural, and motorway zones that must be above the regulated minimum
value as a function of vehicle speed. Secondly, the so-called parameter va[95],
which corresponds to the 95 percentile of multiplying the positive accelera-
tion times the vehicle speed, provided that the positive acceleration is higher
than 0.1 m/s? and must be below the regulated limit. The va[95] must also
be calculated for the three RDE phases.

Figure 4.2 shows the fulfilment of the va[95] and RPA criteria for all the
proposed RDE cycles despite a wide dispersion between them. In particular,
higher RPA and va[95] point out a more loaded cycle.
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Figure 4.2: va]95] and RPA values in each driving zone for the proposed RDE cycle.

As shown in the figure 4.2, the dispersion between the values gives an idea
of how different the cycles are, and it will be confirmed below, that all are
equally valid.

The last calculation corresponds to the Moving Averaging Window (MAW).
The calculation starts from a previously performed WLTC, which obtains the
so-called C'O9 reference mass, defined as half of the CO2 mass emitted by the
vehicle during this WLTC reference test. The C'Oy reference mass is used to
calculate the MAW as follows: C'O2 emissions are cumulated from the begin-
ning of the RDE test (having a sampling frequency of 1 Hz) until reaching the
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C' O3 mass reference. The average speed and the average specific emissions of
COs in g/km in this period permit the definition of the first window. After
resetting the CO3 count to zero, the following window will start a second later
and continue with the same calculation method until the end of the cycle.

The RDE cycle is only considered valid when at least 50% of urban, ru-
ral, and motorway windows are within the tolerances defined by regulation
calculated through the C'O2 characteristic curve.

Figure 4.3 shows the MAWs of the cycles under study, and as can be
observed, all cycles have at least 50% of MAWSs within the tolerances of the
COy curve for every driving zone.

The sixth RDE may seem invalid at first glance because many windows
are below the lower limit. Nevertheless, it has 57% within tolerances of the
urban zone and 58% of the rural zone, thus complying with the requirements
of RDE.
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Figure 4.3: CO5 curve, tolerances, and MAWSs obtained of cycles RDE 1, RDE 2,
RDE 3, RDE 4, RDE 5, RDE 6.

4.4 Results

In this section, an analysis of the dynamic characteristics of the RDE cycles
and emissions was carried out.

4.4.1 RDE tests.

The analysis of cycles was done by looking at the distribution of the dynamic
variables [101]. This analysis divides the vehicle speed, torque, engine speed,
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and power into five segments. Figure 4.4 shows the distribution frequency of
these parameters for each RDE cycle.

Vehicle Speed [km/h] Torque [Nm]

0-25 25-50 50-75 75-100 >100 <0 0-50 50-100 100-150 >150

Engine Speed [rpm] — Power [kW]

750-1250 1250-1750 1750-2250 2250-2750 >2750 <0 0-20 20-40 40-60 >60

Figure 4.4: Distribution of vehicle velocity, torque, engine Speed, and power.

Regarding vehicle speed, the groups were divided into intervals of 25km/h
to 100 km/h and one more for speeds higher than 100 km/h. The engine
torque was also divided into groups of 50 Nm. The engine speed was split into
groups of 500 rpm and, finally, the power in groups of 20 kW. The events in
which the power and torque were less than zero corresponded to circumstances
when the engine was dragging, or the driver was braking.

At first sight, the cycles show a great dispersion between each other and
consider that all of them are valid, evidencing that a wide variety of cycles
fit the regulation. In the case of RDEs 5 and 6, considering that the vehicle
speed and power distribution were identical (as defined), the different driver
behaviour led to various engine operating conditions in terms of torque, engine
speed, and pedal position. Figure 4.4 shows that RDE 6 had much fewer points
in the strip of greater than 2750 rpm since, driver behaviour was programmed
with the aim of making the gearshift before, avoiding high engine speed. This
action could be representative of the down speeding technique [102], which is
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a current trend where the goal is that the engine works at high performance,
reducing consumption and, as far as possible, pollutant emissions.

Additionally, to make a deeper analysis, the cycles were divided into 13
bins depending on vehicle speed and power. Table 4.3 shows the conditions of
those bins.

Power kW]
- >0 >20 >40 >60
<0 <20 | <40 <60 -
Dragging Bin 0 - - - -
=0(Idle) | Bin 1 - - - -
Vehicle Speed | >0 | <60 - Bin 2| Bin5 | Bin8 | Bin 11
[km/h] > 60 | <90 - Bin 8 | Bin 6 | Bin 9 | Bin 12
> 90 - - Bin 4 | Bin 7 | Bin 10 | Bin 18

Table 4.3: Division of the test into different bins depending on vehicle speed and
power.

Figure 4.5 shows the results of the 13 bins applied to the 6 RDE cycles.
It can be seen that the dispersion between these cycles increases in the higher
power region (bin 8 on-wards). As an example, RDE 2 cycle does not present
any values in bins 8, 11, and 12, which denotes that the power was below 40
kW in the urban area. It can also be observed in RDE 2 bin 13, corresponding
to the maximum motorway power fraction, the time proportion was the lowest,
corresponding to few accelerations and steadier driving. Another interesting
aspect is that RDE 1 was the only one that went into all bins, implying that
this test would make the engine work in more diverse operating conditions
than the others.
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Figure 4.5: Bin proportions from 2 to 13 of each cycle.

Looking at RDEs 3 and 4 and the bins that represent the urban area (3,
6, 9, and 12), the values of bins 3 and 6 are very similar. However, bin 9 of
the RDE 3 is equal to zero, but 0.64% in RDE 4, which involves that more
considerable power was reached in this cycle in the urban zone due to a higher
dynamic solicitation. RPA and VA[95] values also point it out, with RDE 4
above RDE 3, as observed in Figure 4.2.

Finally, RDEs 5 and 6 were generated to avoid aggressive driving. It is
especially noticeable in the motorway zone, where the highest values are in
bin 7 (low power zone), whilst bins 10 and 13 are less representative.

Figure 4.6 shows the specific emissions in grams per kilometer of NOy,
CO, THC, and CO,. Tests were performed without urea injection, so NOx
emissions exceeded the regulatory limit. On the other hand, THC and CO
fulfil the type-approval limits after being oxidised in the DOC.
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Figure 4.6: Pollutant emissions.

NOx [ THC | CO | CO;
[g/km]
RDE 1 | 0.4378 | 0.0170 | 0.0738 | 175.28
RDE 2 | 0.4778 | 0.0217 | 0.1268 | 174.29
RDE 3 | 0.4508 | 0.0234 | 0.0978 | 164.15
RDE 4 | 0.4384 | 0.0174 | 0.0685 | 169.73
RDE 5 | 0.4241 | 0.0142 | 0.0515 | 162.27
RDE 6 | 0.2799 | 0.0110 | 0.0501 | 147.34

Table 4.4: RDE pollutants emissions per kilometre.

Figure 4.6 shows a significant dispersion between pollutant emissions. In
the case of , NOx emissions, leaving RDE 6 aside (the driver behaviour was
modified), the differences reached up to 17.39% in an urban zone, 30.88%
in the rural zone, and 27.10% in the motorway. The total specific emissions
showed the maximum difference of 12.74% between RDEs 2 and 5.

THC and CO strongly depended on the engine and aftertreatment tem-
peratures. RDEs 5 and 6, the less-loaded cycles, showed the lowest THC
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emissions.

THC and CO emissions are produced due to incomplete combustion under
two main circumstances, first when the engine works in cold conditions and
second in case of phases with high load or high EGR rates where lambda was
even below 1. RDE 2 produced the highest C'O emissions, mainly due to the
significant contribution in the urban area. This cycle had the lowest urban
and total distances, which increased specific emissions per kilometre due to
the higher impact of the engine warm-up phase. The other cycles did not show
significant differences.

There were also significant differences in the case of C'O2 emissions, with
RDEs 1 and 2 producing the highest emissions. The most crucial difference
between RDEs 3 and 4 was the average vehicle speed reduction, which implied
an increase in fuel consumption. RDE 5 resulted in the lowest C'Oy emission
among the cycles with the same driver behaviour (RDE 1 to RDE 5).

RDE 1 was the most representative of real driving since it was directly
extracted from a cycle performed on-road. Comparing RDEs 1 and 2, where
the results are similar, contributes to the state that a WLTC presents similar
dynamic conditions as an RDE cycle since, CO2 and NOx emissions showed
analogous values.

The comparison between RDEs 5 and 6 led to characterising the effect of
the different driver behaviour in the same trip and vehicle speed profile. In
the case of RDE 6, NOx emissions were reduced by 34% compared to RDE
5. Similar reductions were obtained for THC, CO whilst C Oy emissions were
decreased by 9.2%.

The required engine power to reach a certain vehicle speed in a cycle is
obtained from the engine speed and torque. Due to the engine speed was
reduced in the case of the RDE 6 by varying the shifting procedure, the torque
was increased. Figure 4.7 shows the effective engine torque as a function of
engine speed for RDEs 5 and 6. RDE 6 dots are closer to the top left corner
(high torque and low engine speed).
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Figure 4.7: RDE 5 and RDE 6 engine map comparison.

According to the driver behaviour, in the case of RDE 5, the engine speed
reached higher values while more loaded conditions were characteristic in RDE
6. Figure 4.8 shows three different fractions of RDE 5 and 6 cycles during
urban, rural, and motorway driving, where the differences in CO2 and NOx
emissions can be observed.
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Figure 4.8: Comparison of NOx, NOx emissions, and engine speed between RDEs
5 and 6.

Figure 4.8 illustrates emission differences in some specific portions of RDEs
5 and 6 where the engine speed changed. These differences are mainly noticed
in urban and rural zones, where the engine speed disparity was more sig-
nificant. In the case of COy emissions, benefits were obtained in RDE 6,
implying a more efficient driving mode at higher loads, with a reduction of
9.20%. Regarding pollutant emissions, this driving behaviour also involved
relevant reductions, as shown in Figure 4.6. In the case of NOx emissions, a
non-negligible decrease of 34.01% was obtained.

4.4.2 Tests results versus map results

Additionally, both engines used in this document were widely characterised.
In order to do that, several points in the steady-state were measured in all
possible engine operating zones.

After these steady-state tests, a comparison of different recorded data be-
tween points obtained in these tests and points extracted from RDE was car-
ried out. This analysis will apport the results deviation of the cycles with the
steady-state points.
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Based on these deviations, the results of an RDE cycle could be estimated
without the need to carry out a test, only knowing the driving speed profile
and the driver behaviour, in order to know the dynamic requests of the engine.

The main characteristics of both engines where the comparison was per-
formed, were previously listed in Chapter 3 in the table 3.1.

The steady-state studies have several points, concretely the mapping tests
of engine A, the range is from 850 to 2850 every 250rpm combined with torque
increments of 40Nm from 10 to 250Nm, which is a total of 7 torque levels * 8
engine speed levels + iddle point = 57 points.

The figures 4.9 and 4.10 show the result of this study, regarding COs and
NOyx emissions.
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Figure 4.9: COs engine A map study.
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Figure 4.10: NOx engine A map study.

In the case of engine B, a more exhaustive analysis was carried out, and
the methodology has changed. The engine map was split with the throttle
position instead of the torque. The points are ranged from 1000 rpm to 3500
rpm every 100 rpm, combined with 0 to 100% of throttle increments of 10%,
and also the 15% throttle level, which means 12 throttle levels x 25 engine
speed levels, + iddle point = 301 points, and as in engine A, the figures 4.11
and 4.12 show the COy and NOx emissions of the engine B.
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Thanks to this study, it is possible to estimate different parameters such
as temperatures, pressures, valve positions, starts of injections..etc. And also
pollutant emissions in all the engine operation zones.

The CO5 and NOx map emissions are represented in Figure 4.13. Dots
also represent the operating area of RDE 1 on the contour plots, which are
devoted to COy and NOx emissions. As observed in Figure 4.13, the maxi-
mum C'Oy emission was located in the top right corner, while the minimum
was at the bottom left. However, Figure 4.13 shows how NOx emissions were
mainly influenced by the EGR rate, which is different depending on the oper-
ative engine conditions, although it can be affirmed that the higher load and
speed the NOx emissions increase.

RDE 1
100

3 5
COZ lafs]

Throttle [%]
Throttle [%]

1500 2000 2500 3000 3500 150 2000 2500 3000
Speed [rom] Speed [rpm]

Figure 4.13: COs [g/s] and NOx [g/s] emission from engine maps (color scale) and
those obtained from the tested cycle (dots).

After performing the engine mapping study under steady-state conditions,
a comparative analysis of COs and NOx with emissions from the RDE tests.
In order to do that, as regulation imposes, the RDE cycles were recorded
with a frequency of 1Hz. Using the engine speed and the torque or throttle
position every second, it is possible to get this point into the map, which will
be surrounded by four points, and through linear interpolation, the desired
value is obtained, the figure 4.14 shows this process. In the first place, the
RDE point is plotted on the map, later two points up and down of the map
are generated, taking into account its proximity to the contiguous points, and
finally, with these two points, and repeating the process, it is possible to obtain
the value of this RDE point for all variables for which there is a stationary
map.
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Figure 4.14: Interpolation map process.

This study were performed in engine A and engine B, with their respective
vehicle simulations. The main and significant objective of this comparison is
to get the discrepancies in total emissions, when they are obtained from a real
cycle or when they are calculated through steady-state points.

In the first place, there are represented the CO, and NOx emissions of
engine A in figures 4.15 and 4.16 respectively.
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Figure 4.16: Engine A RDE NOx [g/s| emissions test versus engine map.

Figures 4.17 and 4.18 show the instantaneous COs and NOx emissions of
RDE 1 versus the emissions obtained by interpolation in the engine maps.
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Figure 4.18: Engine B RDE 1 NOx [g/s]| emissions test versus engine map.

As can be observed, especially in the case of engine B, there is a good
correlation between emissions obtained in the test and the emissions from the

79

[km/h]

[km/h]



Section 4.4 Chapter 4

steady-state map study, however, in the case of engine A and specifically in
NOx, this correlation is not as exact. The divergencies are produced due to
different reasons, the first and the main are produced due to interpolations
errors, especially in the case of NOx since, these do not have a total linear
behaviour. Other discrepancies are explained due to the dynamics of the cycle
since, the combustion processes change compared to the steady-state test, the
more transient the RDE cycle is.

Table 4.5 list the final emissions obtained in the test plotted in the figures
4.15, 4.16, 4.17 and 4.18.

CO2 [kg| NOX [g]
Test | Map | €coo Test Map ENOz
ENGINE A | 9.125 | 8.791 | -3.65% | 58.732 | 80.031 | 36.26%
ENGINE B | 11.56 | 11.38 | -1.61% | 28.88 | 29.32 | 1.50%

Table 4.5: CO4 and NOx pollutants from RDE cycles versus map emissions in the
engines A and B

As can be observed, the correlation improves considerably in the study
performed in engine B, especially in the case of NOx emissions. It happens
as a consequence of the number of points performed in each one of the steady-
state studies, concretely 301 points in engine B instead of 56 in engine B since,
fewer points in the interpolation cause more significant errors. However, it
would be necessary to find a balance between the number of points and an
acceptable error since, performing a too extensive map would require high
time and cost.

During the steady-state tests, multiple variables were recorded and addi-
tionally, AMF, FMF, outlet compressor pressure (P2), and inlet turbine pres-
sure (P3) were compared with the RDE 1 results in engine B. Figures 4.19,
4.20, 4.21, 4.22 shows the AMF, FMF, P2, and P3 comparison respectively.
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Figure 4.20: Engine B RDE 1 FMF [g/s] test versus engine map.
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Figure 4.22: Engine B RDE 1 P3 [bar] test versus engine map.

In this case, applying the same methodology to calculate errors of the
Chapter 3, with the equation 3.11, which is a modification of the original
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definition of the Symmetric Mean Average Percentage Error (SMAPE) defined
by Flores [74], the error of each variable is presented in the table 4.6.

AMF | FMF | P2 P3
| Error (%] | 2.47% | 5.81% | 1.52% | 2.04%

Table 4.6: AMF, FMF, P2, and P3 RDE 1 cycle versus map emissions in the engine
B

As can be observed, very low errors were obtained, the highest error belongs
to the FMF, like in the Chapter 3, and as it was explained, it is due to fast
variations and the acquisition frequency. Analysing the cumulated values of
the fuel mass consumption, the discrepancies are lower, being around 2.1%.
Similar value to those found in COs.

This assessment would confirm even more the feasibility of this method to
analyse RDE cycles through steady-state points.

Making a deeper analysis in the engine B, figures 4.23 (a to ¢) and 4.24 (a
to ¢) show three fractions of 150 seconds of CO2 and NOx emissions in RDE
1 corresponding to urban, rural, and motorway driving phases respectively.
Absolutes differences between emission concentrations in dynamic and steady
operation are presented in Figures 4.23 (d to f) and 4.24(d to f). Finally,
Figures 4.23 (g to i) and 4.24(g to i) represent the distribution of the emissions
absolute error for these species.

It is also possible to affirm that, urban zones show the worst correlation
due to their more dynamic feature. However, rural and motorway zones were
characterised by quasi-steady operation, so better correspondence was ob-
tained between RDE and steady-state maps, especially for fuel consumption.
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Figure 4.23: CO4 emissions comparison between RDE 1 and engine map in (a)
urban, rural, and motorway driving phases.
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Figure 4.24: NOx emissions comparison between RDE 1 and engine map in (a)
urban, rural, and motorway driving phases.

Table 4.7 shows the comparison of the CO; and NOx emissions data for
all tested RDEs. The corresponding errors are also presented. This summary
of the results points out minimal differences between pollutants measured
during the tests and pollutants extracted from a steady-state engine map.
In the case of C'Os emissions, the correlation is better, having errors around
1%, which fell into the measurement error margin of the measuring device.
In the case of NOx emissions, the deviation from the engine map estimate
increases. However, it was still low enough to understand the effects of the
driving cycles as a function of their definition, especially considering the use
of state-of-the-art NOx aftertreatment systems of high conversion efficiency.
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CO; [k NOx [g]
Test | Map | €co2 Test | Map | €noz
RDE 1 | 11.56 | 11.38 | -1.61% | 28.89 | 29.32 | 1.50%
RDE 2 | 11.36 | 11.21 | -1.34% | 31.16 | 30.04 | -3.62%
RDE 3 | 11.68 | 11.82 | 1.19% | 32.08 | 33.28 | 3.74%
RDE 4 | 12.21 | 12.38 | 1.34% | 31.55 | 31.96 | 1.31%
RDE 5 | 10.66 | 10.57 | -0.77% | 27.85 | 28.87 | 3.65%
RDE 6 | 9.68 | 9.61 | 0.79% | 18.38 | 17.57 | 4.39%

Table 4.7: CO5 and NOx pollutants from RDE cycles versus map emissions.

Looking at C'O3 errors in table 4.7, the most significant errors were found in
RDEs 1, 2, 3, and 4 cycles, where the specific emissions were also maximum.
On the contrary, RDEs 5 and 6 presented the lowest errors. These results
agree with the dynamic solicitations of the cycles since, RDEs 5 and 6 were
generated to be less aggressive than RDEs 1 to 4. A clear tendency was not
found in the case of NOx errors. In any case, differences were kept below 5%
in all cases.

For a more comprehensive analysis, to discern the importance of the num-
ber of points in obtaining emissions from the steady-state tests, an additional
study was performed on engine B. Firstly, the points with 15% of throttle were
removed, and in the second step, alternative engine speeds were also removed
to reduce the number of points, in other words, now the regime increments are
200rpm instead of 100rpm. Figures 4.25 and 4.26 show the errors obtained in
absolute amounts, in the RDEs 1-6 with three different maps with 301, 275
and 144 points. The study with engine A with 56 points has been plotted, and
also the trendlines that best fit in each case with dashed lines along with their
respective equations and coefficients of determination or R-squared (R?).
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Figure 4.26: NOx emission RDE cycles versus three different engine map emissions.

Figure 4.25 show that the COy improves with a higher number of points
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measured, but the errors with a low quantity of points are not extremely
tragic, and the trendline has a low R2, so in the case of COy the number of
points is not so crucial, and the found discrepancies are due to the fact that
combustions in RDE conditions are more dynamic and would move away from
combustions in a steady-state test.

The NOx dependency associated with the number of points is much
higher, as can be observed in figure 4.26, so the error increases considerably as
the number of points on the map decreases. In this case, the NOx discrepan-
cies are more linked with the interpolation errors, and besides, the R? of the
trendline, which is high enough, reaffirms it.

Furthermore, analysing both figures 4.25 4.26, removing the points with
15% involves a high discrepancy increment. It is due to different reasons, first,
it is a point where the engine works in many phases of the cycle, and second,
these points were also performed during the steady-state tests because the
engine changes a lot its behaviour in this zone, and therefore the COy and
NOx emissions.

As previously commented, measuring the PM along the entire driving
cycle was not possible during the tests. However, three periods of 500 seconds
corresponding to three zones (Urban, rural, and motorway) in RDE 1 were
considered. Figure 4.27 shows RDE PM mass emissions compared to those
obtained from the steady-state map.
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Figure 4.27: RDE 1 periods PM mass emissions [g/s] test versus engine map.

As can be seen in figure 4.27, emissions show a significant correlation be-
tween measured emissions and those obtained from the steady-state map. Ta-
ble 4.8 shows the accumulated values of these three phases and the total values

representing their summation.

PM mass [g]
Test | Map | epm
Urban period 0.285 | 0.276 | 3.4%
Rural period 0.383 | 0.385 | -0.5%
Motorway period | 0.672 | 0.643 | 4.4%
TOTAL 1.340 | 1.303 | 2.8%

Table 4.8: PM mass emissions from RDE 1 versus map emissions.
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Looking at PM differences, the higher discrepancies appear during the
urban and motorway periods, which are characterised by more dynamic con-
ditions due to steeper accelerations. In any case, interpolation can also be a
beneficial tool to estimate the PM in an RDE cycle since, the obtained errors
are relatively low, considering the complexity of this species.

4.5 Conclussions

This study has performed several RDE cycles with different dynamic char-
acteristics on an engine test bench. First, an on-road cycle was performed
in a vehicle as a baseline; then, a second cycle was defined using transient
manoeuvres extracted from a WLTP cycle; finally, four additional cycles were
determined using a computational tool to generate RDE-compliant conditions
from a sub-set of acceleration and deceleration ramps, replicating different
driver behaviour. This methodology aims at reducing cost, time, and uncer-
tainties involved in performing a cycle on road, such as climatological condi-
tions, PEMS accuracy, traffic status, and driver behaviour. This is particularly
relevant for future powertrain systems development since, different technolo-
gies or calibration strategies can be assessed more reliably and robustly while
ensuring RDE representative conditions.

The results showed how RDE cycles performed with the same driver be-
haviour produced significant emissions dispersion. For instance, variations of
12.74% in the case of NOx and 7.42% in COs were found between differ-
ent cycles. Moreover, a significant improvement was seen from an emissions
perspective when the gear shift was adjusted to achieve lower engine speed.
Particularly, drawdowns in NOx and COs emissions of 34% and 9.2%, respec-
tively, were noted. Instead, C'O and T'HC' emissions were mainly linked to
the engine and after-treatment temperature, so the best results are achieved
when the engine load increases.

Finally, an attempt was made to estimate the cycle emissions from steady-
state tests. The comparison between such estimation and the actual RDE test
emissions showed a good correlation, within 1.6% accuracy for COs and 4.6%
in the case of NOx. The deviations observed were due to two phenomena:
on one hand, all emissions during the engine warm-up period differ from the
estimations since, the engine map was performed after a warming-up period.
On the other hand, concerning the particular case of NOx emissions, the re-
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sults show a non-linear behaviour as a function of speed and load, inducing an
uncertainty linked to the interpolation inside the steady-state map. This un-
certainty could be reduced by performing a complete engine map, which lowers
variations of speed and load between adjacent points but at the cost of higher
test bench time. In any case, the analysis performed in this study confirms
that steady-state maps can be used to provide a meaningful approximation of
these emissions during a realistic certification cycle.
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5.1 Introduction

In 1946, the Russian physicist Yédkov Borisovich Zeld6vich [103] postulated
the thermal mechanism of NOx generation. It has a strong temperature
dependence [104]. The following chemical formulas 5.1 describe the extended
Zeldovich mechanism.

No+0 = NO+N
N+0; = NO+O (5.1)
N+OH —- NO+H

The reactions mentioned above are highly affected by the combustion tem-
perature, so nitrogen oxide (INO) production increases as this temperature
increases. There are other less important mechanisms. These are the prompt
mechanism by Fenimore[105], the NoO intermediate mechanism, and the fuel
contribution mechanism, which is mainly governed by fuel richness [106, 107].

According to the EEA [108], most atmospheric NOs is emitted in the form
of NO and later on, it is rapidly oxidised, becoming nitrogen dioxide when
it reacts with the atmospheric oxygen. NOs in the presence of hydrocarbons
and ultraviolet light is the primary tropospheric ozone and nitrates aerosol
source. Furthermore, both substances represent a significant fraction of mass
particles with a diameter less than 2.5 micrometres, known as PM2,5, found in
the ambient air. People exposed to tropospheric ozone can suffer respiratory
symptoms, airway inflammation, and lung cancer [109].

In addition, NOx interacts with water, oxygen and other chemicals in the
atmosphere that can form acid rain [110], which can harm sensitive ecosystems
such as lakes and forests. Another possible effect is produced by the nitrate
particles resulting from NOx, making hazy air challenging to see through.

For a given technology, pollutant emissions are also influenced by ambient
conditions. As mentioned above, combustion temperature directly influences
the production of NO2 and NO [111]. Among other parameters, the combus-
tion temperature is influenced by the intake temperature. Consequently, it is
expected that the emissions of the engines will also be different when operating
under different temperature conditions. Given that the regulation allows the
type-approval tests to be carried out in a wide ambient temperature range,
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as will be indicated later, the final emission values collected from the same
engine and route may differ considerably if the ambient temperatures where
the tests are carried out are different.

Along with the direct effect of temperature on emissions, engines can auto-
matically modify calibration conditions, which can also affect pollutant emis-
sions.

Current RDE regulation [64] establishes that the test shall be conducted
within a specified ambient temperature range. Moderate temperature con-
ditions were set when the ambient temperature is greater than or equal to
0°C and lower than or equal to 30 °C. Extended temperature conditions are
considered for temperatures between -7°C and 0°C and from 30°C to 35°C.
There are essential variations in RDE tests under different ambient tempera-
tures [112] [113]. Suppose this temperature range is wider, arriving at extreme
temperatures. In that case, it can lead to large differences in fuel consumption
and emissions, as studies already carried out in NEDC and WLTC cycles show
[91]. Differences are produced due to the behaviour change of the engine, and
the aftertreatment system [114].

Extended conditions can also be reached through altitudes above 700 me-
ters and lower or equal to 1300 meters above sea level. If some part of the
RDE cycle or the entire test is performed outside of normal or extended condi-
tions, the test is not considered valid. During a particular phase of the cycle,
if temperature, altitude or both enter in extended conditions, pollutant emis-
sions must be divided by 1.6 during this determined interval, except for CO»
emissions.

Several experimental and modelling studies point out great differences
when altitude is modified. On the one hand, the PEMS reduces its efficiency
[115] and on the other hand, in the engine behaviour and after treatments sys-
tems which implies large variations in emissions and fuel consumption [116]
[117] [118], especially during the warm-up period [119] [120].

There are RDE cycles simulation works [121] [122] and previous studies
in NEDC and WLTC show great differences when the temperature is modi-
fied [123] [124] [91] [125]. In short, RDE procedures involve many boundary
conditions that greatly affect emissions [126].
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5.2 RDE cycles under different intake temperatures

This section aims to study the influence of intake manifold temperature on
pollutant emissions in a diesel engine under RDE conditions. It may be due
to an improvement in the efficiency of the WCAC, or the same WCAC with
a different ambient temperature, which would change the intake temperature.

Two different RDE tests were carried out having two different WCAC
outlet temperatures, so the effect of changing the exhaust WCAC air mass
flow temperature (T2’) can be studied under the standard control strategies
in all tests that were performed. The RDE cycle was previously studied in
Chapter 2.

The tests were analysed, focusing on pollutant emissions. The polluting
substances evaluated are the THC, NOx, CO, and the CO5 emissions strongly
linked to fuel consumption.

5.2.1 Material and Methods

The simulated vehicle in the test cell is the vehicle A, described in Chapter 3,
which is a C-segment passenger car. This type of vehicle is the second segment
sold in 2020, with a market share of 16.97% [127], representing a considerable
part of the European fleet. It also used engine A to perform the RDE cycle.

It was developed under Euro 5 regulation when pollutant limits were veri-
fied using the NEDC cycle. It has two EGR systems, HP and LP. During the
engine warming up, the HP EGR strategy is used. Engine electronic control
unit switches towards LP EGR as a function of coolant and ambient temper-
atures.

The engine has two aftertreatment systems: DPF and DOC . Thanks to
EGR, DPF and DOC, this engine fulfils the EURO 5 requirements.

5.2.2 Results

A significant amount of data was collected during the test in continuous mode.
The acquisition time was 1 Hz, as RDE regulation requires. Together with
other data, temperatures, pressures, mass fuel flows, pollutant concentrations,
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torque, and engine speed were measured.

Even though T2’ is regulated in each test by a PID controller, consider-
ing the significant transient conditions of RDE tests, which produce different
intake temperature conditions (variation of EGR rates, AMF and outlet com-
pressor temperature), it was not possible to accurately match the temperature
setpoint as figure 2 shows. The coolant tank’s high thermal inertia and physic
WCAC characteristics hinder having a T2’ precise regulation. In any case,
the change of intake temperature for the different tests is significant (20°C or
35°C), reducing the effect of small variations on the global conclusions, and
T2’ data represent realistic conditions. Figure 5.1 presents T2’ and exhaust
manifold temperature (T3).
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Figure 5.1: T2’ and T3.

The first consequence of lowing the intake temperature is an air density
increase. It entails a better breathing capacity of the engine, which, once the
desired AMF stipulated by the engine control unit (ECU) is reached, the air
density increase allows to increase the EGR mass flow quantity, and more
EGR means fewer NOx emissions.

A lower combustion temperature also helps to prevent NOx emissions.
The T3 (that is related to the combustion temperature) is also shown in figure
5.1.
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Although in the case of T3, significant variations are not noticed in figure
5.1, table 5.1 presents the average temperatures for the four tests by zones,
where these differences can be easily noticed.

Figure 5.2 represents the instantaneous and accumulated emissions using
solid and dashed lines on the left and right axis, respectively.
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Figure 5.2: Instantaneous and accumulated NOyx emissions.

lal

In figure 5.2, the differences between instantaneous NOx emissions are
not easy to notice; however, focusing on accumulated emissions, differences

are evident.
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T2’ 35°C | T2’ 20°C | Abs.Diff | T3__35°C | T3__20°C | Abs.Diff
Urban 30.84°C 20.99°C -9.85°C 195.15°C 189.05°C -6.10°C
Rural 34.94°C 24.29°C -10.65°C 363.27°C 351.18°C -12.10°C
Motorway 35.06°C 26.68°C -8.38°C 456.54°C 443.06°C -13.49°C
Total 32.32°C 22.47°C -9.85°C 266.95°C 258.52°C -8.42°C
Table 5.1: T2’ and T3.
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Table 5.2 shows the NOx emissions obtained from each one of the RDE phases:
urban, rural and motorway.

NOx_35°C [g] | NOx__20°C [g] | 20°C Vs 35°C
Urban 11.795 11.366 -3.63%
Rural 4.577 4.205 -8.12%
Motorway 28.228 25.858 -8.40%
Total 44.60 41.43 -7.11%

Table 5.2: NOx emissions by zones.

Table 5.2 presents more considerable reductions registered for higher load
zones (Rural and motorway), and according to what was described in Chapter
3, it is possible to confirm these improvements with a confidence interval of
95% since, the difference is higher than the uncertainty which is 3.13%.

The highest NOx emissions are produced during these zones, as shown in
figure 5.2. Two main reasons justify this effect: a lower mixture temperature
and an EGR rate increase.

Knowing the EGR rate values can be helpful to deeply understand the
effect of intake temperature and the EGR rate on NOx emissions. In this way,
the EGR rate can be easily estimated using C'O2 volumetric concentration in
the intake manifold [128], as equation 5.2 shows. However, this methodology is
inaccurate for RDE cycles due to the high transient dynamics, which produce
fast variations in the COgintare, and COogitpipe concentrations, and it leads
to errors in the calculation of the EGR rate.

(%]

EGRrate[%] — COQimake [%] — C02ambiem %]

= * 100
C02tailpipe [%] - 002

(5.2)

ambient [

Nevertheless, the EGR rate can also be calculated through volumetric en-
gine efficiency. To do that, engine volumetric efficiency was characterised for
several engine speeds (between 1000 and 2500rpm) using specific engine tests
without EGR. Later, using a linear regression study, the volumetric efficiency
(Vol. eff) can be experimentally characterised (for this particular engine) as a
function of the engine speed as equation 5.3 shows.

Vol.ef f[%)] = (0.585 + 0.000193 % n — 0.0000000314 * n?) (5.3)
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Where:
o n=engine speed|rpm].

Once the volumetric efficiency was obtained, the theoretical AMF can be
calculated using the intake temperature and pressure, as the equation 5.4
shows. The difference between theoretical and measured AMFs represents the
EGR mass flow, calculated as shown in equation 5.5, which allows calculating
the EGR rate with equation 5.6.

PP ‘ 1000
AM Fypeolg/ 5] —Vol.eff[%}*}%*D[m3]*z*z*n[rpm]* 50 (5.4)
EGRmassflow [g/s] = AM Fypep. [9/3] - AMFmeasured[g/S] (55)
EGRmassflow [g/S]
EGR %] = * 100 5.6
tel /] AM Frnass fiow|9/8] + EG Rmass fiow[9/ 5] i
Where:

e R = Universal gas constant [kg/mol*K]

« D = Engine displacement [m?]

o n = Engine speed [rpm].

o P2’ = water charge air cooler outlet pressure [Pa].

e i=0.5 (Due to it is a four-stroke engine).

e 7z = Number of cylinders.

Figure 5.3 shows the EGR rates during the RDE tests in each one of their

zones, calculated through the volumetric efficiency approach since, it is more
reliable in transient tests.
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Figure 5.3: EGR rates calculated through volumetric efficiency.

Figure 5.3 shows that EGR rates are similar for the tests performed with
different T2’, nevertheless in the case of T2'=35°C, slightly lower EGR rates
are noticed, as was expected due to the higher intake density in tests at 20°C.
Considering that the ECU assign the AMF setpoint (which only depends on
the engine operative conditions) using EGRvalves actuation, in case of higher
air intake density, the EGR mass flow must increase due to the higher total
gases that the engine aspirates. This reaffirms the drop in NOx emissions
obtained in tests with T2'=20°C.

Four different fractions of the tests in different phases of the cycles were
analysed to make a deeper analysis. In particular, a situation where the EGR
is enabled and another where the EGR valves are completely closed (high load
conditions).

As shown in figure 5.4, the vehicle speed is high enough and practically
does not vary during each one of these phases. The fact that the vehicle speed
does not change helps to analyse the engine behaviour since, it could be similar
to a steady test.
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Figure 5.4: Air mass flow [kg/h], EGR rate [%], Vehicle speed [km/h] and NOx
emissions [g/s] with and without EGR.

The other three variables are represented in the four graphics: AMF in
kilograms per hour, and EGR rate (%) calculated through volumetric effi-
ciency, which are referenced on the left axis and NOx emissions in grams per
second on the right axis.

The graphic at the top side of figure 5.4 shows fractions of the test where
the EGR valve is open. EGR rates vary between 40%-20%. In this case, AMF
is controlled by look-up tables in the ECU.

The graphic at the bottom side of the figure 5.4 presents a phase without
EGR. They can be seen as the two lines representing the EGR rate overlapping
in zero. In these cases, the AMFs are similar, even if it is slightly higher in
the case of the test at 20°C.

Focusing on NOx, both tests performed with lower temperature show
lower emissions, which would confirm the dependence of emissions on temper-
ature, so lower intake temperatures results in less NOx emissions.

Figure 5.5 shows the lambda values of the same phases shown in figure
5.4. The graphic at the top shows a phase when the EGR is activated. The
graphic at the bottom shows a phase when the EGR is disactivated due to
high dynamic solicitations.
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Figure 5.5: Lambda values measured.

Higher values of lambda can be observed in the case where the intake
temperature is lower, which represents lean conditions. The increase of lambda
when EGR is activated is produced for two reasons. The first reason is the
increase of oxygen in the combustion chamber. In this case, two situations
must be analysed. Effectively, at part load, the AMF is regulated by the
ECU, but as the intake density grows up, the EGR flow must increase (the
engine aspirates more mixture). In this case, the lambda increase is due to the
oxygen supply from the EGR flow to the combustion chamber. The second
situation appears at high loads (EGR disabled); the ECU does not control
the air but the intake pressure, which is why the lower temperature (higher
density) causes the airflow (O2) to increase.

The second reason is the fuel consumption reduction, produced by the
small increase in engine efficiency. Figure 5.6 and table 5.3 show a small CO2
reduction which justifies the fuel consumption reduction. This effect appears
as a consequence of the higher oxygen quantity in the combustion chamber,
which produces a faster combustion [129].

Figure 5.6 shows the tailpipe COs measurements. On the left axis, instan-
taneous values with solid lines are represented. On the right axis, dashed lines
represent the accumulated values.
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Figure 5.6: Instantaneous and accumulated COs emissions.

Lines in figure 5.6 do not show divergences between the tests, and all the
lines are practically overlapped. However, the final values shown in table 5.3
presents non-negligible differences.

CO2_35°C [kg] | CO2_20°C [kg] | 20°C Vs 35°C
Urban 3.135 3.138 0.11%
Rural 2.935 2.931 -0.11%
Motorway 2.932 2.886 -1.55%
Total 9.002 8.957 -0.50%

Table 5.3: CO4 emissions by zones.

The results show a better performance in terms of COy emissions in case
the test is at 20°C. A reduction of 0,50% was obtained. It confirms the premise
of improving engine performance by lowering the engine inlet temperature due
to a higher air-fuel ratio (AFR) which causes a more complete and earlier start
of the combustion processes since, the mixing time is reduced [129]. The O,
concentration at the exhaust (tailpipe) can be checked to corroborate this
condition.

Figure 5.7 shows the oxygen concentration measured during a specific part
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of the RDE urban zone, where the vehicle is stopped at the beginning, performs
an acceleration, then maintains a certain vehicle speed, and finally, brakes
come to control. On the left axis, the Oy concentration values with solid lines
are represented. On the right axis, the vehicle speed is expressed in grey.

160

—0,-20°C
—0,-35°C
Vehicle speed

250

40

20

0 1 L 1 0
2150 2200 2250 2300 2350
Time [s]

Figure 5.7: O concentrations and vehicle speed during a specific part of RDE
urban zone.

As shown in figure 5.7, higher Oy concentrations are measured when the
test is carried out with a 20°C intake temperature setpoint. The Os incre-
ments, as in the case of lambda, can be analysed in two different situations.
First, when the EGR is controlled, the AMF is set constant independently
of T2’ for a given engine condition. An EGR flow increase is produced in
this case due to a higher intake density. This new EGR quantity contains a
Oy concentration determined by the AFR. Due to the AMF is constant, but
the fuel consumption was reduced, the AFR increases, forcing a gain of Os
concentration in the exhaust gases.

The other case appears when EGR saturation conditions are reached (EGR
valve fully opened and back pressure valve fully closed) or the EGR is disabled.
In these conditions, the higher air density involves an AMF increase with the
subsequent Oy gain. On the one hand, it indicates more efficient combustion,
which explains the improvements in C'Os. On the other hand, although a
priori, a significant quantity of oxygen would produce a greater NOx emission,
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it was proved previously that they were reduced, mainly due to a high EGR
rate and, consequently, lower combustion temperature.

Concerning the CO and T HC' emissions, figure 5.8 shows the accumulative
emissions. The vehicle speed profile is also represented in grey shadows, having
the data at the right axis.
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Figure 5.8: Vehicle speed profile and accumulated THC and CO emissions.

In figure 5.8, it can be observed that a large part of THC emissions is
produced during the warming-up of the engine and aftertreatment systems.
After that, THC emissions present an almost constant value since, no great
slope changes in the accumulated emissions are observed. However, CO emis-
sions show constant fluctuations. The large steps are produced during strong
accelerations, as observed in the vehicle speed profile. Table 5.4 and table 5.5
shows CO and T'HC' emissions by zones of the cycle and total values.

CO_35°C [g] | CO_20°C [g] | 20°C Vs 35°C
Urban 36.290 39.574 -8.30%
Rural 1.666 2.054 -18.88%
Motorway 2.087 2.506 -16.72%
Total 40.043 44.134 -9.27%

Table 5.4: CO emissions by zones.
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THC_35°C [g] | THC_20°C [g] | 20°C Vs 35°C
Urban 0.273 0.223 -18.25%
Rural 0.056 0.068 21.07%
Motorway 0.015 0.012 -24.33%
Total 0.344 0.302 -12.15%

Table 5.5: THC emissions by zones.

The results denote a decrease of CO and T'HC' when running with a colder
intake temperature. Lower C'O emissions obtained at lower temperatures are
due to the AFR increase, involving more oxygen proportion that helps to oxide
the CO. Although THC' emissions are usually higher at low temperatures, in
the case of T2'=20°C, the higher AFR compensates for this effect, and the
THC emissions are lower.

5.3 RDE cycles under different ambient tempera-
tures

RDE guidelines are vast and complex, and these must all be within specific
values to get a valid cycle. On the one hand, these regulate the trip character-
istics by distances, average vehicle speeds, dynamic solicitations etc. And on
the other hand, external conditions such as altitude and ambient temperature
are regulated. However, temperature and altitude acceptable ranges are pretty
broad. When the temperature is greater than or equal to 0°C and lower than
or equal to 30 °C, and the altitude is from 0 to 700 meters above sea level,
the RDE cycle is carried out under normal conditions. But the tests can also
be carried out in extended conditions, which can be obtained by temperature
between -7°C and 0°C, from 30°C to 35°C or by altitude higher than 700
meters and lower or equal to 1300 meters above sea level.

The current European regulation establishes that if during a particular
phase or the entire cycle, it enters in extended conditions, pollutant emissions
excepting COq will be divided by 1.6.

The objective of this study is to analyse the influence of ambient tempera-
ture on pollutant emissions in the same route. In order to do that, six different
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cycles were carried out in engine B described in Chapter 3 under four different
ambient temperatures, two temperatures where the cycle is within the range
of normal conditions, concretely 3°C and 20°C, and two temperatures where
the cycle is performed in extended conditions, with temperatures of -5°C and
32°C, thanks to it is installed in a climatic engine test cell.

Therefore a total of 24 tests were analysed. All the tests were performed
in an engine test bench since, the feasibility of performing them was widely
proved [1], reducing as much as possible the uncertainties that occur when the
tests are performed on-road [130].

5.3.1 RDE cycles

The six different cycles are the same as in Chapter 4.

5.3.2 Material and methods

In this case, the engine is installed on a climatic test bench where the ambient
temperature can be modified thanks to a cooling machine, as figure 5.9 shows.
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Figure 5.9: Engine test cell.

To perform this analysis, it was used the engine and vehicle B.

In this study, besides the previous pollutant emissions measured (NOx,CO, THC')
and C'O2, the particulate mass was obtained throughout an opacimeter and
the methodology described in Chapter 3.

5.3.3 Results

Data were recorded at 1Hz acquisition frequency as RDE regulation requieres.

In the first place, COy accumulated emissions linked with the fuel con-
sumption are analysed, figure 5.10 shows them, and the vehicle speed profile
referenced in the right axis profile is represented.
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Figure 5.10: Accumulated COs emissions (left axis) and vehicle speed (right axis).

Looking at figure 5.10, no significant differences are detected between cy-
cles at different temperatures. However, it is possible to say that cycles at
32°C and 20°C generally have larger emissions values, involving higher fuel
consumption. Concretely, the tests at the highest and lowest temperature
(32°C vs -5°C) have increased from 3.6% to 8.6% depending on the cycle.

Figure 5.11 helps to understand the engine behaviour at two extreme tem-
peratures, -5°C and 32°C.
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Figure 5.11: Oil temperature, accumulated fuel mass consumption, air mass flow
(AMF) and exhaust Os concentration.

On the top left of figure 5.10 the oil temperature is plotted, which is
strongly linked with the coolant temperature and affects fuel mass consump-
tion and, therefore, C'O- emissions. It is possible to see how at the beginning
of the cycle, where the oil is at a shallow temperature in the test at -5°C,
the efficiency is lower due to many reasons, in the first place, its low viscosity
produces an engine efficiency worsening. Secondly, there are higher heat losses
due to the low ambient temperature, and thirdly the combustion shape is also
affected, and its efficiency is deteriorated.

As the oil warms up, this situation reverses, and the test at -5°C has a
lower final consumption. To explain the fuel improvement in the test at -
5°C serves the bottom graphics where this test shows a higher AMF and O9
concentration, which means that at this temperature EGR rate is lower, which
produces a more excellent engine performance.

NOx emissions probably are the primary concern of manufacturers when
approving new vehicles, and above all, vehicles with diesel engines. Currently,
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all the vehicles have to incorporate different engine strategies and aftertreat-
ment systems to get below the type approval limits. Figure 5.12 shows the
accumulative NOx emissions of each of the 24 tests and the vehicle speed
profiles.
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Figure 5.12: Accumulated NOX emissions (left axis) and vehicle speed (right axis).

Regarding figure 5.12, it can be easily verified significant differences be-
tween the tests, concretely unlike CO2, tests at higher ambient temperature
show lower emissions since, tests with higher temperatures, as was shown in
figure 5.11 have higher EGR rates.

Figure 5.13 shows an analysis of a part of the RDE 1 cycle, concretely
from 3800 to 4600 seconds, this part belongs to the urban zone where there
are different phases with constant speed, accelerations and decelerations, so
different dynamic solicitations can be under study. EGR rate, AMF, EGR
valve position, NOx emissions, intake manifold temperature named T2’ and
exhaust manifold temperature called T3 are represented.
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Figure 5.13: EGR rate [%], air mass flow (AMF) [g/s|, EGR valve position [%)] ,
instantaneous NOx emissions [g/s], intake manifold temperature (T2’) [°C] and
exhaust manifold temperature(T3) [°C] of RDE 1.

Figure 5.13 makes easy to understand the engine behaviour regarding NOx
emissions when it is tested under different temperatures. EGR rate varies
depending on engine operation conditions for all cycles, but the test at 20°C
shows the highest values except 4350s to 4600, while the maximum values
are obtained in case of the test at -5°C. However, NOx emissions are more
significant than at 20°C and looking at AMF can be observed how the AMF is
more critical due to a lower air density. As a consequence of the AMF increase,
combustion improves and is reflected in T3 similarly in these two tests despite
a great T2’ gap.

AMF points out a clear trend from more to less: -5°C, 3°C, 32°C and
20°C. This is usually produced because ECU guidelines adjust the AMEF to
a specific setpoint to provide normal engine behaviour. NOx emissions also
show a clear tendency, it is lower temperatures that make higher emissions,
except for the test at 32°C where the tendency changes, obtaining more NOx
emissions than 20°C. On the one hand, the increase of NOx emissions is
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due to a decrease in EGR rates, and on the other hand, lower air intake
temperature leads to a lower generation of them. Consequently, the test at
20°C perfectly compromises ambient temperature and EGR rate to obtain the
lowest emissions.

T HC emissions are represented in figure 5.14; these emissions are produced
due to failing combustion processes.
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Figure 5.14: Accumulated THC emissions (left axis) and vehicle speed (right axis).

Predictably, minor temperatures imply higher THC emissions, on one
hand, this is because DOC has a lower efficiency at low temperatures, which is
the reason why car manufacturers try to reduce the warming-up period by em-
ploying different strategies [131]. Besides, it was easily noticed that the more
significant gap was produced during the warming-up aftertreatment period.
On the other hand, low air temperatures can produce incomplete combustions
or, in a worst-case scenario, misfiring in the combustion chamber, leading to
THC emissions.

Figure 5.15 shows C'O emissions. These emissions are produced due to
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incomplete reactions, leading to C'O production.
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Figure 5.15: Accumulated CO emissions (left axis) and vehicle speed (right axis).

As figure 5.15 shows, lower intake air temperature produces more CO emis-
sions since, it can worsen the combustion, besides the aftertreatment warming-
up issue previously commented in T'HC' emissions.

THC and CO emission results can be justified in the figure 5.16. It il-
lustrates the first ten minutes of cycle 1, where most of the THC and CO
emissions are produced. Fuel mass flow, relative fuel-air ratio (Fr), AMF and
intake manifold temperature (T2”) are represented.
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Figure 5.16: Fuel mass flow [g/s], relative fuel-air ratio (Fr), Air mass flow (AMF)
[g/s], and intake manifold temperature (T2”) [°C].

During the warm-up period, it can be observed that the fuel mass flow
increases to obtain the desired torque, especially during the first 100 seconds.
To get a suitable Fr similar to the test at 32°C is necessary an AMF increase,
which leads to lower EGR rates which entail more NOx emissions, as was
commented previously. It implies that the ambient temperature mainly causes
more significant CO and T HC' emissions, as T2” shows. Moreover, the DOC
efficiency is enormously worsened at low temperatures. The Fr shows similar
values in both tests since, the fuel mass flow increased at low temperatures,
and the AMF is higher due to the EGR flow reduction.

Finally, figure 5.17 represents PM emissions. Although the engine has
installed a DPF, the opacity measurement was made upstream to eliminate
the uncertainty that could produce the DPF. Furthermore, the estimation
from opacity to particulate mass was designed for raw measurements.
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Figure 5.17: Accumulated PM emissions (left axis) and vehicle speed (right axis).

PM emissions do not show a clear tendency, although, for all cycles, tests
with higher temperatures (32°C and 20°C) produced fewer emissions than the
other two (-5°C and 3°C). Going back to NOx emissions, it is proved the
well-known trade-off between them and the PM emissions since, tests with
low NOx emission lead to more PM and vice versa.

Additionally, in this section, a dispersion study of cycles 3, 4, 5 and 6
was carried out. These cycles repeat different speed sequences throughout the
cycle. In this case, it was analysed the pollutant emissions among the first
three sequences in cycle 3, where the engine is working in a warm-up period.
Each of these sequences has an approximate duration of 6 minutes, and figure
5.18 shows the accumulated emissions of these three sequences. Moreover,
vehicle speed and oil temperatures have been presented at the bottom right.
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Figure 5.18: Accumulated emissions of the first three sequences in cycle 3, vehicle
speed profile and oil temperatures..

As can be observed in figure 5.18, CO2 and NOx follow opposite trends
when the engine is hotter, COsy emissions decrease and NOx emissions in-
crease. THC,CO and PM follow the same trend as COs, although PM does
not have such a notable reduction as the other two. In this case, it must be
considered that the opacimeter is located upstream of the FAP, so its efficiency
does not affect it.

PM emissions are lower in tests at -5°C and 3°C tests due to smaller EGR
rates imposed by ECU. The reductions produced in the second and third
sequences result from improved combustion in the chamber.

CO5 emissions in the first sequence are higher in low-temperature tests.
However, in the second and third sequences, the opposite trend was observed.
This is because, in the first sequence, the engine has lower efficiency in the
tests at -5°C and 3°C. After all, the combustion is worse than in the case
of the engine works at higher temperatures and, together with an increase in
mechanical losses when the oil is at such a low temperature.
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5.3.4 Emission regulation results

The newest RDE regulations, as described in Chapter 2, established a new
concept known as RF that affects pollutant emissions weighting.

In this study, all the RDE cycles have lower C'O2 emissions than those
obtained in the case of the WLTC, so RF is equal to 1. The cycles that enter
into extended conditions in compliance with the European regulation would
affect final and urban emissions. All the cycles were carried out in this study
at -5°C and 32°C. So, excepting C'Oy emissions, the rest should be divided by
1.6. It makes that cycles at 32°C would have the lowest values of NOx, THC
and C'O emissions and cycles at -5°C of PM.

Figure 5.19 and 5.20 show raw (tail pipe) and final emissions (after applying
the RF factor) results for all tests in the urban part and the entire cycle since,
the European regulation controls that the emissions are under the limit in
both cases.
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Figure 5.19: Urban raw and final emissions.
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Figure 5.20: Total raw and final emissions.

As can be observed, there are different pollutant tendencies. Focusing
on raw values, NOx emissions are reduced when the temperature increases
except when it arrives until 32°C, where this tendency changes and NOx
emissions rise again. C'O and T'HC' emissions present the same tendency, and
more temperature leads to fewer emissions. In the case of PM, its tendency
indicates an improvement at a lower temperature, except for the test at -5°C.
On the other hand, the final emissions that only change from raw emission
in tests at -5°C and 32°C as regulation dictates, would cause a significant
reduction in these tests at the time of carrying out a homologation of the
vehicle.

5.4 Conclussions

RDE tests were performed on a light-duty Euro 6 diesel engine and a van euro
6 diesel engine. In the case of the light-duty vehicle, the tests were carried
out by setting different intake air temperatures: 20°C and 35°C. A significant
drop in NOx, 7.1% in the RDE cycles, was measured in case the test was
performed at 20°C, which can be confirmed thanks to the statistical analysis
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of the Chapter 3.

A not negligible increase in EGR mass flow was noted when the test was
performed at low temperatures (20°C) due to the higher intake density. As
the Electronic Control Unit has controlled fresh air mass flow through the
EGR valves actuation, higher intake density produces more EGR mass flow
(additional EGR). Consequently, a reduction of NOx emissions was obtained
from tests performed at 20°C. This reduction is also produced due to the lower
intake temperature.

Slight differences in COs emissions were registered when comparing tests
at different intake temperatures. A reduction of 0.5% was obtained for tests
at 20°C.

During both the engine and the aftertreatment devices warming up, a
significant amount of THC and C'O are registered in any case. These emissions
were permanently lowered in the case of the test with T2’=20°C due to the
air density increase, which produces an Oy gain in the combustion chamber.

In the other study case, a van was simulated in RDE tests with four differ-
ent ambient temperatures. In terms of engine efficiency, represented in C'Oq
emissions, tests at -5°C and 3°C present the highest values of efficiency, mainly
due to lower EGR rates. In spite of during the warm-up period, tests with
these two temperatures have lower efficiency, it is compensated later until
reaching lower emission values.

The lowest NOx emissions are produced in the test at 20°C, and this
situation is explained because the WLTC are performed around this temper-
ature, and hence, vehicle manufacturers concentrate their efforts on achieving
a proper calibration in this situation.

As expected, CO and T HC' emissions present lower values at high ambient
temperatures, mainly for better combustion and a faster warming-up of the
aftertreatment device, providing greater efficiency.

In the case of PM, they fulfilled the well-known trade-off between NOx
and them and seemed to have a linear ascent relationship with temperature
due to the EGR rate increases.

Finally, after applying the current regulation, final emissions show that
tests at 32°C have the lowest emissions values, except PM. Still, it has to be
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considered that were measured upstream of the DPF. It possibly also would
be lesser if they were measured downstream of the aftertreatment due to a
faster warming-up and better efficiency at higher temperatures.
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6.1 Introduction

In this last chapter, the achievements and milestones obtained from the entire
document are listed. The most important findings and contributions of the
studies are listed in Section 6.2. In section 6.3, the main limitations found
during the study are enumerated. Finally, section 6.4 exposes possible future
prospects and research to continue and complete the RDE cycle study.

6.2 Summary of findings and contributions

6.2.1 Main original contributions

Carrying out the study of RDE cycles in this thesis involves different tasks
to help to understand and analyse them. In order to do that, several experi-
mental tests, data analysis, and computing were performed. The highlighted
contributions of this thesis are listed below.

e The feasibility of performing different RDE cycles in an engine test bench
has been proved.

e The errors dispersion in parametric measures such as speed, torque,
pressure temperatures, etc. that were obtained after replicating the same
RDE cycle in an engine test bench are extremely low, which eliminates
uncertainties produced on-road and makes the engine test bench as an
extraordinary tool for research on combustion engines.

e Regarding pollutant emissions and fuel consumption, especially NOx
and C'O,, errors are also considerably lower, much lower than if these
cycles were performed on-road. In the first place, the PEMS have lower
accuracy than a stationary system, which leads to more uncertainties.
Secondly, there are a significant number of factors like driver behaviour,
temperature, and traffic conditions that have a strong influence on the
results. THC and C'O dispersions between repetitions of the same cycle
are more extensive due to the complexity of these substances, which are
mainly produced during the warming-up and are significantly affected
by the aftertreatment state.
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e After performing six RDE cycles with different dynamic solicitations and
also different driver behaviour, it can be stated that very different cy-
cles can fulfil perfectly the current regulation, and significant differences
between pollutant emissions and fuel consumption can be obtained.

e The RDE cycle, based on the speed sections of the WLTC, involves both
cycles presenting very similar dynamic conditions, where high load con-
ditions are achieved, and the engine is tested in a wide area of operation.

« Different driver behaviours can fulfil RDE regulations and produce very
differentiated polluting emissions under the same vehicle, same route
and the same instantaneous vehicle speed, which leaves a large margin
to manufacturers when passing the regulation.

e Comparing emissions obtained from the RDE tests versus steady-state
tests proved a good correlation, especially in the case of CO5 emissions.
The errors found in NOx emissions are due to two different reasons:
first, all emissions during the engine warm-up period vary since, the en-
gine stay-state tests were carried out with the engine previously warmed
up, and secondly, NOx emissions have a non-linear behaviour as a func-
tion of speed and torque, leading uncertainty during the interpolation.
In any case, this tool can significantly help provide a realistic approxi-
mation of a previous cycle performed on the engine test bench.

e Improving the WCAC efficiency to reduce the intake air mass flow tem-
perature can lead to an apparent reduction in polluting emissions in
RDE cycles, and therefore improving the air quality and reducing the
greenhouse effect in real driving conditions.

e RDE regulation leaves a large margin in terms of temperatures for car-

rying out the tests, and the results under extreme conditions leave clear
conclusions. Moderate temperatures around 20°C have the best NOx
emissions values which is explained due to the temperature ranges of
the tests used in previous regulations, where manufacturers have worked
harder to improve the calibration of their engines.
CO3 emissions show the best result in tests at the lowest temperature,
around -5°C, because at very low temperatures, the engine modifies its
strategy and reduces the EGR rates, improving the engine performance.
THC and CO emissions show similar behaviours, the lowest emissions
are produced in tests at higher temperatures due to better and more
complete combustions and higher aftertreatment efficiency.
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6.2.2 Other findings

In addition to the main contributions, after the studies performed in this
thesis, other conclusions have been obtained and are listed below.

e After analysing the WLTC, a RDE cycle was created throughout differ-
ent phases of this cycle, which means that the dynamic solicitations of
the WLTC are in the same order as the RDE cycles, which speaks well of
this cycle and how representative could it be of real driving conditions.

e The RDE regulation has tried to unify and clarify the RDE cycles
through several modifications during the last years.
The parameter known as NTE tried to facilitate the adaptation of man-
ufacturers to the new RDE cycles, which differed significantly from the
previous NEDC. Another important action was removing the power bin-
ning intervals methodology, which appeared in the regulation 2016,/427
[36] that later was removed in the following regulations to establish the
MAW as the only validation method of RDE cycles. Later parameters
like RF and the value of 1.6 in case of performing the RDE in extended
conditions try to unify the polluting emissions of different routes typolo-
gies, driver behaviours or ambient conditions.

6.3 Limitations

The listed objectives in Chapter 1 have been wholly accomplished. However,
some limitations were faced during the realisation of the different experimental
studies found in this document.

e One of the greatest limitations was due to the complete and complex
experimental validation that was carried out. This validation, despite
the fact that the RDE cycles have their essence on road, was carried out
in a test bench for the automotive industry. But it would have been
very positive to have a full-time vehicle and to have able to carry out
specific routes with different instructions for vehicle speed, temperature,
driver behaviour, etc. But even if a real vehicle had been available, it
would have been very complex or even impossible to obtain different real
ambient and adequate traffic conditions to be able to confirm what was
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previously calculated with the steady-state maps, or what was obtained
from the tests. In any case, this limitation reinforces the theme of the
thesis and justifies it, insofar as doing this is impossible, making it the
ideal choice reproducing it in an engine test bench.

e Another limitation was found during the design of RDE cycles, it would
be interesting the provision data of other different RDE cycles performed
on road, and avoinding carrying out cycles that were generated by soft-
ware, imitating these conditions.

e Finally, the European regulation has also presented impediments since,
during the development of the study, this has changed, modifying what is
considered a valid RDE cycle, and therefore the tests had to be adapted.

6.4 Suggestions for future studies

The different studies carried out in this thesis open different avenues of research
since, a methodology for the RDE cycle assessment was stipulated. Below a
short list of suggestions for future studies is listed.

e One of the most significant studies that can be carried out in the future
is the application of the interpolation tool in the other way. After gener-
ating a RDE cycle with the MATLAB tool, using the interpolation tool
and through the torque and engine speed can be possible to obtain the
fuel consumption and pollutant emissions without performing the RDE
cycle in the engine test bench.

e Following with the study of the previous item, it should be needed to
validate it. In order to do that, it is necessary to perform the cycle in the
test bench to make later a comparison between the results obtained from
the steady state map and the measured ones and analyse the divergence.

e Another interesting study consists of performing these RDE cycles in a
chassis dynamometer with the same vehicles simulated in the engine test
bench.

e Finally, continuing with the previous study, to complete the analysis
would be interesting to perform the RDE cycles designed on road, as far
as possible, taking into account different extern factors such as traffic,

135



Section 6.4 Chapter 6

ambient temperatures and pressure, etc. so perhaps, it should be done
in a closed circuit, in order to try to replicate the cycle with greater
similarity.

Besides the changes in ambient temperature, another future study would
involve changing the ambient pressure and/or air humidity since, it can
significantly affect the engine behaviour and, therefore, the fuel con-
sumption and pollutant emissions. So characterising real driving cycles
under different ambient pressure, which mean different altitudes above
the sea level, would provide wide data about how the vehicles behave
under these conditions.

Following the previous study, it would be of great interest to analyse
how affects the results the accumulated altitude as well as the number
of passengers or weight carried by the vehicle.

Finally, the developed methodology for studying and analysing RDE
cycles can be used in diverse powertrain typologies as well as hybrid
and electric vehicles, or new solutions such as hydrogen engines, fuel cell
vehicles, synthetics fuels and biofuels, etc.
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