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Abstract

The complexity of modern vehicle control systems, the increasing diversity of powertrain
and exhaust aftertreatment applications, and the need for shortened development times
require innovative approaches towards calibration. This paper presents an experimental,
analytical, and modeling study of particulate filter (commonly called DPF —diesel partic-
ulate filter) in a diesel hybrid vehicle where models have been developed to simulate test
data, replacing the requirement of numerous tests on testbed or on the road with system
simulations and offline parameter optimisation techniques. A soot estimation model has
been developed based on the operation of the engine including its transient response, and
the thermal-chemical behaviour of the DPF. A methodology has been developed to opti-
mize the calibratable maps and parameters within this model. The results show that the
proposed method improves the accuracy of soot estimation in the engine transient opera-
tion and avoids a large number of experimental tests required in traditional calibration
methods. Modern automotive manufacturers face regulatory compliance requirements
ensuring emission standards across diverse real driving emission (RDE) boundary condi-
tions encompassing route characteristics, driving dynamics, and ambient environmental
variables throughout vehicles’ operational lifetime. The soot load in the DPF and the DPF
regeneration frequency can massively impact the tailpipe NOx emissions and overall fuel
consumption, so it is key to accurately estimate the soot accumulation in all operating
conditions. This means testing and validating calibration in each possible scenario and so
needs an enormous number of tests on testbed and on the road. These tests, however, can
be replaced with system simulations and offline calibration if we have a robust model for
the system, as described in the following parts of this paper.

Keywords: particulate filter; soot load estimation; real driving emissions; steady state and
transient soot; offline calibration optimization

1. Introduction

The development of comprehensive frameworks for optimising exhaust aftertreat-
ment control strategies through advanced computational modeling techniques represents
a critical pathway toward reducing real-world tailpipe emissions, particularly those quan-
tified under RDE test protocols. The implementation of RDE compliance testing intro-
duces unprecedented challenges and complexity to contemporary vehicle development
approaches. European emission legislation continues evolving toward increasingly strin-
gent requirements, with Euro 7 standards combined with RDE protocols presenting
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formidable challenges for internal combustion engine-based vehicle platforms in the com-
ing regulatory period.

Exhaust emission control technologies have experienced substantial advancement
over the past two decades, with significant potential still present for further emission re-
ductions through the optimisation of existing systems combined with innovative after-
treatment concepts [1]. While no single technological solution provides complete emission
mitigation, appropriate technology combinations and innovations can achieve unprece-
dented cleanliness levels in ICE-based powertrains. Diverse technologies spanning com-
bustion optimisation, catalytic conversion, and particulate capture are under active re-
search and development to reduce pollutant emissions meeting stringent Euro 7 targets
and subsequent regulations, targeting near-zero emission levels.

Particulate matter represents one of the primary pollutants emitted by internal com-
bustion engines with documented adverse human health impacts [2]. Diesel particulate
filtration technology provides the most effective approach for reducing particulate emis-
sions in diesel engines [3,4] where modern systems capture over 90% of engine-out par-
ticulates [5-7]. However, gradual soot accumulation within DPF systems increases the ex-
haust back pressure, leading to engine efficiency degradation and increased fuel con-
sumption [8]. Consequently, the continuous or periodic removal of accumulated soot from
DPF systems becomes necessary [9,10].

Optimal DPF regeneration timing requires precise soot load estimation accuracy.
Various methodologies have been developed for soot load estimation; however, challeng-
ing operational conditions including low volumetric flow rates and transient engine op-
eration cause estimation inaccuracies [11,12]. The most prevalent soot load monitoring
approach derives from pressure drop relationships across DPF systems relative to soot
accumulation. Nevertheless, engine exhaust represents extremely volatile airflow charac-
teristics, intensified under transient operating conditions. Consequently, pressure sensor
measurements exhibit significant noise, causing substantial deviations in soot load calcu-
lations based on these signals.

Recent regulatory developments emphasize vehicle emission compliance across all
possible real-world road conditions, extending DPF operational scrutiny including soot
load and regeneration events to all RDE test cycles. This introduces additional complexity
to accurate soot estimation optimisation, requiring numerous tests covering all operating
conditions. Transferring the majority of the calibration effort from physical test cells and
road testing to the desktop through modeling and simulation represents a solution to
these pressing challenges.

This research presents this approach and validates a soot estimation model opti-
mized for real-world driving cycles. The model was developed to calculate soot accumu-
lation based on engine operation and DPF thermal-chemical behaviour characteristics.
The model incorporates soot oxidation rates by nitrogen dioxide (NO:) through the deter-
mination of NO to NO:2 conversion rates and NO:z utilisation rates for carbon oxidation
[13,14]. A comprehensive methodology supported by advanced automated optimisation
routines was developed for calibrating adjustable maps and parameters. Validation was
performed using vehicle test data collected on chassis dynamometer and on-road testing
utilising an AVL Micro-Soot-Sensor (MSS), demonstrating adequate soot estimation accu-
racy across various driving cycles.

2. IC Engine Emissions and Legislation

The internal combustion engines generate mechanical work from chemically bound
fuel energy through combustion processes. Beyond complete combustion products (car-
bon dioxide CO:z and water H20), combustion processes generate undesirable pollutants,
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primarily carbon monoxide (CO), unburnt hydrocarbons (HCs), nitrogen oxides (NOx),
and particulate matter (PM) [4,15].

Engine pollutants have been regulated for passenger cars and commercial vehicles
since emission legislation was introduced with Euro 1 standards in Europe. European
emission standards for passenger cars demonstrate gradual significant reductions across
all emissions from Euro 1 to the upcoming Euro 7 as shown in Figure 1.

Euro Emission Standards Evolution
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Figure 1. European emission limit values for passenger cars.

The evolution of these standards has been remarkable, with each successive regula-
tion imposing more stringent limits on pollutant emissions. Beginning with Euro 5’s im-
plementation for passenger cars, minimal particulate levels have been universally
achieved through DPF utilisation [4,16]. Euro 6 standards introduced particle concentra-
tion limits for commercial vehicles, making universal DPF implementation inevitable for
commercial vehicle engines [17,18].

Current Euro 6 emission standards specifically noted that considerable reduction in
NOx emissions from diesel vehicles was necessary to improve air quality and comply with
limit values for air pollution [19]. It is expected that Euro 7 standards will further improve
air quality.

3. Emissions Control Strategies

Contemporary emission control strategies for gasoline vehicles maintain Euro 6
standards largely unchanged from Euro 5, except for new particle number standards for
gasoline direct injection (GDI) vehicles, previously applied only to diesel vehicles in Euro
5. As CO: targets continue decreasing, GDI engine technology has matured and is increas-
ingly deployed. GDI engines produce higher particle emissions than conventional port
fuel injection gasoline engines, hence the particle number limit introduction to prevent
gasoline vehicle particle emission increases.

For diesel vehicles, reduced NOx limits require manufacturers to utilize advanced
aftertreatment technologies alongside exhaust gas recirculation (EGR) systems [20,21]. Af-
tertreatment technologies including lean NOx traps (LNTs) and selective catalytic reduc-
tion (SCR) are integrated with technologies already adopted for CO, HC, and PM control,
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including diesel oxidation catalysts (DOCs) and diesel particulate filters (DPFs). Since
higher NOx emissions can result from engine calibrations designed to maximise fuel econ-
omy, advanced NOx aftertreatment could allow such calibrations without NOx emission
increases.

Representative exhaust aftertreatment systems for diesel- and gasoline-powered pas-
senger vehicles demonstrate the complexity of modern emission control architectures.
Typical exhaust aftertreatment systems for diesel- and gasoline-powered passenger vehi-
cles are shown in Figure 2.

Exhaust After-Treatment Systems

Gasoline Engine

Diesel Engine

DEF Injectiol

Figure 2. Exhaust aftertreatment systems on diesel and gasoline vehicles.

4. Particulate Filter Technology: The System

As discussed in the previous section, optimising engine-out emissions as well as in-
tegrating optimized, highly efficient aftertreatment technology is the key to achieving
stringent emission standards while retaining excellent fuel economy in modern passenger
vehicles [22,23]. Euro 5 European emission requirements, effective from September 2009,
first led to the DPF technology introduction on diesel vehicles. Figure 3 illustrates the DPF
requirements for meeting Euro emission standards for PM [24].

https://doi.org/10.3390/futuretransp6010046


https://doi.org/10.3390/futuretransp6010046

Future Transp. 2026, 6, 46

5 of 30

® Euro 4 no DPF Euro 5 w/ DPF

0.03
Euro 4 Limit
0.025
- [ S °
. % * o . ':
0.02 ° ° * s,
—_ Eurp 4 w/o DPF
E ° o o ® ® 9
¥ [J [ ] )
B 0.015 R S LR
=
a
0.01
Euro 5 Limit
0.005
Euro 5 w/ DPF ’ ol
0 0w g °*®
0
0 0.05 0.1 0.15 0.2 0.25
NOx (g/km)

Figure 3. Requirement of DPF to meet Euro emission standards for PM.

DPF systems typically consist of substrates similar to catalytic converter materials,
with individual passages blocked alternately so exhaust gases cannot pass directly
through but must traverse the wall structure. This design forces exhaust gas flow through
porous walls where soot particles are deposited within wall structures and in cake layers
on passage surfaces as shown in Figure 4 [25].

Alternate
Channels___|
are plugged

Figure 4. Exhaust gas flow through a DPF.

In certain applications, exhaust gas temperature and composition enable soot oxida-
tion over operating cycles by NO:2 [13,14]. However, in light-duty vehicles with relatively
lower exhaust temperatures during normal drive cycles, soot levels increase over time and
require removal through periodic filter regeneration. This process is termed ‘Regenera-
tion” or ‘Regen’ [26]. Periodic regeneration is triggered at variable intervals based on the
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estimated soot load. Engine controls (throttling, fuel injection timing delays, additional
late injection, etc.) raise exhaust gas temperatures typically to 600-650 °C at the DPF inlet
to enable regeneration [9,27].

5. Diesel Particulate Filter (DPF) Calibration Challenges: The Problem

DPF system calibration and optimisation presents challenges similar to other exhaust
aftertreatment systems. These systems represent among the most complex technologies,
with combined engine parameter control being particularly arduous. RDE requirement
introduction (incorporating more severe real-world driving conditions) has elevated the
challenges to unprecedented levels.

5.1. System Complexity

The particulate filter traps and contains the particulate matter present in the exhaust
gas. It also features a catalytic coating, with a similar formulation to that used in the oxi-
dation catalyst, which promotes both thermal and passive filter regeneration. Both the
diesel particulate filter (DPF) and the gasoline particulate filter (GPF) have similar func-
tionality except that the GPF may not need as many thermal regenerations as needed by
a DPF due to the fact that the engine-out soot from the gasoline vehicles is much lower in
most of the operating conditions and the GPF is continuously regenerated due to higher
exhaust gas temperatures.

Figure 5 shows the main elements of a particulate filter control system used in a light-
duty diesel vehicle.

ENGINE

l Oxidation I Diesel Particulate

Catalyst I Filter

Figure 5. Schematic diagram of a particulate filter system.

A lambda (oxygen) sensor is part of the engine air control system that co-ordinates
the exhaust gas recirculation system with boost and fuel control. Its output is also used by
the particulate filter system to help model the effect of transient events on soot production
rates. The temperature sensors (T1, T2, T3) are used by the control system to control tem-
peratures in the oxidation catalyst and the filter within their target temperature ranges
during filter regeneration. They are also used to model gas volume flow rates and rates of
passive filter regeneration during normal engine operation. The pressure sensor measures
the pressure drop across the filter as part of the strategy to measure the soot loading of
the filter and this measurement is used in parallel to the ‘open loop” soot model.

In thermal regeneration, the particulate filters are regenerated by elevating the tem-
perature of the exhaust gas to burn off the carbon. This process increases fuel consumption
and engine-out NOx, ages catalysts, and can result in engine lubrication oil dilution (also
known as FIO—fuel in 0il), so it is beneficial to minimize the frequency of the regeneration
events. However, if too much soot builds up in the filter, fuel consumption will increase
with increasing back pressure, which may block it entirely, causing the engine to stall, or

https://doi.org/10.3390/futuretransp6010046


https://doi.org/10.3390/futuretransp6010046

Future Transp. 2026, 6, 46

7 of 30

lead to excessive temperatures when it does burn, with the potential to damage the filter
and vehicle [28].

Estimating correct soot levels in the particulate filter in all driving and ambient con-
ditions is a challenging job. The empirical model is based on testbed measurements that
often do not represent the real harsh driving conditions. The delta pressure method for
soot estimation, which is calibrated against the volumetric flow rate of the exhaust gas, is
also not accurate in certain conditions like low engine speeds and very low and very high
exhaust temperatures.

5.2. Drive Cycles Complexity—RDE Impact

Despite increasing emission standard stringency, serious shortcomings have
emerged in emission control under real-world driving conditions. Studies beginning in
2011 using portable emission measurement systems (PEMS) and remote-sensing tech-
niques quantified unexpectedly high real-world emissions from European diesel passen-
ger cars [4]. Traditional test cycles used for type approval and aftertreatment development
failed to capture the full range of engine map operating conditions typical of real-world
driving.

Starting from Euro 6, the introduction of real driving emissions (RDEs) represents a
fundamental shift in how vehicles are tested and aftertreatment systems are calibrated.
RDE tests measure emissions under actual on-road driving conditions accounting for the
natural variability of traffic, road topology, weather, and driver behaviour. Therefore, for
emission aftertreatment system control and calibration, substantially broader engine op-
erating condition ranges must be covered to meet current and future RDE compliance.
Various known standard drive cycles are shown in Figure 6, where acceleration is plotted
against mean speed, which demonstrate the diversity of operating conditions. The RPA
(relative positive acceleration) boundaries are defined in the EU regulations [29]. The reg-
ulatory boundary conditions for RDE testing include dynamic constraints where valid
RDE tests must fall between the RPA_05 (lower boundary) and the VA95 or RPA_95 (up-
per boundary) lines [29].

Relative positive acceleration (RPA) is highest for the mostly transient, and lower for
the motorway cycles. Particularly low is the value of RPA for the NEDC [30]. This demon-
strates why the NEDC cycle provides insufficient operating condition diversity, necessi-
tating the introduction of RDE testing with its RPA_05 and RPA_95 boundaries to ensure
comprehensive aftertreatment system calibration coverage. Using a mix of test cycles that
cover a broader range of RDE and RPA operational areas allows broader engine operating
ranges to be covered which were often ignored in the past when using only the NEDC or
WLTP test cycles for development [31].
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Figure 6. Typical development drive cycles mapped as relative positive acceleration (RPA) vs. av-

erage cycle speed.

6. Theoretical Framework and the Model Development for DPF
Soot Load

The first step of the study is developing an open-loop, ECU-orientated soot model
that calculates the amount of soot accumulated in the particulate filter based on the oper-
ation of the engine and the thermal-chemical behaviour of the specific filter. The model is
formulated in discrete time, consistent with series-production engine control units
(ECUs), and is implemented as a set of empirical calibratable maps and scalar parameters.
Soot accumulation in the filter is described through a lumped mass balance that combines
three contributions: steady-state soot production, additional soot formed during transient
engine operation, and soot removal via passive regeneration by NO:. Active thermal re-
generation is treated as an external event controlled by the ECU; in this work, it is assumed
to fully clean the filter when triggered and is therefore not explicitly modeled in the soot
mass balance. The following subsections describe the theoretical framework and the
model formulation before the individual model elements are discussed in more detail in
the later sections. Detailed background on the models in (1)-(4) is found in [32,33].

6.1. Theoretical Framework

The soot load estimator is modeled to be compatible with production diesel ECUs,
where computational resources, signal availability, and robustness considerations favour
empirical, map-based models over high-order physical-chemical simulations. The soot
production and oxidation rates are represented by calibratable look-up tables and curves
indexed by standard ECU variables such as engine speed, load, EGR rate, equivalence
ratio, and exhaust temperature.

At the core of the model is a lumped-parameter description of the DPF, in which the
soot mass stored in the filter, my,,y, is treated as a single state variable that evolves ac-
cording to a discrete time mass balance in (1):

msoot(k + 1) = msoot(k) + (mss(k) + mtr(k) - mox,NOZ (k)) At (1)
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where k is the discrete time index, At is the model sampling period, g is the steady-
state soot production rate, 7, is the additional transient soot production rate, and
Moy No, 18 the soot oxidation rate due to NO:. Each of these rates is obtained from empir-
ical maps and curves calibrated from engine- and vehicle-based measurements.

The steady-state soot production rate s is primarily a function of engine speed
and load, with separate characterisations for operating conditions with and without EGR.
The effect of EGR on soot formation is captured via an EGR-dependent correction that is
added to a non-EGR base map. The transient term 7, accounts for short-duration en-
richments of the in-cylinder mixture during rapid torque and speed changes, and is for-
mulated as a function of the instantaneous deviation of the measured equivalence ratio
from its steady-state reference value and the absolute mixture richness. The NO:-based
oxidation term myy no, iS modeled in three stages: engine-out NOx generation, conver-
sion of NO to NO: in the oxidation catalyst and DPF, and temperature- and soot-mass-
dependent oxidation of soot by NO:2 on the filter substrate.

The mass balance and state definition ensure physical consistency, whereas the em-
pirical maps and parameters provide sufficient flexibility to reproduce the observed soot
behaviour over a wide range of steady-state and transient operating conditions, including
those encountered under RDE cycles.

6.2. Model Formulation

In the implementation, the soot estimator operates at the ECU sampling frequency
and uses standard measured or estimated inputs from the engine and aftertreatment con-
trol system. The primary inputs are as follows:

Engine speed, n (rpm);

Engine internal torque or load, Tin: (Nm);

Exhaust gas recirculation rate, EGR (%);

Exhaust gas temperatures upstream of the oxidation catalyst and DPF (°C);

Exhaust volume flow rate, Vew: (m3/h);

Engine-out NOx emissions (typically mg/s or ppm);

Instantaneous and steady-state reference equivalence ratio, ¢.

The single dynamic state of the model is the soot mass stored in the DPF, mg,q: (g),
and the principal output is either this mass directly or a normalized soot load value used
by the DPF control strategy. Although the production ECU strategy uses a delta pressure-
based estimator, the model described here is purely open-loop and does not rely on pres-
sure measurements for its internal state update.

The three terms in the mass balance are realised as follows.

The steady-state soot production rate is given in (2) by

Mgs= foase(11, Tint) + fecr(n, Tint) gEcR(EGR) (2)
where

®  fisis a two-dimensional map of soot mass flow rate (e.g., mg/s) versus engine speed
and internal torque under non EGR conditions;

e  ficris a two-dimensional map representing the additional soot production attributa-
ble to EGR at each speed-load point;

e  gecr is a factor map or scalar function that determines whether EGR is active and,
when active, scales the EGR correction according to the estimated EGR rate.

The calibrated parameters in this sub-model are the breakpoints and entries of the
foase and fecr maps and the entries of the gecr activation factor map. These maps are popu-
lated and optimized using steady-state testbed data and residency weighted optimisation
routines, as detailed in Section 7.2.1.
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The transient soot is modeled by comparing the instantaneous equivalence ratio de-
rived from the lambda sensor with the steady-state reference equivalence ratio at the same
speed-load point. The additional soot rate during a transient is expressed in (3) as

M = for (A, ref) ®)

where A¢ = ¢ — ¢ref is the deviation from the steady-state equivalence ratio, and ¢ref is
the reference value taken from a calibrated steady-state map. The function fir is imple-
mented as a two-dimensional map generated from families of calibration curves that re-
late additional soot rate to equivalence ratio deviation for different ranges of ¢ref.

The calibrated parameters in this sub-model are the steady-state equivalence ratio
map ¢ref(n, Tin) and the breakpoints and entries of the transient soot correction map (e.g.,
additional mg/s of soot as a function of A¢ and ¢ref). These parameters are identified us-
ing combined vehicle dynamometer and simulation data, with the calibration and optimi-
sation process described in Section 7.2.2.

Lastly, the NOz-based oxidation term is formulated in three stages:

e  An engine-out NOx map fnvo.(n, Tint), providing NOx mass flow rate (mg/s) over the
steady-state operating envelope.

e A NO:2 conversion ‘make’ surface fnoz(Texs, Ves), giving the fraction of NOx converted
to NOz across the oxidation catalyst and DPF as a function of exhaust temperature
and volume flow rate. Separate surfaces are determined for new and aged compo-
nents.

e A oot burn rate map fours(1DpPF,mN02,Ms00t), relating the soot oxidation rate to DPF tem-
perature, NO2 mass flow through the filter, and current soot loading.

Combining these elements, the soot oxidation rate is given in (4) by

mox,NOZ = fburn (TDPF' fNOZ (Texh' Vexh): Myox, msoot) (4)

The calibrated parameters in this sub-model are the entries and breakpoints of the
engine-out NOx map, the NO: conversion surfaces for green and aged catalysts, the soot
burn rate map, and a small number of scalar correction factors representing the net effect
of catalyst ageing.

These parameters are identified from dedicated testbed experiments using new and
thermally aged components, combined with repeated weighing of soot loaded filters to
determine soot mass loss with time. The methodology for constructing the NO2 make sur-
faces and soot burn rate maps, as well as the treatment of catalyst ageing, is described in
Section 7.2.3.

In summary, the complete model is an empirical, map-based implementation of the
soot mass balance equation, configured for efficient execution in automotive ECUs and
calibrated using a structured workflow that integrates steady-state engine tests, vehicle
drive cycles, and automated optimisation routines. The block diagrams presented in the
subsequent sections correspond directly to the functions and maps defined in the equa-
tions above and provide a control-engineering view of the same algorithmic structure,
providing physical equations for a DPF soot estimation model on a passenger car.

Physical equations for a DPF are given in Appendix A.

6.3. The Soot Model Schematics

The schematics that make the basis for the model development in the Simulink envi-
ronment are described in this section. As previously defined, the model has the following
three elements which are schematically shown in Figure 7:

(1) The steady-state rate of soot production;
(2) Transient soot production;
(3) The rate of soot consumption by NO2 reduction.
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Figure 7. Functions of the soot estimation model.

6.4. Steady-State Soot

The steady-state maps form the foundation of the estimate of soot production. These
are a characteristic of the engine that are developed and fixed during the engine emissions
calibration process. Engine development guided by emissions regulation means that
through the use of engine condition monitoring and adaption, these characteristics remain
broadly constant throughout the life of the engine. The use of EGR to reduce NOx emis-
sions reduces the oxygen content of the charge in the cylinder and as a result tends to
increase the amount of soot produced during the combustion process. This difference is
accounted for by the EGR soot map whose output is added to that of the non-EGR map
when EGR is active.

The base map for the soot estimator is the steady-state map of non-EGR soot produc-
tion with engine speed and load (see Figure 8). To this is added a correction to the soot
rate as the result of EGR. A factor map is used to determine whether EGR is active based
on an engine control unit modeled estimate of EGR rate.

Engine Speed (rpm) Non-EGR Soot Steady State
Rate Map |:+:| Soot Rate (mg/s)

y

»

EGR Soot X
| Engine Load (Nm) Rate Map I::I

EGR Factor

| EGR rate (%) |—> Curve

Figure 8. Steady-state soot estimator.

6.5. Transient Soot

During a transient to a higher engine speed, the combustion mixture temporarily be-
comes richer as the increase in airflow lags the increase in fuel. A reduction in the air—fuel
ratio will tend to increase the rate of soot production as the availability of oxygen de-
creases. Because of this dependency on available oxygen, the amount by which soot rate
increases will depend on both the amount by which the mixture is made richer and on the
strength of the mixture at the start of the transient event. The significance of this effect,

https://doi.org/10.3390/futuretransp6010046


https://doi.org/10.3390/futuretransp6010046

Future Transp. 2026, 6, 46

12 of 30

then, is increased when the mixture is already relatively rich, for example, when the EGR
rate or engine load is high.

This effect is quantified first by comparing the steady-state equivalence ratio (meas-
ure of richness of the air—fuel mixture) with the instantaneous equivalence ratio, derived
from the signal from the lambda sensor in the exhaust, to determine the difference (refer-
ence Figure 9). The difference in the equivalence ratio is then compared with the total
equivalence ratio to determine the additional rate of soot production; so, for a given in-
crease in the equivalence ratio, the increase in soot production will be greater if the total
equivalence ratio is higher.

Engine Speed (rpm) |—> Steady State
| Equivalence - Transient_ R Transient Soot
|Engine Load (Nm) Ratio Map Soot Cli/loarrrjectlon » Rate (mg/s)

Measured
Equivalence Ratio

Lambda Sensor

Figure 9. Transient soot correction strategy.

6.6. NO:2 Reduction

For the soot reduction part, Figure 10 below illustrates how the rate of soot oxidation
(also “CO: intensity’) varies with the temperature of the exhaust gas. It shows data from a
laboratory reactor, where the temperature was increased while passing an oxidizing gas
(NOz or Oz) over a PM sample, and the resulting CO: (from combustion) was measured.
This CO:z was the direct result of the particulate matter (soot) combusting and was moni-
tored using a mass spectrometer [16].

Comparison of the combus tion temperature of PM in NO, and O,
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Figure 10. Soot oxidation rate with temperature.

It can be seen that the onset temperature for soot combustion using NO: is approxi-
mately 200 °C—much lower than the 450-500 °C required for the onset of combustion
using Oz. This NO: reaction can be summarized as below:
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C+2NO2 — CO2+2NO

The reaction rate is predominantly a function of temperature and of NO2 concentra-
tion. NO2 only makes up 5% to 15% of the total NOy in the exhaust [27] but NO is oxidized
to NO: in both the oxidation catalyst and in the DPF (which has a catalytic coating). The
proportion of NOx that is converted to NO: is a function not only of temperature and res-
idence time, but also of the level of unburned hydrocarbons, and of the condition of the
catalyst materials in both the oxidation catalyst and the DPF. The rate at which NOx is
converted to NO2 reduces both as the catalyst ages over the lifetime of the component but
also as the catalysing material is poisoned by sulphur in the fuel. This sulphur poisoning
is reversed at the higher temperatures experienced by the oxidation catalyst and the DPF
during thermal regeneration. The strategy employed in the model for soot reduction due
to NO2 is summarized in Figure 11.

The soot oxidation mechanism is simplified, assuming that NO, emissions from the
engine consist solely of NO, that NO is converted to NO: only in the oxidation catalyst,
and that only NO2 oxidation of soot occurs in the particulate filter. In practice, for example,
NO: does constitute a small proportion of the engine NO, emissions and NO is also oxi-
dized to produce NO:2 in the DPF. However, here in this model, the focus is on the soot
burn rate, which is effective in a small temperature and soot load window, and mostly
only available at the high NO2 conditions. So, the above assumptions are suitable for this
purpose.

Engine Speed —— | Steady

state NOx
Engine Load ——— Map
NOx
mg/s
Catalyst temperature ——» NOx to NO2
Distance from last ;o;versmn
regeneration event ————™| P
A 4
Exhaust volume flow rate  —» NO to NO: conversion factor x:|
Catalyst age —>| NO to NO2 conversion factor NO
2
mg/s
A 4
DPF temperature —® NO:2 regeneration rate factor x:|
Soot load 4>| NO:2 regeneration rate factor Soot
Burn
mg/s
v

Figure 11. NO: soot oxidation model.

7. Testing, Simulation, and Optimization of the Soot Load Model

To calibrate and optimize the model, a methodology was deployed which consisted
of engine- and vehicle-based testing supported by Matlab R2023b scripts, Simulink simu-
lations, and automated optimisation routines. New and thermally aged oxidation cata-
lysts and particulate filters were sourced for testing so that the overall ageing effect of the
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catalytic coating can be determined over the service life of the system. All the particulate
filters used were baselined by heating in an oven to drive off volatile compounds such as
binders used in the manufacturing process and to condition the matting located between
the filter material and the can. The new green catalysts and filters were also conditioned
by running the components through two active regeneration cycles on the testbed. The
data were collected from the engine testbed, vehicle dynamometer, and emissions meas-
urement equipment using the AVL data acquisition system. The test system comprised an
EU6d compliance 2.0 L hybrid diesel engine with a high-pressure common rail electric
fuel injection system of Bosch.

7.1. Engine Tests

Data have been collected from engine development testbeds that have the measure-
ment and control systems in place that allow data to be collected of a quality that is suita-
ble for emissions development and certification test work. The main characteristics are
that the testbed is capable of holding a stable engine speed and load at all test points over
the range of operation, that the engine temperatures (fuel, oil, coolant, inlet air, inter-
cooler, etc.) can be set and held at reference conditions, and that support instrumentation
is available to measure NOx, CO, COz, smoke emissions, temperature, and pressure along
with engine electronic control unit (ECU) parameters.

Mapping tests are automated; the speed and load are set and held constant; a data
log is taken once the engine has stabilized on condition and then the speed and load are
moved to the next site. Testbed and engine control unit parameter measurements are av-
eraged over 30 s.

7.2. Vehicle Tests

A number of standard test cycles, combined in different ratios to characterize a range
of driving styles from average through to extreme, are used in developing calibrations. A
selection of these cycles has been adopted for this task, each of which is run on a chassis
dynamometer in an emissions laboratory. These log data are at a frequency of 1 Hz for
emissions (including NOx, CO, COz, unburned hydrocarbons, and soot) and dynamome-
ter parameters (load, speed, etc.).

An accurate measurement of the total mass of soot emitted over the test is made by
passing a continuous sample of the exhaust gas through filter papers which are weighed
before and after the test. This is important because although an MSS is used to measure
soot emissions in real time, the results are subject to error due to moisture, temperature,
dilution inaccuracies, and other impurities. The measured soot mass can be used as a ref-
erence to correct the MSS soot measurement taken over a complete cycle.

Engine parameters are taken from the engine control unit and logged separately. Test
preparation, execution, and data collection are all carried out to standard procedures set
out in the vehicle certification testing.

7.2.1. Steady-State Calibration

Full engine maps that cover the complete speed-load operating envelope of the en-
gine are run at regular intervals during an engine development programme as the emis-
sions calibration and hardware mature. This, as well as providing the source of the raw
data required to populate the steady-state maps, also highlights the necessity to develop
methods and tools that simplify the task so that it can be repeated a number of times
within this and future development programmes. In this study, at a high level, there are
three variables with engine speed and load that need to be determined from the steady-
state mapping:
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e  The rate of engine-out soot emissions with and without EGR operating to calibrate
the base soot maps;

e  The engine measured equivalence ratio with EGR running to develop the reference
condition map for transient soot estimation;

¢  Engine-out NOx

In typical engine calibration applications, the objective of engine mapping is to gen-
erate smooth maps with minimized gradients without diverging too far from the opti-
mum fit for accuracy. This is to reduce the risk of instability and poor driveability that is
associated with ‘spiky” maps or maps with high gradients. The approach is therefore to
smooth the data using equally-spaced breakpoints covering the operating range as a start-
ing point, and then an iterative process of adjusting to attempt to improve the fit to the
data. This application, however, is a passive system intended to monitor and record the
accumulation of soot, so the emphasis is on optimising the accuracy of the estimate rather
than generating smooth maps for stable, predictable engine operation.

The problem is that there is a complex range of features and gradients that cannot be
entirely represented with the low-resolution maps at our disposal that can be practically
used in the ECU and the simulation model. The approach is therefore to fit the maps to
the data by adjusting the breakpoints such that the error over the operating envelope is
minimized. To accomplish this, an optimising routine has been written that attempts to
minimize the differences between the measured data and the output from the maps used
in the model. This is illustrated in the flow diagram (Figure 12).

Import test
bed data Grid back to
generate a
l comparison
G v
enerate
test data »| Compare
surface
v
Apply residency
factor and
determine error
v
Reset breakpoints
v according to
Interpolate onto optimising routine
calibration map

breakpoints

v

Output map
for
calibration

Figure 12. Optimization of steady-state maps.

Testbed data are imported and used to generate a data surface (Figure 13). This al-
lows data that are taken during an engine mapping exercise at constant brake torque
points to be analysed with respect to constant ‘internal’ torque. Internal torque is the ECU-
calculated indicated torque, used as a calibration map axis, which does not have a linear
relationship with the brake torque.
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Equivalence Ratio Reference Surface
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Figure 13. Reference data surface for steady-state equivalence ratio.

The data surface is mapped onto the calibration map (within the model) by interpo-
lation. This generates a provisional calibration map (Figure 14). In the working calibration,
the output of a map is determined by straight line interpolation of the operating point
with respect to the map breakpoints. So, interpolation is used again to grid data from this
provisional calibration map back onto the axes of the original data surface. The difference
between these two surfaces then represents the error between the output of the calibration
and the reference data.

Equivalence Ratio Calibration Map Surface

> 5000
= 4000
= 3000
> 2000

1000

Engine Load [Nm] Engine Speed [rpm]

Figure 14. Calibration map surface for steady-state equivalence ratio.

However, a significant area of a rectangular map falls outside the normal operating
envelope of the engine, whilst within the operating envelope the proportion of time spent
at the various speed-load conditions, the residency time, varies significantly. To account
for this, a weighting factor is applied to the calculated error. The weighting factor consists
of two parts: the first is a mask where all points of the surface outside the operating enve-
lope are set to zero, and those inside are set to one. This ensures that the error is considered
anywhere that the engine has the potential to operate. The second is a factor based on
vehicle engine residency data. These data have been assembled from a selection of
sources: chassis dynamometer tests, pre-defined vehicle road drive cycle tests, and from
random vehicle tests on roads and test tracks where speed—load data have been collected.
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A routine has been written to convert speed-load data into smoothed residency factor
data surfaces to the same dimensions as the testbed data surfaces; a contour plot of the
result is shown in Figure 15.

Engine Speed-Load Residency
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Figure 15. Smoothed contour plot of engine speed-load residency.

This surface is added to the mask and is multiplied by the difference surface to give
an error surface (Figure 16). This mask map representing the residency is multiplied to
select the data in the operating conditions which are likely to exist, i.e., where the vehicle
operates.

Equivalence Ratio Error Surface

2000

20 1000

Engine Load [N 0 0 Engine Speed [rpm]

Figure 16. Error surface for equivalence ratio calibration map.

The cost function for the optimising routine is then a summation of the elements of
this error surface. This is performed in two ways: a straight sum and a sum of the square
of the error. Squaring eliminates the negative error points and allows the overall magni-
tude of the error to be assessed, but the simple sum indicates whether the estimated result
over the operating cycle is likely to be above or below that indicated by the reference data.
This is useful in deciding whether to accept or reject a solution generated by the optimizer;
for example, in an estimate of soot production, for safety a slight overestimate may be
preferable, whilst for NO an underestimate is better.
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Torque

The optimizer works by repeatedly altering each breakpoint in turn by a specified
increment and calculating the cost function until the error increases. The increment is then
reduced, and the process is repeated. The starting values for the breakpoints, the size of
the initial incremental changes, and the number of iterations are all variables that influ-
ence the solution. The error plots and the two error values are used to identify the regions
of the surface where the errors are generated and so act as a guide in resetting the starting
conditions or in deciding the acceptability of the solution.

7.2.2. Transient Soot Correction

The transient soot production model is based on measuring the difference in the ox-
ygen concentration (derived from the lambda sensor) in the exhaust during steady state
with that which occurs during a transient event and then relating this difference to the
additional rate of soot production during that manoeuvre. The calibration of the transient
soot correction is performed in three stages:

(1) Vehicle tests on a chassis dynamometer to collect emissions data for a range of drive
cycles.

(2) Run a Simulink model of the soot estimator model over these drive cycles, to calcu-
late the steady-state element of soot production and the deviation of the instantane-
ous equivalence ratio from the steady state.

(3) Compare the steady-state soot and the measured soot production to determine the
transient element of soot production and calibrate against the deviation of the equiv-
alence ratio from the steady state.

The test data, specifically the variables of engine speed and load, EGR rate, equiva-
lence ratio, measured MSS soot rate, and exhaust volume flow rate, are used as the input
variables for the Simulink model as shown in Figure 17.

The other pre-requisite to run this Simulink model is that the steady-state maps for
the soot and equivalence ratio have been calibrated. The first run of the model generates
a dataset of the differences between the steady-state and estimated values for soot pro-
duction and the equivalence ratio. These two variables, with the corresponding total
measured equivalence ratio, are used to generate and optimize the transient soot correc-

tion map.
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Figure 17. Simulink model of the transient soot correction strategy.

In the optimization routine, the dataset has been sorted and divided according to the
reference equivalence ratio. Within each of these divisions, the datasets for equivalence
ratio difference and for transient soot were sorted independently in order to de-couple the
magnitudes from time. These are plotted in Figure 18 and used as a guide to generate the
set of curves plotted in Figure 19.
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Figure 18. Transient data plotted according to reference equivalence ratio.
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Figure 19. Transient soot correction curves fitted to transient data plots.

The transient correction curves were then used to back calculate the transient soot
values for the measured equivalence ratio and equivalence ratio difference to populate
the transient correction calibration map with first fit values of the right magnitude and
following the correct trends. Re-running the model allowed the transient correction map
to be trimmed to correct for errors in the curve-fitting process and also to correct for errors
between MSS and filter paper measurements for soot.
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Once the transient soot correction map has been optimized, the model was re-run as
a validation exercise to evaluate the performance of the calibrated soot model in estimat-
ing the rate of soot production. A graphical representation is given in Figure 20 for indi-
vidual cycles, which shows an estimate of the soot emissions for all standard drive cycles

within 6% accuracy.

150 T T T T T
z (a) PSA1 Cycle — low speed urban: Measured Soot: 1.709g, Estimated Soot: 1.717g,
E;
g 1oor 0.3% overestimate b
2
12
2 sl 1
-
>

o

0 200 400 600 800 1000

5

1200

@
T

o
T

o

Measured Soot
Estimated Soot

Soot Production Rate [mg/second]
>
T

0 200 400 600
Time [seconds]

i | ‘ _
800 1000

1200

150 T T T T T
z (b) PSA2 Cycle - urban: Measured Soot: 0.637g, Estimated Soot: 0.674g,
£
g 10F 5.8% overestimate 1
2
1%
2 sf .
£
d
>
0 I I I
T 0 200 400 600 800 1000 1200
g T T T T
ki ——— Measured Soot
2151 Estimated Soot
O]
& 10} 4
<
s
3° 1
8
8 S,
?5 0 A Y | Sy Wy LAs
38 0 200 400 600 800 1000 1200
Time [seconds]
150 T T T T T
= (c) PSA3 Cycle — extra-urban: Measured Soot: 1.875g, Estimated Soot: 1.763g,
5
= j00- 6% underestimate -
g
2
£ %0
s
>
0 1 L 1 L L
0 200 400 600 800 1000 1200
20

o

o

Measured Soot
Estimated Soot

Soot Production Rate [mg/second]
S

0
0 200 400 600 800 1000 1200
Time [seconds]
150 T T T T T T T T
= (d) Paris Cycle - urban: Measured Soot: 0.310g, Estimated Soot: 0.314g,
5
:‘;‘ 100 1.3% overestimate B
&
o
g =oF W\ ,
> L i \
>
, ‘ ‘ ‘ An A AW
0 100 200 300 400 500 600 700 800 900 1000
20 T T T T T T T

o
T

o
T
—
-
4
—
—
L
—

Soot Production Rate [mg/second]
3
T

easured Soot
ated Soot

{ itV dis Lo B
0 100 200 300 400 500 600 700 800 900 1000
Time [seconds]
150 T T T T T
= (e) EU2000 certification cycle: Measured Soot: 0.288g, Estimated Soot: 0.303g,
5
E;
E 100 5.2% overestimate b
2
n
2 s0- B
]
BNAVAWAVAWATAYA
oA A A n ‘ ‘
T 0 200 400 600 800 1000 1200
§ 20 T T T T
b3 Measured Soot
P15k stimated Soot
N
& 10k -
§
g sf 1
3
2
3 ° =
g o© 200 400 600 800 1000 1200

Time [seconds]

https://doi.org/10.3390/futuretransp6010046


https://doi.org/10.3390/futuretransp6010046

Future Transp. 2026, 6, 46

21 of 30

Figure 20. Measured and estimated soot emissions over individual cycles.

7.2.3. NO2 Mechanism for Soot Oxidation

The rate of the passive regeneration of the filter soot by means of the NO2 mechanism,
described in Section 6, is modeled in three stages:

(1) Estimate the engine NOy emissions with respect to engine speed and load.

(2) The rate of NO conversion to NO:z with temperature and volume flow rate.

(3) The rate of soot mass reduction in the filter with filter temperature, NO: flux, and
soot mass.

7.3. Engine-Out NO,

The steady-state mapping and analysis of the engine-out emissions to produce the
optimized calibration maps are described in Section 7.2.1. However, for simplification,
there is only one map available in the strategy for engine-out NOx. So, this map is partic-
ularly optimized for non-EGR conditions because when EGR is active NOx emissions are
very low and hydrocarbons (which tend to reduce the conversion efficiency of NOx to
NQO) are relatively high. The assumption has been made that in the EGR operational con-
ditions, passive regeneration is not significant.

7.4. NO; to NO: Conversion

The rate at which engine-out NOx is converted to NO: has to be characterized with
respect to the temperature of the exhaust gas at the entry to the oxidation catalyst, and to
the volume flow rate of the exhaust gas. A specific testbed experiment has been devised
to determine the rate of NOx to NO:z conversion. The testbed emissions analyser (HORIBA
MEXA-7000 series, HORIBA UK Limited, Northampton, UK) is normally set up to meas-
ure the NOx concentration, but it can also be switched to measure NO. For this experiment,
the apparatus was configured to take measurements of both NO and NOx at each speed-
load test point. The assumption is made that oxides of nitrogen other than NO and NO:
are insignificant so, although NO: cannot be measured directly, it can be inferred by dif-
ference. These tests were carried out with both new and aged components so that the
overall effect of catalyst ageing can be determined over the service life of the system.

The test to determine the NO2 conversion performance of the oxidation catalyst was
performed with the standard exhaust system configuration on the testbed with gas anal-
ysis samples taken from upstream of the particulate filter. A full engine map was run
which allowed the NOx and NO: concentrations to be taken over the full range of exhaust
temperatures and flows. The data were used to generate a reference surface of the NO:z
conversion rate (concentration of NO2z/concentration of NOx) with volume flow rate and
exhaust gas temperature (Figure 21).

This surface shows the characteristics of NO2 make with temperature; there is a rapid
rise with temperature as the activation energy for the reaction is achieved followed by a
gradual reduction as the reaction equilibrium shifts from NO: towards NO. Similarly, vol-
ume flow rate, although not independent of temperature, shows a trend of decreasing
NO: make as volume flow rate increases and therefore residency time decreases. The NO:
make surface was then used to produce the correction curves in the model as per the op-
timization routine explained earlier.

Color coding differentiates the values. It can be observed that the maximum conver-
sion rate of about 0.4 occurs at mid volume flow rates and slightly higher than mid catalyst
temperatures (shown in red).

Surfaces of NO2 make rates were generated for both green and aged components. The
effect of ageing was established by comparing these surfaces and calculating the average
difference over the whole surface.
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Figure 21. Surface plot of NO2 conversion rate for the oxidation catalyst.

7.5. Soot Oxidation by NO:

The first step to calibrate the passive soot regeneration by NO: was to load the DPFs
with soot on a mix of testbed and vehicle cycles. The removeable filters were loaded with
30 g of soot, corresponding to 75% capacity. At soot loadings above this level, the ECU
strategy may initiate an active filter regeneration event as soon as a suitable drive cycle is
available. The DPFs’ accurate measuring was ensured using the Cambustion Particulate
Filter Test System. Soot is hydroscopic but by using this system, where scales are housed
within an oven-like setup to drive off any moisture, soot mass can be measured with a
resolution of 0.3 g [34].

In some previous studies into the NO2 mechanism, the rate of soot reduction has been
determined by measuring the flow rate and the concentration of the products of oxidation,
ie, COz2 and CO [35]. These tests, however, were performed using heaters to raise the
temperature of the gas. A similar technique has been used for the investigation of active
regeneration. However, the experience showed that because the background levels of CO:
in the exhaust gas are relatively high compared to the difference in CO2 level generated
across the filter as the soot burns, this method was at the limit of the capability of the
equipment. For the passive regeneration tests where the soot burn rates and therefore CO:
differences are significantly lower, this method would not be sufficiently sensitive. This
leaves removing and weighing the filter as the method to determine the soot mass loss as
mentioned above.

Testing was conducted on testbeds with the configuration shown in Figure 22 to en-
sure that no soot was allowed to be deposited whilst the test was running. A second un-
coated DPF (without the capability of regenerating soot) was fitted between the oxidation
catalyst and the test DPF to remove soot particles before they reached the test DPF. As
discussed earlier, temperatures for these tests were selected in the range of 250 °C to 450
°C. Engine operating points corresponding to these exhaust temperatures were selected.
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Figure 22. Testbed configuration for mapping the NO2 make in the DPF.

Measurement of soot loss using the oven weighs, at regular intervals, was used to
calculate the soot burn rate and also, by implication, the rate at which NO2 was consumed.
The plot of soot mass with time (Figure 23) confirms that the rate at which soot is oxidized
increases with increasing temperature. However, it also shows that for a temperature of
300 °C at the DPF, no reduction in soot mass was observed. This is a higher minimum
temperature than predicted by the literature (reference Figure 10). This variation may
have been due to the difference in test setup, especially the temperature measurement, at
the soot location. The planned test at 250 °C for our test setup was cancelled as a result.

Reduction of DPF Soot Mass

35

.................................................................................................
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Figure 23. Soot mass reduction with time.

The most interesting results are those taken at 350 °C for the two volume flow rates
of 550 m3h and 850 m3/h. They show that the soot oxidation rate (Figure 24) for the two
DPFs, one green and the other aged, were very similar, that the rate at which soot oxidized
reduced with time, and that by the time the soot mass had fallen by about 10 g, the rate of
soot oxidation had almost dropped to zero.

The similar oxidation rates for the two tests at 350 °C is an important result. It con-
firms that the rate of soot oxidation is insensitive to the volume flow rate of exhaust gas
but is dependent on NO: flux and the mass of soot in the filter.

With all the parameters for the soot model now calibrated and optimized using the
testbed and the vehicle standard drive cycle data, the mode is now ready to be deployed
and optimized on the real-world driving conditions. With the provision of running this
model offline, the optimisation process is much simpler and removes the need for re-run-
ning multiple iterations of test cycles.
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Figure 24. Soot oxidation rate.

8. Real-World Driving Cycle Optimization

In the next step, the validation of the model on real-world driving conditions was
performed whereby the DPF was filled with soot while driving the car on different road
conditions. The switching between different modes of powertrain was active during these
drives so that the effects of transients, stop-start, cold-start, and extra load during charg-
ing, were all captured in these data. The DPF was removed at regular intervals and was
weighed on oven scales [34] to give accurate soot weights in the DPF. The model estima-
tion vs. actual weight was plotted and then, using the Simulink model (and the optimisa-
tion routines), the maps and parameters were optimized to give an accurate estimate. Fig-
ure 25 illustrates one of these loading cycles. This proves the capability of our tool to ef-
fectively optimize the soot estimation virtually without the need to run multiple iterations

of physical testing.
50.0
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Figure 25. Optimization of particulate filter soot load estimation on on-road driving cycles.
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One explanation for the initial forecast inaccuracy in soot estimation in real-world
road testing is the multitude of operating and environmental conditions not covered in
the laboratory testing. Also, the inaccuracies in the measuring equipment, for example,
the MSS’s sensitivity to temperature and humidity, make it impossible to accurately cal-
culate the soot emissions. These inaccuracies can only be adjusted when the physical
weight of the accumulated soot is available. Also, with the help of the system simulation
model, the calibratable parameters can be easily optimized without repeating all the meas-
urements in the laboratory and on the road.

9. Conclusions

For ICE-powered hybrid vehicles, simulation methods and modeling techniques pos-
sess significant potential for reducing development costs and time while optimising ex-
haust aftertreatment system control during transient operations to reduce tailpipe emis-
sions [36]. Transient RDE cycles and hybrid switching can be challenging when estimating
correct soot quantities in particulate filters. Optimising DPF regeneration frequency
through accurate soot accumulation estimation can offer significant improvements in re-
ducing fuel consumption, COz, and NOx emissions.

A methodology has been devised, summarized in Figure 26, which is supported by
Matlab scripts and Simulink simulations to estimate soot loading in the DPF. This com-
bines a steady-state element with a correction for transient engine operation. Automated
optimisation routines were employed to determine the model parameters. This systematic
approach enables the optimisation of multiple parameters simultaneously while main-
taining the physical relevance of the calibrated values.
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Figure 26. Calibration of the DPF soot load model.

To account for the total soot in the DPF, the rate of soot oxidation by means of the
NO:2 mechanism is also modeled in three stages: characterising the engine-out NOx emis-
sions; the conversion rate of NO to NO2; and the rate of soot oxidation by NOx. This pro-
cedure was carried out with green and aged components to give calibration curves for
NO: make with temperature and volume flow rate, and a correction factor for the ageing
of the catalytic coatings over the life of the components.

The innovative soot estimation model developed and optimized in this research
demonstrates promising results and adequate accuracy across various real driving cycles.
The proposed method improves transient operation accuracy while minimising the re-
quirements for large numbers of iterative experimental tests and analyses of complex
chemical reactions required in traditional approaches. This represents a significant ad-
vancement in DPF calibration methodology, enabling more efficient development of emis-
sion control systems while meeting increasingly stringent regulatory requirements.

Future work should focus on extending this methodology to other aftertreatment
components and investigating the integration with advanced predictive control strategies
for optimal system-level performance under real-world operating conditions.
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Glossary

AFR Air-Fuel Ratio

ASC Ammonia Slip Catalyst, additional catalyst used to oxidize residual am-
monia (NHs3) downstream SCR

co Carbon monoxide, generated in the combustion chamber where the fuel is
in excess locally

COs Carbon dioxide, directly related to fuel consumption, to be pushed as low
as possible, impacted by the amount and duration of the rich purges

DEF Diesel Exhaust Fluid, aqueous urea solution used to reduce NOx
Diesel oxidation catalyst, catalyst used on diesel vehicles, treating HC and

DOC .
CO after light off

DPF Diesel particulate filter: Since EU5 legislation, used on most diesel vehicles
to limit the emission of particulates

ECU Electronic control unit for engine and aftertreatment systems control

EGR Exhaust gas recirculation, technology looping exhaust gases back with

fresh air for emission control
Emission standards in Europe, respectively, introduced in 2009-2014—

EU5-EU6-EU6c-EU6d 2017-2020
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Fuel-in-oil. The phenomenon whereby some of the fuel is injected late
FIO during the combustion cycle, to increase exhaust temperature for DPF re-
generation; mixes up with the engine oil and causes dilution
(Federal Test Procedure), driving cycle (among others) for North Ameri-
can emission certification
Dihydrogen. Hz is a by-product of the combustion in rich, from steam re-
forming reactions, and also within the catalyst. Hz is a very active contrib-
H> utor to the reduction reactions, but is present in smaller quantities than
CO. It also has a significant impact on the generation of NHs in the cata-
lyst
Hydrocarbon, non-burnt hydrocarbons, like the CO, product of the poor
mixture of the fuel and the fresh air. The HCs can be different chemical

FIP75

HC compositions (methane, hexane, decane, etc.). HCs are also reductants for
the purges, but are much less active and prompt to react than the CO or
Hz, and have adverse effect on the LNT on the purge phases

Lean NOx trap: Catalyst used for storage and reduction in NOx (NO and
NO2) by chemically capturing the NOx and converting them by changing
the stoichiometry of the exhaust gases. It also has the functionality of an
oxidation catalyst, treating HC and CO

MSS Micro soot sensor, device for continuous soot measurement

Nitrous oxides, composed by NO and NO;, regulated pollutant critical for
current and future emission legislation compliance

(New European driving cycle): Driving cycle used in Europe for emission
certification and fuel consumption evaluation

Real Driving Emissions (introduced EU 2017), mandatory test procedure
RDE conducted on-road in real-world conditions with PEMS units fitted to the
vehicle tailpipe

This is a means of converting nitrogen oxides with the aid of a catalyst
into N2, and water, a gaseous reductant, typically urea, is added to a

LNT

NOx

NEDC

SCR
stream of flue or exhaust gas and is adsorbed onto a catalyst. By exten-
sion, this also refers to the catalyst itself

SCRF Diesel particulate filter, with an SCR coating to treat particulates and NOx

at the same time

Appendix A. Physical Equations for a DPF Soot Estimation Model on a
Passenger Car

Below is a physics-based (control-oriented) set of equations commonly used to esti-
mate soot mass in a DPF on a passenger car. This is the type of model used in production
ECUs [37].

Appendix A.1. Engine-Out Soot Formation (Input to DPF)
The DPF soot balance starts with engine-out particulate mass flow (Al):
msoot,eng = MexnCsoot (Al)
where meyn, = exhaust mass flow [kg/s], Csoor = engine-out soot concentration

[kg/kg_exh].

Appendix A.1.1. Control-Oriented Soot Map
In ECUS, the soot concentration is map-based (A2):

Csoot = f(Neng! Ting, 4 EGR, Prai1) (AZ)

where in addition to Section 6.2. Model Formulation parameters, 1 =relative exhaust air
to fuel ratio [-], pray = fuel rail pressure [bar]. However, a typical simplified regression
form can be expressed in (A3):
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Csoot = k1 - (1 — D)% - EGRF - e7VTint (A3)

where k,,a,,y are constants which need to be determined.

Appendix A.2. Soot Deposition in the DPF (Filtration)

Filtration efficiency can be expressed in (A4):
ny=1-ex p(—kf . msoot) (A4)

where ky [kg™] is the filtration build-up constant, meaning the rate at which filtration
efficiency increases with soot cake. Typically, 7¢, the fraction of incoming soot trapped
by the DPF starts ~70-90%, and approaches 99% as cake builds up.

Soot mass accumulation is then defined in (A5):

Msootin = Ng - msoot,eng (AS)

Appendix A.3. Soot Oxidation (Regeneration)

Total soot oxidation consists of passive (NOz) and active (Oz) terms.

Appendix A.3.1. Passive Regeneration (NO2-Assisted)
NO: regeneration is defined in (A6):

_Eno,
MsootN0, = —KNo, * As *Dno, "€ RT

(A6)

which occurs in the temperature in the range 250-400 °C. kyo, is the chemical reaction
rate constant for NO, [kg'm=Pa], As [m?] is the effective soot reaction surface area,
Pno, [Pa] is the partial pressure of NO, in the exhaust gas, typically 1-50 Pa, Eyo,
[Jmol™] is the activation energy for NO,. T [K] is the DPF brick temperature and R
[Jmol-1K-1] is the Universal Gas Constant.

Appendix A.3.2. Active Regeneration (O2 Oxidation)
O: regeneration is defined in (A7):

Eo,

msoot,Oz = _k02 As - po, e RT (A7)

which occurs at temperatures >550-650 °C. kg, is the chemical reaction rate constant for
0, [kg'm?Pa™], po, [Pa] is the partial pressure of 0, in the exhaust gas, typically 5-15
kPa, Eq, [Jmol]is the activation energy for 0,.

Appendix A.3.3 Total Oxidation Rate

The total soot oxidation rate (passive + active) 1 o005 is calculated in (A8):

msoot,ox = msoot,NOZ + msoot,Oz (A8)

Appendix A.4. DPF Soot Mass Balance (Core Estimation Equation)
Applying mass balance, the central physical Equation (A9) is derived:

deOOt

= 7]frnsoot,eng ~ Myo0t,0x (A9)

dt

Appendix A.5. DPF Pressure Drop Model (Used for Correction)

The pressure drop across the filter ApDPF [mbar] is used as a representation of the
soot loading. The measured pressure drop is compared to the estimated one and used to
correct the model-based soot estimator 7hg,g; e in (A10):
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msoot,est = f(ApDPF' mexh' T) (AlO)

For a clean DPF, the pressure drop is in the range 5-20 mbar.
The total pressure drop can be modelled as the sum of the wall flow term Ap,,qy;
and the soot caking part Ap qre in (All) and (A12):

ulL

Apyan = K ”V (All)
wa

Apcake = kcmsootmz}xh (A12)

where p [Pas] is the exhaust dynamic viscosity, L[m] is the length of the PDF channel
wall, v[ms™] is the superficial velocity through the wall, k,,; [m?] is the porosity/per-
meability of ceramic wall. k, [Pakg(kgs™)™] is the soot cake pressure coefficient, n is a
tuning factor 1.0-1.2.

Appendix A.6. Typical Passenger Car Values (Order of Magnitude)

Parameter Typical Value
Max soot load 20-30 g
Passive regen temp 250-400 °C
Active regen temp 600-650 °C
Ap full DPF 80-120 mbar
Filtration efficiency 90-99%

Soot oxidation heat ~30 MJ/kg
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