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Abstract

The emission regulations are getting more stringent. New methods of
homologation are being considered other than standard cycles considering the
real driving behavior on road. EGR is one of the proven and well tested
strategies in steady state which can be used on those dynamic real driving
conditions.

This dissertation focuses on implementation of different EGR systems dur-
ing dynamic operations of turbocharged diesel engine. Firstly, a driving cycle
analysis is carried out to identify the specific and frequent transient opera-
tions on dynamic cycles like WLTC and RDE. The results showed frequency
of harsh load transients is higher than speed transients. Number of Tip-Out
operations outnumber Tip-Ins with higher density in 1250-2000 RPM range.
These harsh transients are repeated separately on the dynamic test bench
equipped with high frequency gas analyzers to track the instantaneous CO2
and NOx concentration. A parametric study is carried out with EGR valve
actuation during various type of transients, quantifying the transportation de-
lays, NOx concentration and particulate matter. The LPEGR is found to be
more effective at the full load as well as during transient operations compared
to HPEGR. The best suited LPEGR valve control is proposed, which can be
helpful for transient calibration of a turbocharged diesel engine. The trade-off
between the performance and emission during EGR transients is also pointed
out. The implementation of EGR all over the engine map minimizes the unex-
pected NOx peaks during transients. Specifically, LPEGR strategies manages
to reduce around 20-60% of NOx in first few seconds with less than 5% of
penalty in performance.

Additionally, 1D model simulation results of load transient operations are
presented in the document. Moreover, the EGR split optimization on various
steady points is carried out by simulations through the trade-off of performance
and emissions. An algorithm to search the optimum split is proposed further
reducing around 80% of the calculation time consumed by DOE or genetic
algorithm method. Finally, a simple 3D quasi steady NOx model is created
to predict the transient emissions in real driving conditions. EGR rate, as 3rd

input in model shows significant improvement in prediction of transient NOx

over the 2D model.
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Resumen

Hoy en día, las regulaciones sobre emisiones de los automóviles se están
haciendo más estrictas. Además de los ciclos de homologación estándar, ac-
tualmente se están empezando a considerar nuevos métodos de homologación
que tienen en cuenta las condiciones reales que se dan en la carretera. Los
sistemas de Recirculación de Gases de Escape (EGR) son estrategias que han
demostrado ser efectivas durante estacionarios y que también pueden ser usa-
das en ese tipo de ciclos dinámicos que corresponden a condiciones reales de
conducción.

Esta tesis se centra en la implementación de diferentes sistemas EGR para
su uso en condiciones dinámicas en motores diésel turbosobrealimentados. En
primer lugar, se lleva a cabo un análisis del ciclo de conducción para identifi-
car las operaciones específicas de tipo transitorio más frecuentes en los ciclos
dinámicos como WLTC y RDE. Los resultados muestran que la frecuencia
en la que se producen fuertes transitorios en carga es mayor que en la que
se producen transitorios de velocidad. Entre ellos, el número de operaciones
de tipo Tip-out es superior a las de tipo Tip-Ins, especialmente en el rango
de 1250-2000 rpm. Estos fuertes transitorios se repiten en el banco de ensa-
yos de motor equipado con analizadores de gas de alta frecuencia, de forma
que se registran la concentración instantánea de CO2 y NOx. También se ha
realizado un estudio paramétrico de la actuación de la válvula de EGR du-
rante la operación de varios transitorios fuertes, cuantificando el retraso en el
transporte, la concentración de NOx y las partículas. El lazo de EGR de ba-
ja presión, LPEGR, ha resultado ser más efectivo cuando se operaba a plena
carga, así como durante los transitorios, comparado con el lazo de EGR de
alta presión, HPEGR. De esta forma, se propone la válvula de control más
adecuada para LPEGR, lo que puede ser útil para la calibración de los transi-
torios de los motores diésel turbosobrealimentados. Además de ello, se señala
el compromiso entre rendimiento y emisiones durante los transitorios de EGR.
Al implementar la recirculación de los gases de escape a lo largo de todo el
mapa del motor se minimiza la aparición de picos inesperados de emisión de
NOx. Concretamente, las estrategias LPEGR consiguen reducir alrededor de
un 20-60% los NOx emitidos durante los primeros pocos segundos con menos
de un 5% de penalización en el rendimiento.

Adicionalmente, en el documento también se presentan las simulaciones
que se han realizado de los modelos unidimensionales de los transitorios. El
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control de la turbina de geometría variable juega un papel importante a la hora
de calibrar el modelo para transitorios de EGR. Además de ello, se lleva a cabo
una optimización de la separación de EGR para varios puntos estacionarios por
medio de simulaciones que están basadas en el compromiso entre rendimiento
y emisiones. Además, se propone un algoritmo para optimizar la separación
de EGR, reduciendo en alrededor de un 80% el tiempo de cálculo de un DOE
o un método de algoritmo genético. Finalmente, se crea un modelo simple de
NOx 3D cuasi-estacionario para predecir las emisiones durante el transitorio
en condiciones de conducción reales. La tasa de EGR, como tercera entrada del
modelo, muestra una mejora significativa a la hora de predecir el transitorio
de NOx con respecto al modelo 2D.

viii



Resum

En els darrers temps, les regulacions sobre emissions contaminants dels
vehicles s’han fet més estrictes. A més dels cicles d’homologació estàndards,
actualment s’estan començant a considerar nous mètodes d’homologació que
tinguen en compte les condicions reals que es donen en la carretera. Els
sistemes de Recirculació de Gasos d’Escapament (EGR) són estratègies que
s’han demostrat com a efectives durant condicions estacionàries i que també
poden ser emprades en aquest tipus de cicles dinàmics, que corresponen a
condicions reals de conducció.

Aquesta tesi està centrada en la implementació de diferents sistemes EGR
per al seu ús en condicions dinàmiques en motors dièsel turbosobrealimen-
tats. En primer lloc, es du a terme un anàlisi del cicle de conducció per a
identificar les operacions específiques de tipus transitori més freqüents en els
cicles dinàmics WLTC i RDE. Els resultats mostren que la freqüència a la
que s’obtenen forts transitoris de càrrega és major que en aquella en la que es
produeixen transitoris de velocitat. Entre aquestos, el nombre d’operacions de
tipus Tip-out és superior a les del tipus Tip-ins, especialment en l’interval de
1250-2000 rpm. Aquestos forts transitoris es repeteixen en el banc d’assajos
de motor equipat amb analitzadors de gasos d’alta freqüència, de manera que
es registren les concentracions de CO2 i NOx. També s’ha realitzat un estu-
di paramètric de l’actuació de la vàlvula d’EGR durant l’operació de diversos
transitoris forts, quantificant el retard en el transport, la concentració de NOx

i les partícules. El llaç d’EGR de baixa pressió, LPEGR, ha resultat ser més
efectiu quan s’operava a plena càrrega, així com durant els transitoris, compa-
rat amb el llaç d’EGR d’alta pressió, HPEGR. D’aquesta forma, es proposa la
vàlvula de control més adequada per a LPEGR, el que pot resultar útil per a la
calibratge dels transitoris dels motors dièsel turbosobrealimentats. A banda
d’això, s’ha assenyalat el compromís entre rendiment i emissions durant els
transitoris d’EGR. Al implementar la recirculació dels gasos d’escapament a
tot arreu del mapa del motor es minimitza l’aparició de pics inesperats d’emis-
sió de NOx. Més concretament, les estratègies LPEGR aconsegueixen reduir
al voltant d’un 20-60% els NOx emesos durant els primers pocs segons amb
menys d’un 5% de penalització en el rendiment.

Addicionalment, en el document també es presenten les simulacions que
s’han realitzat dels models unidimensionals dels transitoris. El control de la
turbina de geometria variable juga un paper important a l’hora de calibrar
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el model per a transitoris d’EGR. A més d’això, s’ha dut a terme una opti-
mització de la separació d’EGR en diversos punts estacionaris per mitjà de
simulacions que estan basades en el compromís entre rendiment i emissions.
També es proposa un algoritme per a optimitzar la separació d’EGR, reduint
al voltant d’un 80% el temps de càlcul d’un DOE o un mètode d’algoritme
genètic. Finalment, es crea un model simple de NOx 3D quasi-estacionari per
a predir les emissions durant el transitori en condicions de conducció real. La
taxa d’EGR, com a tercera entrada del model, mostra una millora significativa
a l’hora de predir el transitori de NOx respecte al model 2D.
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ṁ mass flow rate kg · s−1

p pressure Pa
t time s
T temperature K

Acronyms

0D zero dimensional
1D one dimensional
2D two dimensional
3D three dimensional
AFR Air to Fuel Ratio
BSFC Brake Specific Fuel Consumption
CFD computational fluid dynamics
CLD Chemi-Luminescence Detection
DOC Diesel Oxidation Catalyst
DOE Design of Experiment
DPF Diesel Particulate Filter
ECU Engine Control Unit
EGR exhaust gas recirculation
EMS Engine Management Strategy
UNECE United Nations Economic Commission for Europe
ESI EGR Split Index
ET Exhaust Throttle
EUDC Extra Urban Driving Cycle
GA Genetic Algorithm
GT Gamma Technologies
ICE internal combustion engine
INCA Integrated Calibration and Application Tool
MEP Mean Effective Pressure

xxvii



MK Modulated Kinetics
MOEA Multi-objective Evolutionary Algorithm
MOGA Multi Objective Genetic Algorithm
MPC Model Predictive Control
MVEG Motor Vehicle Emission Group
NDIR Non Dispersive Infra-Red Technique
NEDC New European Driving Cycle
NSGA Non-dominated Sorting Genetic Algorithm
PAH Polycyclic Aromatic Hydrocarbons
PCCI Premixed Compression Charge Ignition
PEMS Portable Emission Measurement System
PMEP Pumping Mean Effective Pressure
RANS Reynolds-averaged Navier-Stokes
RCCI Reactivity Controlled Compression Ignition
RDE Real Driving Emissions
RPM Revolutions Per Minute
RPA Relative Positive Acceleration
SCR Selective Catalytic Reduction
SOI Start Of Injection
TNO Toegepast Natuurwetenschappelijk Onderzoek (organization in Netherlands)
UEGO Universal Exhaust Gas Oxygen sensor
UN United Nation
WLTC World-wide harmonized Light vehicle Test Cycle

xxviii



Chapter 1

Introduction

Contents
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Pollutant Formation . . . . . . . . . . . . . . . . . 4
1.1.1.1 NOx . . . . . . . . . . . . . . . . . . . . 5
1.1.1.2 Particulate Matter . . . . . . . . . . . . 6

1.2 Environmental Regulations . . . . . . . . . . . . . . . . . . 8
1.3 EGR Systems . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.1 HPEGR . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.2 LPEGR . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.3 Hybrid EGR . . . . . . . . . . . . . . . . . . . . . 11

1.4 Transient operation . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Background . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5.1 EGR calibration . . . . . . . . . . . . . . . . . . . 13
1.5.2 EGR control . . . . . . . . . . . . . . . . . . . . . 14

1.6 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.6.1 Specific objectives . . . . . . . . . . . . . . . . . . 16

1.7 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . 17
Chapter 1 bibliography . . . . . . . . . . . . . . . . . . . . . . . 26

1



1.1 Motivation

E nvironment is the biggest concern these days due to various climatic
changes that are taking place and getting even worse day by day. It has

a direct effect on the humans who are a vital part of this ecosystem. Looking
at the reasons behind the upsetting of this environment, humans are most re-
sponsible entities and are required to take some steps to recover the condition.
Various scientific evidences are published proving the human influences on the
climatic conditions [1]. The emissions from different sectors are causing the
problems like greenhouse effect. Figure 1.1 shows the sectorial contributions
of carbon dioxide emissions from all over the world. The transportation is
always been the prominent and consistent sector among them. The share of
total CO2 emitted by these sector is more or less remained constant for al-
most 54 years. In response to this, various efforts has been taken by the UN
to mitigate the adverse effects of human activities to save the environment.

Figure 1.1: Sector wise contribution of CO2 emissions all over the world.[2]

Being the important part of this environment humans are also getting af-
fected by the harmful pollutant emissions due to combustion of fuel from the
transportation industry which is referred as primary pollution. The products
such as carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons (HC),
sulfur oxides (SOx) and particulate matter (PM) cause harmful effects to hu-
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man bodies. Moreover, the combustion products from the ICE transform into
toxic compounds causing secondary pollution of air like photochemical smog
which is produced by the reaction of NOx and HC in presence of sunlight [3, 4].
NOx particles are harmful for the lungs with too much concentration. They
are the important accomplice in the acid rain and smog. The soot particles
are suspected to be carcinogenic. They are cause of symptoms in respira-
tory system and increase mortality in cardiovascular and respiratory diseases.
Therefore it is a high priority to reduce these dreadful pollutant emission from
different means in transportation sector [5].

Considering the transportation industry, road transportation is responsible
of 83% of the total transport energy consumption [6]. Motorization indices of
vehicles per inhabitant are rapidly growing in developing economies and the
expectations of those numbers is keep on rising. Countries such as China are
experiencing a significant increase in vehicle registration as a consequence of
the expanding economy, showing motorization rates of 20–40%/year [7, 8]. As
shown in Figure 1.2, developed countries’ present passenger car densities are
close to 0.5 cars per inhabitant [9, 10], while developing countries, such as
China or India are around at 0.03. The economic development is expected to
make this average grow even further in future.

Figure 1.2: Cars per person (bars) and GDP per capita (line) in some selected
countries.[11]
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1.1.1 Pollutant Formation

During the combustion, the fuel and air react together to form water and
other gases as byproducts of the combustion inside the chamber. Equation 1.1
represents the balanced common combustion reaction of fuel (CxHyOz) with
air (O2 + a·N2 + b · CO2 + c · Ar + d · H2O). But as the combustion is not
perfect always, the other intermediate products such as HC, CO, NOx and
soot particles are formed in the process. The pollutants are harmful for the
human body and the environment. Therefore, the formation and emission of
these pollutants is required to be reduced. The HC and COare comparatively
in less in proportion and can be reduced further by after-treatment system.
However, the NOx and soot are more problematic pollutants. Moreover, the
CO2 from the perfect combustion is cause of the global warming and needed
to be reduced. This is possible by reducing the fuel consumption.

CxHyOz +B · (O2 + a·N2 + b · CO2 + c ·Ar + d ·H2O) −→ (x+B · b)·CO2

+ (y2 +B · d)H2O + k ·O2 +B · a ·N2 +B · c ·Ar
(1.1)

From the equation 1.1, B represents the number of moles of air reacting to
the fuel. If the combustion. The perfect combustion (stoichiometric) requires
a particular proportion of air to react with the fuel which is also called as
stoichiometric air (Bst). The ratio of B to the (Bst) is called lambda which is
equivalent to the ratio of air to fuel ratio with stoichiometric air to fuel ratio.
λ less than 1 referred as the ‘rich’ mixture while greater than 1 is called ‘lean’
mixture.

λ = B

Bst
= AFR

AFRst
(1.2)

The formation of pollutants depend upon the composition of gas inside the
combustion chamber. Figure 1.3 shows the concentration of CO, HC, CO2 and
NOx with different air to fuel ratios. where 14.7 is the stoichiometric air to
fuel ratio.
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Figure 1.3: Pollutant concentration with the air to fuel ratio

1.1.1.1 NOx

Normally NOx formation takes place at higher temperature and high oxygen
concentration. The concentration of NOx in Figure 1.3 increases with the
higher air to fuel ratio up to a point where the temperature of the combustion
is high and decreases further with increase in air. There are two important
types of NOx formation mechanisms in internal combustion engines, prompt
NOx and thermal NOx. The thermal NOx formation is can be explained by
the extended ‘Zeldovich’ mechanism. It consists of 3 chemical reactions [12].
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O∗ + N2 ↔ NO + N∗

N∗ + O2 ↔ NO + O∗

N∗ + OH ↔ NO + H∗
(1.3)

The chemical rate of these reactions is high only at the high temperature above
2200K [13]. Therefore equilibrium is not achieved in this reactions as the
temperature is not always high enough for long time during the compression
stroke. It reduces during the expansion stroke. On the other hand, the prompt
NOx (also called as Fenimore NOx) is formed by rapid reaction of CH−

radicals with molecular nitrogen to build amines or cyano compounds, where
the subsequent reactions form the NO [14]. The quantity of this prompt NOx

is much lesser than the thermal NOx in diesel engines [15].

1.1.1.2 Particulate Matter

Diesel particulate matter mainly consists of carbonaceous material (a.k.a. soot
generated from the combustion) on which some organic compounds from un-
burnt fuel and oil have been absorbed. The size of particulate material varies
from 20nm to 10µm. The soot is formed from th unburned fuel that nucle-
ates from the vapor phase to a solid phase in fuel-rich regions at elevated
temperatures. The evolution of liquid or vapor phase hydrocarbons to solid
soot particles, and possibly back to gas-phase products, involves six commonly
identified processes, schematically depicted in the Figure 1.4

Figure 1.4: Schematic diagram showing the steps of the soot formation process from
gas phase to solid agglomerated particles.[16]

Pyrolysis consists of endothermic process altering the molecular structure
of fuel in the presence of high temperature and producing species such as
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polycyclic aromatic hydrocarbons (PAHs), considered as soot precursors. af-
terwords in nucleation occurs spontaneous formation of a nucleus or nanopar-
ticles from volatile materials such as hydrocarbons. Thereafter, process of
adding mass to the surface of a nucleated soot particle termed as surface
growth. When roughly spherical particles collide and coalesce to form bigger
spherical particles, coagulations happens. This is followed by agglomeration,
where particles stick together to form large groups of primary particles in
chain-like structure. Typically, at temperatures higher than 1300 K, soot is
burned in the presence of oxidizing species to form gaseous products such as
CO, CO2 andH2O. This process is called oxidation and it can happen anytime
in between the above processes. [17]

Figure 1.5: Emission formation in conventional diesel combustion.[18]

The path of conventional diesel combustion is represented on the φ-T map
in Figure 1.5. The φ is called an equivalence ratio which is inverse of λ from
the equation1.2. The soot is formed in the parts of the spray where the oxygen
concentration is low. Most of the formed soot gets oxidized in the later part
of the combustion when the oxygen concentration gets higher.
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1.2 Environmental Regulations

Increasing risk of health from pollutants has stir up the human mind since few
decades. Various regulations on these pollutant emission have been enforced
on various industries by the governments of different countries. Transporta-
tion industry, not being an exception, is consciously taking steps to improve
the situation since 1970 when the first Landmark clean air act is passed by the
state of california, USA. It was a first national effort to reduce the pollution
from cars by adopting standard regulations [19]. The vehicle emissions are
variable and depend on the surrounding, therefore, standard laboratory con-
ditions are specified to reproduce the standard tests [20]. A fixed schedule of
operations also called as a driving cycle is designed to test the vehicles on test
bench under reproducible conditions [21]. Various driving cycles have been
designed representing respective driving conditions by US Federal and califor-
nia regulations (FTP75, Highway fuel economy cycle, SC03 air conditioning,
US06 high speed) and European Union (ECE-15/UDC, NEDC, WLTC). The
wide comparative study of US and Europe legislation for emission in auto-
motive sector has been made by [22]. The emission regulation strategy and
after-treatment system are designed to maintain the emissions below the strin-
gent emission limits on these driving cycles measured on the test bench. Past
and current limits of Euro standards for NOx and PM are shown in figure 1.6,
illustrating the swift movement to cleaner technologies.

Figure 1.6: Pollutant limits of past and current Euro standards for CI (blue) and SI
(red) vehicles. (NOx limits were introduced with Euro 3, before it was combined
NOx+HC emissions and PM are regulated since Euro 5 for SI engines.[23]

From few years before, The new portable emission measurement system
(PEMS) has brought changes in the legislation as it involves measurement of
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pollutant emissions while the vehicle is driving on road [24, 25]. It is also called
as Real Driving Emission testing (RDE). It disclosed various loop holes from
the old homologation procedure with the driving cycles performed on the test
bench as wide range of engine loads, vehicle speeds and ambient temperature
and pressure differences have to be meet by a real driving route. Therefore, the
need for new dynamic driving cycles representing real driving conditions has
came up [26, 27]. Additionally, the emission measurement tests with PEMS
are supported by the various studies [28, 29, 30]. The specific constraints
have ben designed by the european union to be followed for the route of RDE
measurement which are discussed in detail in the next Chapter.

1.3 EGR Systems

Exhaust Gas Recirculation is nothing but the recirculating certain percentage
of exhaust gas mass flow from the exhaust to the intake line controlled by the
valve. Reduction of NOx formation is the main reason behind the mixing of
exhaust gases with the intake air. The exhaust gases mainly consist of CO2,
water vapour and the inert gases. Mixing of exhaust gases in the intake charge
reduces the oxygen concentration. Because of the reduction in the number of
oxygen molecules, the fuel has to find them through large amount of gas for
the combustion reaction. The fuel energy is used to heat up this amount
of gas resulting into lowering the temperature of the combustion. Moreover,
specific heat capacity of the exhaust gases is very high due to presence of free
CO2 molecules and the gas requires more heat to increase the temperature.
Therefore the temperature of the combustion is less as compared to the pure
air. The lower temperature leads to reduction in the formation of NOx by
freezing the the ‘Zeldovich’ mechanism.

The EGR rate is represented by the ratio of the mass flow rate of exhaust
gas circulated to the intake with the total mass flow of gases and air going
inside the combustion chamber. The EGR can be extracted from any point of
the exhaust line depending on the requirement. It has different types according
to the point of extraction. Internal EGR, LPEGR and HPEGR are the types
of EGR that are used on diesel and gasoline engines.

Advanced development in the field of after-treatment system lead to com-
petition in the high EGR rate and after-treatment strategies. However, future
combustion technologies with low temperature combustion rely on the high
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EGR rates if they are used in broader operating range [31].

1.3.1 HPEGR

The high pressure EGR (also referred as short route EGR) is common in
passenger cars and heavy duty vehicles. The high pressure exhaust gases
are extracted from exhaust line upstream of the turbocharger. The system
usually contains cooler to cool down the exhaust gases before entering into
the intake manifold. The EGR valve is used to regulate the quantity of the
EGR mass flow. The placement of EGR valve on the hot side of EGR cooler is
advantageous for transient response [32] as the exhaust pulses are damped by
the smaller volume before the valve on the hot side. This gives more energy to
the turbine. The pressure difference across the EGR valve is required to drive
exhaust gases through. Sometimes, it is not possible to obtain the required
pressure difference. The VGT is used in this case. closing of VGT creates
the pressure upstream of turbine increasing the positive pressure difference to
drive the HPEGR.

HPEGR system is simple and fast to provide required EGR flow. However,
it requires throttling often and it has risk of soot deposition in the intake line.
While, fouling of EGR cooler is another issue with HPEGR [33]. The ability of
turbocharger is also affected due to reduction of pressure upstream of turbine.
Extraction of the gases through HPEGR line reduces the enthalpy of gas before
turbine.

1.3.2 LPEGR

The low pressure EGR (also referred as long route EGR) extracts the ex-
haust gases downstream of the turbocharger and recirculates upstream of the
compressor. Therefore, the length of the EGR line is tend to be longer than
HPEGR line. Addition to this, there are other problem with the LPEGR.
One of them is the flow of exhaust gases through compressor. It could be
dangerous due to clogging by soot particles. This can be removed by placing
EGR loop downstream of particulate filter. However, it increases the length of
LPEGR line. Additionally, the pressure downstream of particulate filter and
upstream of compressor is close to ambient pressure. That means, the lack
of natural pressure drop makes it difficult to drive the EGR flow. This can
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also be rectified by creating a forced pressure drop using intake and exhaust
throttling. Out of this two, throttling of exhaust gases is preferred over the
other [32], as it is useful for driving high EGR mass flow rates at low load
points.

In addition to above problem, condensation of water in the LPEGR cooler
is also problematic issue, as the water droplets going inside the compressor can
damage the compressor wheel. While, LPEGR also increases the compressor
outlet temperature. Therefore special attention is required during designing of
EGR cooler. Fouling of inter-cooler is still remains as a problem even though
the gases are drawn after DPF. From transient point of view, due to long
length of the EGR system, it takes time to change the EGR composition in
the intake line as compared to fast HPEGR. The 2 stage boosting with EGR
can increase more the risk of reaching thermal limitations [34, 35].

Despite of above drawbacks, there are various advantages of the LPEGR
system. At low load points, where the flow of air is very less, the LPEGR
can improve the efficiency of the turbocharger with increased mass flow. This
leads to increase in fuel economy. The cooling capacity requirements is less
in LPEGR as the gases are cooled twice in LPEGR cooler and inter-cooler of
the air. It reduces the intake temperature and thus the heat losses inside the
cylinder [36]. Considering the dispersion and mixing of exhaust gases, LPEGR
has time to mix well with the air and therefore, the distribution of EGR is
more even in LPEGR than HPEGR system [37, 38, 39].

1.3.3 Hybrid EGR

Hybrid EGR system is the combination of both HP and LPEGR system. It
is a profitable attempt to get the advantages of both types of EGR systems
according to the driving situations [40]. Even the combination of both is useful
to attain the optimum engine efficiency at certain load points [41, 42]. The
optimum combination can be found to give the quickest response and reduce
emission for the particular engine operation. The hybrid system can also
be used with un-cooled HPEGR to increase the temperature of recirculated
exhaust gases in cold conditions and low load points [43, 44]. This thesis
document has given special attention tho this kind of EGR system during
steady state and transient operation to improve the performance with reduced
emission.
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1.4 Transient operation

‘Transient operation’ is an engine operation when the engine undergoes sudden
change in load or speed, altering the dynamics of air and fuel flow [45]. It could
also called as ‘unsteady operation’. The change should be either in engine load
or speed or both. The change in engine load at constant speed is called ‘load
transient’, while the change in engine speed at similar load is called ‘speed
transient’. The reasons behind this kind of operations could be as follows,

• Sudden acceleration by step change in the pedal position;

• Engaging of clutch after gear change;

• Vehicle climbing a hill;

• Cold or hot start of vehicle;

• Roundabout maneuver on road;

There are some other engine operations which can loosely be termed as ‘tran-
sient’ operations like cyclic variation, warm-up, DPF regeneration etc [17].
The transient operation, where the acceleration is increased by pushing the
pedal is also called as ‘Tip-In’ operation while the one with releasing the pedal
to drop the torque is called as ‘Tip-Out’ operation.

There are two important types of variables during transient operations.
The ‘fast’ variables, which change their values rapidly as per the requirement
during transients. While the ‘slow’ variables show hysteresis during the change
or require more time for control. The fuel path variables like mass of fuel, start
of injection fuel rail pressure etc. are the examples of fast variables. While,
the air mass flow, EGR rate, VGT positions etc. are some examples of slow
variables which depend on the response of fast variables and the dynamics of
the air path system [46, 47, 48].

So far, the transient performance was the most important part of the inves-
tigations related to the ICE. There are various experimental and simulation
studies done to improve the transient performance of an engine. [49] has
done the systematic review of all the transient simulation studies to improve
the performance with various modelling techniques in the chronological order.
[35] has studied the effect of thermo-mechanical limits of the engine during
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transient operations. [50] has compared the transients with different types
of EGR. However, the improvement of transient operation in a diesel engine
from the emission perspective has become important these days. Effect of
different parameters like manifold volume, valve timing, oil temperature, and
turbocharger moment of inertia on the emissions during transient operation
are studied by Rakopoulos with modelling [51]. But the experimental study is
required with the high response emission measurement system to observe the
exact evolution of pollutants in the exhaust line.

1.5 Background

This section explains the background behind the formation of main objectives
of this dissertation. The base for the studies, related to the EGR control,
is presented to see the effect on the performance and emission during the
transient operations. Keeping in mind the drawbacks and constraints of cur-
rent engine control strategies, further potential of EGR transient operation is
studied, focussing on reducing the instantaneous pollutant formation.

1.5.1 EGR calibration

The current calibration consists a particular zone on the engine map for con-
trolling the flow of exhaust gases in the intake line. It is also called as EGR
zone. When engine operates in that particular range of operating condition,
the ECU activates the EGR system. However, when the operating point of
the engine lies outside of this EGR zone, all the EGR valves present on the
engine are closed by the ECU. This removes all the exhaust gases in the intake
line and as a consequence, the NOx emissions get increased.

Firstly, the new driving cycles like WLTC cover almost all the part of en-
gine map. RDE cycles also have no fix defined trajectory or zone of working
to follow all the time. That means, the engine can operate randomly at any
torque and engine speed. Therefore, the need to expand the boundaries of
EGR zone is essential to control overall NOx emission on the new driving
cycles. Secondly, during the transient operations, where the engine load is
shifted from low load to full load, this EGR zone plays vital role. As soon as,
the ECU senses the transient operation due to rapid change in fuel require-

13



Section 1.5 Chapter 1

ments, it closes the EGR valves and opens the exhaust throttle fully. This
removes the exhaust gases from the circuit increasing air to comply with the
demanded torque and fuel quantities. This improves the torque evolution of
the engine. However, sudden closure of EGR valves increases the temperature
inside the combustion chamber and thus the NOx formation. Therefore, sud-
den peaks of NOx are seen during these transient operations. As described in
the Chapter 2, the number of transient operations during WLTC and RDE cy-
cles is very high. Therefore, the cumulative NOx emission on the driving cycle
increases due to these transients. Taking into account those harsh transient
operations, the EGR zone range should be increased till the full load.

1.5.2 EGR control

Engine control has been mostly performed with a set of PID controller that
track factory calibrated set points to perform adequately. Those set points are
normally mapped by measurable quantities like engine speed and torque/fuel
flow. Conventionally, The EGR rate is regulated by controlling the steady
state air mass flow measured just after the air filter. The boost pressure is also
regulated steady state maps available in ECU. However, The control of EGR at
full load and during harsh load transients going outside of EGR zone is remain
a challenging task. The availability of air at full load is very less as compared
to low load operation. So there is a chance of high soot formation at low
engine speeds. Moreover during the transient operations, unexpected delays
(like mechanical, fluid dynamic, thermal [52]) associated with the turbocharger
inertia, manifold volume [53], cylinder wall temperature [54] result not only
in emission spikes higher than the steady state operation but also make the
EGR control difficult.[55, 56]. Due to turbo lag, the air responds very slowly
as compared to the change in fuel requirement, especially at low speed and
loads [57]. This also increases the possibility of soot increase in the exhaust
line. Another challenge lies in the control is the type of EGR to be used
in those operating conditions. As discussed before and further in chapter 4,
the HP and LPEGR have various advantages, if used separately as well as
combined together. HPEGR is very sensitive to the VGT movements (also
called as EGR/VGT coupling) and can reduce the turbocharger power while
LPEGR is delayed due to longer circuit. So combining these two different
EGR systems makes the air path control more complex. That is why, a simple
method of choosing only one type of EGR is used in previous calibrations
according to the engine operating condition and switching in between them.
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There are some other air path control strategies suggested in the literature
like the EGR/ VGT control. In which, the air is controlled by the actuation
of EGR valve while in closed loop while the boost pressure is controlled by the
actuation of VGT positions in open loop. this strategy avoids the coupling
of HPEGR and VGT. But it is still stays complicated for hybrid EGR, which
consists of usage of both HP and LPEGR types. In the dual loop/hybrid EGR
strategy, the total EGR rate is calculated by the sum of mass flows of both
EGR types. The control is similar to the single EGR/VGT control, however
requires an appropriate algorithm for defining the EGR split [58]. The ‘fast’
variables or fuel path variables explained in the last section strongly affect the
engine performance by changing the combustion process. Some authors have
proposed the joint control of fast and slow variables at the same time to op-
timize the transient performance and emissions. The explicit off-line model is
used to control the NOx and soot by controlling ‘fast’ variables while the per-
formance by ‘slow’ variables. However, this requires real time measurements
of exhaust concentration [59, 60]. Another model based control strategies are
also proposed by building virtual sensors and physical model of the system
by constantly monitoring the exhaust concentration and the performance of
the system. The MPC using the EGR/VGT control strategy [61][62][60] and
the dual loop EGR strategy [44, 63, 64] are few of them. The optimization of
actuator trajectories like VGT, fuel and EGR valves is performed and applied
for specific mild load transients to reduce the soot and NOx [48, 65].

1.6 Objectives

The transient operations play important role in the newly developed dynamic
cycles like WLTC and RDE. They actually represent the dynamic real driving
behavior on road. Due to various delays and mismatch between fuel and air
path variables, unexpected emission spikes appear during these transient op-
erations. The objective is to find the solution to reduce those emission spikes
without hampering the performance of the engine. The solution includes use
of EGR systems (HP/LPEGR/both) which are proved to be effective during
steady state but mostly neglected in engine calibration for transients. There-
fore, the application of both HP and LPEGR systems on diesel transients,
identifying the trends of the pollutant formation using instantaneous emission
measurement systems, is the main goal of this work. Moreover, it involves,
pointing out the subsiding trade-off between performance and emission using
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proposed solution to see the potential of improvement in a transient operation.

Additionally, the objectives focus on studying the effects of both EGR
types on engine subsystems improving the overall efficiency of the engine for
all operating ranges. They asses the full potential of the EGR systems during
steady and transient operation considering the modern driving cycle oper-
ations. This study is useful for engine calibration and designing a control
during the transients taking into account the dynamics of actuators and their
effect on engine components.

1.6.1 Specific objectives

The main objectives of the thesis are accomplished with the achievement of
certain specific objectives supporting the global goals. These underlying spe-
cific objectives are classified into experimental and simulation parts. Some of
the important ones are mentioned as following,

Experimental

• Identification and classification of most peculiar and frequent transient
operations on different driving cycles like NEDC, WLTC and RDE. Find
the importance of those transient operations in regard to the pollutant
emissions.(Chapter 2);

• Detailed experimental analysis of the selected transient operations focus-
ing on the pollutant emissions and temporal performance. Measurement
and comparison of the the fast and slow emission measurement systems
during the these transients.(Chapter 5):

• Experimental analysis to find out the impact of hybrid EGR on pol-
lutant emissions and performance during the harsh transient opera-
tions.(Chapter 5)

Modelling and Simulation

• 1D modelling of transient operations to find the potential factors to
improve the performance with parametric study of actuator movements
like VGT and EGR valves.(Chapter 3);
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• 1D simulations to see the impact of different ratios between HP and
LPEGR on engine components considering the thermo-mechanical lim-
its. See the potential of cooled HPEGR and compare with its counter-
part.(Chapter 4);

• Propose an algorithm to speed up the process of optimization of the
split between HP and LPEGR on various operating points on the engine
map.(Chapter 4);

• Prepare a simple quasi-steady NOx model to predict the NOx emission
during the real driving conditions using the 2D and 3D NOx maps as a
function of engine torque, engine speed and EGR rate.(Chapter 6)

1.7 Thesis outline

Chapter 2.1 has introduced the current situation of the automotive industry
and the importance of the pollutant emission from the transportation sec-
tor. The pollutant formation in ICE are discussed in details along with their
adverse effects on the environment and the human bodies. The developing
environmental regulations to avoid the bad impacts on the ecosystem are pre-
sented with the developments in last few years. Furthermore, the EGR system
and its types assessing the state of art types is explained briefly. Definition
of possible transient operations faced by the engine on a vehicle is discussed
along with their origin and types. Their importance for the new emission
regulations is mentioned with the previous work associated with them. The
background of the thesis objective is discussed with the state of art knowl-
edge in the field of calibration and control for transient operations. The main
objectives are coined following the local experimental and simulations goals
achieved throughout the research work.

The Chapter 2 introduces the dynamic analysis of driving cycle like NEDC,
WLTC and RDE. These cycles are performed on the dynamic engine test bench
with the same engine and vehicle model. The vehicle model is explained in
details following with the introduction of each driving cycle and their charac-
teristics as per regulations. The derivative analysis of engine torque and speed
for each second is performed to see the distribution of the load change on on
engine map. The most frequent zones for the transients are identified with the
magnitude and direction of load change. An extended analysis is performed on
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a RDE cycles generated from the external algorithm following the constraints
of the RDE regulations to support the previous analysis. Finally, the three
driving cycles are compared with each other on the basis of dynamic nature
and emissions.

Chapter 3 presents the experimental and simulation tools used in the in-
vestigation for this thesis work. The experimental methods pollutant mea-
surement systems are explained which are required for the study. The data
analysis and correction factors used to present the data is also mentioned for
the ease of the reader.

Chapter 4 speaks about the hybrid/dual EGR for steady state operations.
A parametric study with different split between the HP and LPEGR is carried
out with the calibrated 1D model of a turbocharged diesel engine. The ESI
index is defined representing the split in the range of 0 to 1. The impact
of ESI on various engine parameters is presented with exhaustive parametric
study for operating condition covering full engine map. The optimization of
this ESI is carried out using the genetic algorithm. An alternative algorithm
is generated in GT Power to optimize the ESI for the same engine operating
points with 80% reduction of time than traditional DOE and genetic algorithm
approach.

Chapter 5 focuses on the effect of different EGR actuator dynamics on
the transient emission and performance. Firstly, implementation of HP and
LPEGR on full load is done determining the EGR valve situations to provide
the EGR at full load. Furthermore, comparison of both EGR types is done
on the harsh transient operations selected from the Chapter 2 on a dynamic
engine test bench. The impact on emission is captured with the high response
emission measurement system. Moreover, a different trajectories of LPEGR
valve actuation are performed to quantify the tradeoff between emission and
performance during a load transient operation. Specific roundabout transient
operations are also performed on the dynamic test bench to see the effect of
transportation of exhaust gases on the performance and instantaneous emis-
sions. finally, the comparison has been made on full driving cycle between old
calibration and the new developed control strategy.

The last Chapter 6 presents the simple quasi-steady NOx model to pre-
dict the pollutant formation during harsh transient operations and full real
driving cycle. A 2D and 3D model is created based on the input argument
to predict the NOx by interpolating between steady state maps prepared on
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the test bench. The accuracy and error difference between the two models are
presented at the end of the chapter with full cycle prediction.
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Analysis of driving cycles
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2.1 Introduction

F or a type approval process, different countries use different cycles to
test an engine for the performance and emission measurements. Driving

cycles like NEDC, FTP, EPA are one of them. The cycle which was designed to
represent the typical driving behavior of a car in Europe, is composed by four
repetitions of the Urban Driving Cycle (UDC) and an Extra Urban Driving
Cycle (EUDC). The first Urban Driving Cycle (UDC) was introduced in 1970
under the United Nations Economic Commission for Europe (UNECE) vehicle
regulation program. The Extra-Urban Driving Cycle EUDC was introduced
by ECE in 1990 to represent more aggressive, high speed driving modes. This
combination of UDC and EUDC was known as MVEG-A cycle that was used
for EU type approval testing of emissions and fuel consumption in light duty
vehicles until 2000. After 2000, the cycle was modified by removing the initial
idling period at the engine start by including cold start emission sampling from
the beginning of the cycle. This modified cold-start procedure is referred to as
the New European Driving Cycle (NEDC) or as the MVEG-B test cycle.[66].

The WLTC is a World-wide harmonized Light duty Test Cycle which was
developed under the working party on pollution and energy (GRPE) by coun-
tries playing a crucial part in automotive industry. The main objective was to
design the harmonized driving cycle from unified ‘real world’ driving database
collected from different regions around the world [67]. Although, the stan-
dardization of this cycle for homologation process is still under discussion,
it is acknowledged as well representative of on road real driving conditions.
These cycles are used for standard procedure and predefined surrounding con-
ditions. The operating range was fixed with standard driving behavior for
respective country. But in recent years, new concepts regarding driving cycles
are becoming popular. Unlike the old cycles, their driving behavior is close to
real driving conditions with dynamic nature.

Apart from WLTC, the successful validation of portable emission measure-
ment system (PEMS) enabled the measurement of the tailpipe emission while
driving a vehicle on road. This leaded the way to develop new procedure for
measurement and validation of a vehicle emissions on actual road with certain
constraints which is also called as Real Driving Emissions (RDE). Retrospec-
tively, a new emerging driving procedures are demanding modern engines to
go through wide operating range unlike in NEDC cycle.
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Chapter 2 Section 2.2

This chapter introduces the three main driving cycles governing the au-
tomotive industry these days. It focuses on statistical analysis of those old
and new driving cycles on the basis of their dynamics and operating ranges
on an engine. It acts as the preparation for the further studies in this thesis.
It encompasses the identification and classification of different transient oper-
ations and their trends over the whole cycle. The pollutant formation (NOx)
and variation for each cycle is assessed, finding a correlation with the type
of operation (Tip-In and Tip-Out). A vehicle model is used to calculate the
torque demands at particular speeds which were used as targets to the test
bench control system. A full test cycle run has been made on various driving
cycles like NEDC, WLTC, RDE. Engine out emissions like NOx, CO2, HC
etc. were measured with Horiba gas analyzer downstream of the turbine. The
comparison of those three driving cycles is presented at the end of the chapter
highlighting the potential of representing real driving conditions.

2.2 Driving cycles

The characteristics of the each driving cycle used in this chapter are as follow,

2.2.1 NEDC

The well known New European Driving Cycle also known as MVEG-B is used
since EURO 3 regulations with deletion of idle 40s at the beginning of the
cycle. The total duration of this cycles is 1180s covering 10.9 km length on
the road. The average speed of this cycle is 43.1 km/h. It has two parts
which are called as ‘Urban’ and ‘Extra Urban’ part. As name suggests, the
‘Urban’ part represents the city driving conditions while the ‘Extra Urban’
part represents the driving situation outside of the city. Figure 2.1 represents
the vehicle velocity profile for the whole NEDC cycle.

2.2.2 WLTC

The newly developed Worldwide Harmonized Light duty cycle is the new cycle
developed to represent the driving conditions all over the world. This cycle
lasts for 1800s covering 23.25 km on road. The average speed of the WLTC
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Figure 2.1: Vehicle speed profile for NEDC cycle.

cycle is 53.76 km/h. It consists 4 different parts classified as per the vehicle
speed. They are called as ‘Low’, ‘Medium’, ‘High’ and ‘Extra High’. Figure 2.2
represents the vehicle speed profile in km/h. Visually, it can be seen that this
cycle has some sudden acceleration as compared to NEDC.
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Figure 2.2: Vehicle speed profile for class 3b WLTC cycle cycle.

2.2.3 RDE

As discussed earlier, Real Driving Emissions (RDE) are not measured on a
vehicle test bed with specific driving cycle. The emission measurement is
done on road with portable emission measurement system (PEMS). A wide
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range of engine loads, vehicle speeds and ambient temperature and pressure
differences have to be covered by a real driving route to validate the trip. The
trip requirements required for the valid RDE tests are shown in the Table 2.1.
For this reason, an actual vehicle speed demand was measured on a vehicle
for different routes in Valencia (Spain) in a test campaign, complying with
the real driving constraints framed by European Union. Figure 2.3 displays
the selected driving cycle with urban, rural motorway part. The collected
data is processed and validated in the next sections by average and dynamic
conditions of the cycle.
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Figure 2.3: The vehicle speed profile in km/h for a real driving road trip
measurements done on road with urban, rural and motorway parts.

2.2.3.1 Trip measurements validation

The analysis and validation of the trip data measurement is done as per the
guidelines in [68]. The total time duration of the selected trip is around
5746s (∼ 96min), while the total distance travelled is calculated by velocity
measurements with 1Hz resolution from 1s to tt (last second) and number of
samples (Nt). For each ∆t (here 1s), the distance covered di is calculated by

di = vi

3.6; i = 1 to Nt (2.1)

Where vi is vehicle speed in km/h. This vehicle speed data is used to divide
the measured data into different part like urban, rural and motorway opera-
tion. Table 2.1 represents the classification and requirements of these different
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operations. The total distance travelled by the vehicle during the selected
trip is 69.186 km, while distance covered during each part is calculated by
velocities and number of samples for the corresponding portion of trip. There-
fore, distance travelled during urban, rural and motorway part trip is equal
to 23.586, 25.347 and 20.251 km with share of 34.09%, 36.63% and 29.27%
respectively.

Trip Requirements for valid RDE Test
Driving Portion Urban Rural Motorway

(Speed ≤ 60km/h) (60 < Speed ≤ 90km/h) (90km/h < Speed)
Minimum Distance 16km 16km 16km
Distance Share 29-44% 23-43% 23-43%
Total trip duration (90-120 min)
Average speed including stops 15<Avg<40km/h - -
Total stop time1 6-30% of urban time - -
individual stop time ≤ 300sec - -
v>100km/h - - ≥ 5min
v>145km/h - - <3% motorway time
Cumulative positive elevation gain (<1200m/100km)
Start/end test elevation diff. (≤ 100m)

1 velocity <1km/h, urban operations may contain several stop periods of 10s or longer.

Table 2.1: The trip requirements for the validation of an RDE cycle.[69]

The acceleration for a ith sample is calculated by the velocities of the next
and previous point of the sample by equation 2.2,

ai = vi+1 − vi−1
2 · 3.6 ; i = 1 to Nt (2.2)

As mentioned before, the classification of data is done in different bins with
respect to velocity. All data sets with vi ≤ 60km/h go to the ’urban’ speeds,
points with 60km/h < vi < 90km/h belong to the ’rural’ while, data sets with
vi > 90km/h are termed as motorway speeds. This is also called as binning
of the results. For every bin, the average speed (v̄k) is calculated as follows,

v̄k =

(∑Nk
i vi,k

)
Nk

; k = u, r,m (2.3)

Where, Nk is the total number of samples of the urban (u), rural (r) and mo-
torway (m) shares. The average vehicle speeds for urban, rural and motorway
parts of the selected real driving trip are 21.678, 79.764 and 106.431 km/h
respectively.
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2.2.3.2 Verification of trip dynamics

Apart from validating global parameters, the measured data should also pass
some dynamic constraints. The driving dynamics of the real driving measure-
ments should be within following limits.[68]

1. Excessive driving dynamics using the v.a+ (velocity times positive ac-
celeration):
The 95th percentile ((v.a+)[95]) for urban, rural and motorway portion
of the trip should not exceed limiting maximum v.a+ values which are
calculated by,

max(v.a+) = 0.136 · v + 14.44 for v ≤ 74.6 km/h (2.4)

max(v.a+) = 0.136 · v + 14.44 for v > 74.6 km/h (2.5)

2. Insufficient driving dynamics using the RPA (Relative Positive Acceler-
ation):
Relative positive acceleration values for each portion of the trip should
not be below than limiting minimum RPA values which are calculated
by,

min(RPA) = −0.0016 · v + 0.1755 for v ≤ 94.05 km/h (2.6)

min(RPA) = 0.025 for v > 94.05 km/h (2.7)

Where (v.a+i) values are the products of velocity and acceleration of ith
sample who has the acceleration greater than 0.1m/s2 for urban, rural and
motorway share. (v.a+)[95] is the 95th percentile of the v.a+ values for each
portion of the trip, calculated from the data set obtained by the vehicle speeds
and the positive accelerations. The total number of samples (Mk) for each
bin with positive acceleration is determined, to compute the 95th percentile
for respective bins. The process of calculating this 95th percentile involves,
ranking the v.a+ values in ascending order and then assigning the percentile
values from 1/Mk (lowest value) toMk/Mk (Highest value). The highest value
has percentile of 100%. Henceforth, the v.a+ value having percentile of 95%
is extracted with i/Mk = 95%. If i/Mk = 95% cannot be met, (v.a+)[95]
should be calculated by linear interpolation between consecutive samples i
and i + 1 with i/Mk < 95% and (i+ 1)/Mk > 95%. Figure 2.4 represents the
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Figure 2.4: 95th percentile of the v.a+ or urban, rural and motorway speeds from
real driving cycle with excessive dynamic requirements.

95th percentile of 3 parts of the trip with maximum limitation. The lines are
nothing but the maximum not to exceed limit for (v.a+)[95] depending on the
velocity of the vehicle described in the equation 2.4 and 2.5.

The second condition of dynamic validation of the data involves relative
positive acceleration for each zone of the cycle. The RPA values for each
portion of the trip are calculated by following equation,

RPAk =
∑Mk

i=1 (∆t · (v · a+)i,k)∑Nk
i=1 di,k

k = u, r,m (2.8)

Figure 2.5 represents the calculated RPA for different portions of the RDE
cycle with the minimum limit which should be followed to validate the real
driving trip. The RPA from urban and motorway portions are higher than
the minimum limit except the rural part. i.e. this cycle is not that dynamic
for the rural part of the trip. However, it could be analysed for other 2 parts
as they are in limits.
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Figure 2.5: RPA of urban, rural and motorway section of real driving cycle with
sufficient trip dynamic requirements.

2.3 Vehicle Model

The vehicle moving on road experiences different forces apart from the driving
force to propagate the vehicle. The resultant traction force (Fb) is calculated
by the equation 2.9.

Fb = Fr + Fst + FL + FB (2.9)

Where Fr, Fst, FL and FB are the the rolling, slope, aerodynamic and
acceleration resistance forces respectively. The free body diagram of a vehicle
of mass (m) moving with acceleration ẍ on a road with slope α is shown in 2.6,
with vectorial representation of forces acting on it. The rolling resistance is the
force exerted by road on vehicle and is calculated by rolling coefficient (fr) and
the cosine component of vehicle weight by equation 2.10. The slope resistance
is the force component exerted by the weight of vehicle in the direction opposite
to the motion of vehicle. This resistance is calculated with the mass and
sine component of slope angle α (2.11). The aerodynamic resistance is the
important force dependant on the relative velocity of vehicle w.r.t. wind. This
force is calculated by the equation 2.12 by density of air (ρ), the coefficient of
drag (cw) and the frontal area of vehicle (A) multiplied by square of a relative
velocity of the vehicle. The vehicle velocity is ẋ and wind velocity is ẋw.
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Figure 2.6: Force diagram of vehicle moving with acceleration.

Finally, the acceleration resistance force FB represents d’Alembert’s principle
of inertial force on the vehicle. This is calculated by the acceleration and the
inertia factor λ by the equation 2.13.[70]

Fr = mgcos(α) (2.10)

Fst = mgsin(α) (2.11)

FL = 1
2cwAρL(ẋ− ẋw)2 (2.12)

FB = mλẍ (2.13)

The vehicle speed and gear ratios along with vehicle parameters are used
as inputs to calculate the engine torque demand at particular engine speed.
This torque demands were fed to the engine dynamometer control as targets.
The main characteristics of vehicle model regarding aerodynamic coefficients
and power train ratios are given in the table 2.2. The detailed information
about the experimental setup used for the tests is presented in the chapter 3.
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Parameter Value
Vehicle Mass [kg] 1430
Cw 0.3
ρ[kg/m3] 1.2
A[m2] 2.8

Table 2.2: Vehicle specifications used for the vehicle model with given diesel engine.

2.4 Analysis

This section consists analysis of different driving cycles (NEDC, WLTC and
RDE), performed on dynamic engine test bench. Vehicle model described in
the previous section is used to input the engine torque and speed target for
the dynamometer control. Various engine parameters like torque, speed, gear
ratios along with emissions and actuator movements like EGR valves and VGT
were recorded during the tests. The derivatives of engine torque and speed
with respect to every second in the driving cycle are calculated for each driving
cycle. This derivative arrays are used to analyse and compare the dynamics
of these cycles.

δ(Torque)
δ(Time) and

δ(Speed)
δ(Time) , where δ(Time) = 1s (2.14)

The positive load change (torque change) is called as the Tip-In opera-
tion while the negative one is termed as Tip-Out operation. The frequency of
occurrence and location on the engine map for these operations is identified
for particular driving cycle. Moreover, the probability of ‘load’ and ‘speed’
transients is also assessed for given cycles. Apart from classification and iden-
tification of the different transient types, the driving cycles are compared at
the end on the basis of newly calculated parameters representing dynamic
behavior of the driving cycle.

2.4.1 NEDC

Figure 2.7 represents the measured engine parameters for NEDC cycle. The
blue fill plot is the vehicle speed profile during the test run. The top gray plot
is the engine torque measured on engine dynamometer throughout the cycle,
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Figure 2.7: NEDC Cycle profile with torque and speed of turbocharged 2 lit. diesel
engine and representation of harsh transient Tip-In (blue) and Tip-Out (red)

operations with absolute torque change of more than 80Nm. The time interval for
this change in torque in 1s.

while the bottom gray plot is engine speed in RPM. The discreet changes in
engine torque for every 1 second are calculated separately in the successive
operating points on the driving cycle. The engine torque transitions higher
than absolute 80 Nm are plotted along with the change in engine speed for
the same. The lines in red color represent transients with negative torque
change while the lines in blue color are positive change. As it can be seen,
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Figure 2.8: Harsh transient operation Tip-In (left) and Tip-Out (right) in NEDC
cycle with torque change more than 20 Nm (points) and the harsh transients with

torque change more than 80 Nm. (arrows)
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there are very few transient operations consisting positive torque change higher
than absolute 80 Nm. Only 7 positive torque change higher than 80 Nm are
seen on urban driving zone. The respective change in engine speed is also
reasonable which signifies the change in gear for those particular transitions.
On the other hand, only 2 Tip-Out transients are seen with torque change less
than -80Nm. Their vertical nature signifies that they are very close to load
transient with very less change in engine speed.

The same few harsh engine transient on the NEDC cycle are plotted on
the engine map in the figure 2.8. The nature of this As per the analysis, the
NEDC cycle is not that dynamic owing to the very less number of transient
operations across whole driving cycle considering EUDC zone too.

2.4.2 WLTC

Figure 2.9 shows a test run of typical class 3 WLTC cycle with urban and
extra Urban part. The blue fill in portion in the plot represents vehicle speed
in kilometers per hour while gray curves shows an engine torque and engine
speed across the cycle. The portions marked in red and blue lines on each
variable plot are actually the changes in discreet values of respective variables
in 1 second with exceptional torque change greater than 80 Nm (blue) or less
than -80 Nm (red). As you can imagine, with a change in absolute torque more
than 80 Nm (which is equal to change in MEP of around 4 bar) is surely a
harsh change of state for a steady running engine but the interesting fact that
could be seen is the engine speed doesn’t responds with the similar amount of
changes like torque. The red lines (for Tip-In) and blue line (Tip-Out) from
the top plot are seems to be points in the bottom plot of engine speed.

To identify the engine speed ranges where these transient operations are
frequent, all the operating points of the WLTC cycle undergoing change in
absolute torque more than 20 Nm are plotted on the engine map.(see Figure
2.10) The colour scheme of the points represents a change in engine torque
between current and the successive operating point on the cycle. The tran-
sients mentioned above with absolute torque change more than 80 Nm are
represented with arrows pointing towards the direction of change in torque
or MEP of the engine. The frequency of Tip-In operations is higher than
Tip-Out operations. The vertical nature of arrows confirms the behavior of
these transients as load transients. Although most of the transients are spread
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Figure 2.9: WLTC Cycle profile with torque and speed of turbocharged 2 lit. diesel
engine and representation of harsh transient Tip-In (blue) and Tip-Out (red)

operations with absolute torque change of more than 80Nm. The time interval for
this change in torque in 1s.

over the range from 800 to 2250 RPM, the frequency of typical harsh Tip-In
transients on WLTC cycles is higher at 1250 RPM while the harsh Tip-Out
operations are spread over the higher engine RPM. The normal Tip-In oper-
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Figure 2.10: Harsh transient operation Tip-In (left) and Tip-Out (right) in WLTC
cycle with torque change more than 20 Nm (points) and the harsh transients with

torque change more than 80 Nm. (arrows)
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ation points are accumulated in the range from 1000 to 2000 RPM. No harsh
Tip-In transients detected in the negative torque zone, while only one of them
is present among Tip-Out operations.

As compared to NEDC cycle analysis, WLTC cycle seems more dynamic
with various transient operations across whole driving cycle. Most of the harsh
transients operations are load transients at particular constant engine speeds.

2.4.3 RDE
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Figure 2.11: Real driving cycle profile with torque and speed of turbocharged 2 lit.
diesel engine and representation of harsh transient Tip-In (blue) and Tip-Out (red)
operations with absolute torque change of more than 80Nm. The time interval for

this change in torque in 1s.

The engine torque and engine speed measured on above RDE cycle are
plotted in Figure 2.11 with similar methods used for WLTC analysis. The
harsh transients represented by the red and blue lines here have absolute
values more than 100 Nm as the time between successive operating point is 1
second. The number of harsh load transients is more than the WLTC cycle.
The big change in engine torque is accompanied by the small change in engine
speed, as the time between the successive operating points is greater than 0.1
s unlike WLTC and NEDC.

The frequency of occurrence of these transients can bee seen on the engine
map in Figure 2.12. The high frequency range for Tip-in and Tip-Out opera-
tions is from 1000 to 2000 RPM. The inclined arrows represent the transient
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Figure 2.12: Harsh transient operation Tip-In (left) and Tip-Out (right) during real
driving cycle with torque change more than 20 Nm (points) and the harsh transients

with torque change more than 80 Nm. (arrows)

from gear change, while vertical arrows represent the load transient opera-
tion at the same gear. Unlike WLTC, the frequency of Tip-Out operations
is higher than Tip-Ins. Moreover, there are harsh transient present in the
negative torque zone too. Most of them are starting point of harsh change in
engine torque.

2.4.3.1 Extended analysis of RDE

As the process of measurement of data on road is costly and time taking, addi-
tional mathematical approach has been used to analyse the engine behavior in
dynamic cycles. An algorithm (using probability) generated by TNO (Nether-
lands) usingMarkov chains has been used to create a virtual real driving speed
profile with different driving behaviors.[71][72] Around 90 real driving cycles
fulfilling the requirements of Regulations 2016/646 was generated for the tran-
sient analysis. A 2-D histogram in Figure 2.13 shows the frequency of those 90
real driving cycles on a engine map with bin size of 100 RPM and 2 bar BMEP.
Most of the operating points lie between 1200 to 2000 RPM. For every cycle,
the change in BMEP w.r.t. change in engine speed is calculated for every dt
of 0.1 seconds like WLTC cycle. Evidently, during transients, if there is a gear
change, the speed of engine also changes with considerable amount till ± 1500
RPM. These type of transient operations are termed as speed transients. The
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Figure 2.13: 2-D histogram of engine operating points from the randomly generated
90 real driving cycles from TNO algorithm.

frequency of these load transient operations is 1000 times higher than to speed
transients.

2.5 Comparison of the cycles

The change in engine torque and speed per second across the driving cycles
gives an idea about the dynamics of the driving conditions. Actually these
values depend on different driving behaviors of vehicle drivers. For example,
the aggressive driving can create severe dynamics and have different emissions
than steady and calm driving.[30] The number and the timing of gear change
also affects the engine operating conditions as discussed in the real driving
cycle section. However, this kind of analysis can give the basic idea about the
transients occurred by road condition not considering the driving behavior.
Table 2.3 shows the tabular comparison of the variables like total duration
and distance of the driving cycles. Average and maximum change in engine
torque and speed in one second can portray the engine transient behavior.
According to the table, the maximum change in torque and engine speed
values are greater in WLTC than the NEDC cycle. They are even more for
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RDE cycles. Average absolute change in torque also shows the similar traits
among the 3 cycles. However this average change in torque value for WLTP
cycle is falls in the negative side, while average for NEDC and RDE cycles
is inclined to the positive side. i.e. there could be many ascending transient
operations in RDE and NEDC cycles compared to WLTC.

Performance NEDC WLTC RDE
Duration [s] 1200 1844 5746

Distance [km] 11.12 23.106 69.186
Max Speed [km/h] 120 131.2 121.76

Max. dT (TipIn) [Nm/s] 103.15 154.33 184.42
No. Harsh TipIn/TipOut per km 0.63/0.18 1.64/1.43 1.1/1.2

Table 2.3: Comparison of different features of NEDC, WLTC and RDE cycles.
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Figure 2.14: Comparison of different driving cycles on the basis of change in engine
speed with respective to time.

Figure 2.14 represent the graphical comparison of dynamics of the above
driving cycles. The histogram of relative frequencies of each cycle transient
operations (with change in torque and speed with respect to time (1s)) shows
the large amount of operations involves changes in torque and speed close to
0. The relative frequency is calculated by dividing counts by the number of
observations times the bin width of histogram. The bin width for all cycles
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is kept same for comparison1. The curves represent the probability density
function (Normal distribution) derived from the number of bins, average and
standard deviation of the cycle data. The Σ denotes the standard deviation
of the variable.

The 2σ limit for the operations representing the 95% confidence for each
cycle to fall in the respective limits is shown as the dotted line. According to
the Figure 2.14(a), 95% of NEDC cycle operations involve torque change of
around 34 Nm in a second while the WLTP and RDE cycles have more points
with higher torque change up to 60-70 Nm. The spectrum of changes in engine
torque is widely spread for dynamic cycles unlike NEDC who’s bell curve is
observed with high frequency at the center than other cycles. Naturally the
WLTP and RDE cycles are more dynamic and seem to be having almost similar
2σ limits. On the other hand, the change in engine speed in Figure 2.14(b) does
not show noticeable difference between cycles. As per the given vehicle model,
the NEDC and RDE cycles have very similar curve of normal distribution with
higher frequency close to zero. The steady rural part in the giver RDE cycle
must be the reason behind the higher frequency of no change in engine speed.
Although the WLTP cycle spectrum is little wider than the other two, the 2σ
limit is not higher than change in 50 rpm.
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Figure 2.15: Comparison of different driving cycles on the basis of change in NOx

measurements with respective to time.

The NOx measurements are also analysed with the same method. The
1bin width for torque change histogram is 5 Nm and the bin width for speed change

histogram is 50 rpm
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changes in the NOx measurements are not related to above load transient
operation as the measurements involves the time delays (explained in chap-
ter 3). Macroscopically the change in the NOx measurements for each second
with different driving cycle (see Figure 2.15) correspond with the dynamics.
NEDC cycle involves the 95% change in NOx values till 13ppm per second
while WLTP and RDE cycles have up to 200 and 250 ppm. The RDE spectrum
is widely spread for the change in NOx measurements.

The rough origin of the high NOx values from these transient can be found
by plotting the change in torque and change in speed giving the NOx change
more than 100 ppm in Figure 2.16. The number of points succeeding this
criteria are very few in the NEDC case. The vertical nature of dense points
shows that most of the responsible transient for the higher NOx change are
load transients with minimum change in engine speed. The change in NOx

for WLTP and RDE cycles are higher than 800-900 ppm at some points which
are not found in the NEDC plot.
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Figure 2.16: Change in NOx concentration in the exhaust line roughly related to
change in engine speed and torque for different driving cycles.

2.6 Conclusion

Highly dynamic driving cycles like WLTC and RDE have been performed on
same vehicle and engine to analyse the engine operating condition from a
view of transient operations. The load transient operation with a load change
at particular engine speed are found to be frequent on these dynamic driv-
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ing cycles. The WLTC cycle consists of more harsh transient operations per
kilometer than the specified RDE cycle in this study. Although engine op-
erating condition during real driving cycles depends on the driving behavior
and other road characteristics, it can be seen that load transient operations
at same gear/engine speed are way higher than the speed transient opera-
tion due to gear change as per the TNO based real driving speed profiles
and gear patterns. The number of harsh Tip-Out operations with are al-
ways higher than harsh Tip-In transients on RDE cycles. Around 85% load
transient Tip-In operations occur in the range of 1000-2000 rpm. While the
same range includes almost 80% of all the Tip-Out operations sharing 60%
of them in 1500-2000 rpm. In general Tip-Out operations are more spread
over the higher engine speed range than the Tip-Ins. During WLTC, the
large number of harsh Tip-Ins/transients occur around 1250 rpm. The similar
trend is observed in real driving cycle too, however considerable amount of
load-increasing transients cover the range from 1000 to 2000 rpm compared to
WLTC cycle.
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Chapter 3

Tools and modelling
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3.1 Introduction

T his chapter includes, the description of experimental facility, the engine,
test benches and other laboratory measurement devices. Moreover, the

test procedure for different steady and transient engine operations and analytic
tools used for data analysis are explained briefly. The tools used for simulation
of transient operations are presented along with the results and studies at the
end.

3.2 Engine and test cell

The experimental part of this thesis is carried out on two inline 4 cylinder
turbocharged HSDi engines. The main characteristics of the engines are listed
in Table 3.1. Both engines are from Renault with the EURO 6 and EURO6d
calibrations. The steady state EGR percentages for both the engines are
presented on a engine map in the Figure 3.1. The EGR maps of engine 2 is
modified as per the requirement for different type of studies in the following
chapters.
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Figure 3.1: EGR percentage for Engine 1 and Engine 2 as per the calibration.

Engine 1 (with old calibration) is used for comparing operating conditions
on different driving cycles with a same vehicle model. The charging air is
cooled with WCAC, provided with the external water bath to cool the air
with longer intake line. The after treatment system includes DOC and DPF.

52



Chapter 3 Section 3.2

It consists both HP and LPEGR lines. The HPEGR line was extended with
extra heat exchanger to cool the high pressure EGR for certain experiments.
The LPEGR is drawn from exhaust line down stream of DPF. Exhaust throttle
is also provided to generate a pressure difference across the LPEGR valve and
provide high mass flow rates of LPEGR.

Parameter Engine 1 Engine 2
Cylinder number 4 4
Bore [mm] 85 84
Stroke [mm] 88 90
Displacement [cm3] 1997 1994
Compression ratio 17.6 15.8
Maximum power [kW/rpm] 120/3750 140/3750
Maximum torque [Nm/rpm] 340/2000 400/1750
Torque at maximum power [Nm] 300 350
Valve number 16 16
Valve train Double camshaft over head
Fuel delivery system Common rail direct injection
EGR system HP and LP (cooled)
Intake boosting Turbocharger with VGT
Intake cooling system Water charged air cooler (WCAC)

Table 3.1: Engine Specifications

The engine 2 was used to implement different EGR strategies for specific
operations due to the flexibility in calibration. It bears the water charged
air cooler (WCAC), as integrated part of the intake manifold. The after-
treatment system of this engine includes DOC, DPF in addition of an urea
circuit. Although, both engines consist the HP and LPEGR line, the length
of the LP line is shorter in the second one. The HPEGR line is also designed
through cylinder head to reduce the length. Moreover, the HPEGR is injected
directly into the intake valves through an external dedicated duct attached
to the intake manifold. The LPEGR line is also supported with the exhaust
throttle similar to engine 1. This type of architectures are good for packaging
of the engine and it makes the transportation of exhaust gases faster.

An electrical dynamometer test bench is used for testing on above de-
scribed engines. The test bench was equipped with sensors for pressure and
temperature measurements. The fuel mass flow measurements were carried
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Figure 3.2: Engine test bench layout.

by the fuel balance based on gravimetric measurement1. Air mass flow mea-
surements are done by ABB Sensy-flow FMT700-P meter based on hot-film
anemometry. The locations of the sensors of different measuring devices are
presented in the Figure 3.2. The recording of this test bench sensor data is
done with the software called STARS and YOKOGAWA. The data acquisition
frequencies are mentioned in the coming section in this chapter.

Additionally, the engine onboard sensor measurements for temperature,
pressure, fuel injected quantity, air mass flow, actuator positions etc. were
recorded with a software called INCA. The instantaneous data from these
sensors is used with corrections described further in this chapter. Moreover,
various actuators like EGR valves, exhaust throttle and VGT positions are

1The built-in calibration unit is standard scope of supply and allows calibration and
accuracy check according to ISO 9001. The determined fuel consumption has an uncertainty
of 0.12%.
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controlled through the INCA software manually or by modifying the engine
maps present inside the ECU.

3.3 Performance measurement

As said earlier, the engine is controlled by electrical dynamometer through a
software called STARS from Horiba. The engine load and speed is applied
through this software in the form of pedal signal to the ECU. The fuelling
parameters are changed as per the signal. To perform a load transient op-
eration, the target engine speed is maintained constant by the dynamometer
brake. Figure 3.3 provides the typical response of a electrical dynamometer
during such a load transient performed by shifting a pedal from around 13%
to 100% at 1250 RPM. The change in engine speed as soon as pedal is pushed
can be seen during first part of a second. This increase in speed is restricted
by a dynamometer brake to maintain the constant speed. This action also gets
reflected on the torque curve distorting it during progression before reaching
to final value. Time response (τ) of the engine is the time taken to reach 90%
of final torque value after the pedal is pushed. It is the quantity used to rate
the performance of engine during transient events and is useful to compare
different transient strategies.
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Figure 3.3: Electrical dynamometer response during a typical load transient
operation on 1250 RPM.
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3.4 Emission measurement

Transient emissions develop in a completely different manner compared with
their steady state counterparts, owing to the off-design phenomena experienced
during dynamic engine operations [73]. As the main objective of this thesis is
to capture and measure the accurate real time pollutant emission during the
transient operations, the emission measurement has given a special attention.
Various traditional and new generation emission measurement methods used
during the experiments are briefly presented in this section. Nitrogen oxide
and smoke opacity are the most critical pollutants playing paramount impor-
tant role in the transient operations and studied widely. Conventional gas
analyzers are usually characterized by the response time of the order of few
seconds. The dynamics distort the measurements and requires comprehensive
reconstruction techniques like [74, 75, 76, 77, 78]. Moreover, the long length
of sampling conduits from the sensor to gas analyzers induce delay in the mea-
surements. The dilution and diffusion of sampled gas change the composition
of the pollutant to be measured till it reaches the analyzer. Therefore, to
capture the emission peaks accurately during Tip-In and Tip-Out operations,
a high response time system is needed [79].

3.4.1 NOx measurement

Fast response system

The advanced CLD500 f-NOx system from Cambustion, uses Chemi-luminescence
detection (CLD) with gas analyzers located very close to sensor (sampling
point). The sampled gas is oxidized to NO2 by ozone (O3) in the reactor.
The reaction produces approx. 10% of excited NO•

2 which further decays to
its ground state by emitting energy in the form of photons (hν). The inten-
sity of luminescence is proportional to the amount of NO reacted with ozone.
CLD can be used to measure NOx by using a converter to convert NO2 in
to NO before with carbon. Therefore, the output is combined for NO and
NO2 which is also termed as NOx. The response time for CLD500 analyzer
is 2 ms (∼ 10ms with NO2 converter fitted) only.2. Figure 3.4 represents the

2Overall time response here, is the 90–10% ‘response time’ of the system output to a step
input at the source plus the ‘transit time’ (∼ 4ms), which depends on the sample entering
into the sampling system.
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Figure 3.4: Schematic diagram of fast CLD500 operating principle (NOx

measurement). [55]

schematic of a typical fast CLD500 detector controlled by a main control unit
away from the actual gas analyzer. To avoid the chemical reaction with the
sampled gas, the inert material (eg. Teflon) is used for the parts exposed to
the gas.
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Figure 3.5: NOx measurement by CLD500 and the in-cylinder pressure
measurement.

The CLD500 sensor is placed downstream of turbine in the engine setup to
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avoid to avoid repetitive cleaning of the probe. Figure 3.5 shows the instanta-
neous measurement of NOx along with the in-cylinder pressure measurement
during a load transient operation at 1250 RPM. The in-cylinder pressure mea-
surements are done with the piezoelectric pressure transducer. The temporal
response of the CLD500 reacts well with the change in cylinder pressure. To
calibrate the CLD500 system all over the NOx range, steady state operations
with various pedal positions from low load to full load are performed simul-
taneously with another traditional (Horiba) NOx measurement system. The
Horiba sensor is also installed downstream of turbine close to CLD500 sen-
sor. Figure 3.6(a) shows the measured values by both emission measurement
system with the correlation between them.
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Figure 3.6: Calibration of NOx measurement system in 3.6(a)steady-state and
3.6(b) transient operation.

The steady state measurements by CLD500 up to 400 ppm match with
the measurements of Horiba but as the NOx concentration increases further,
CLD500 is found to be underestimating the real value. This could be due to
the change in pressure at the point where measurement has been done at the
exhaust line. This under measurements are corrected by a multiplication factor
depending on the measured NOx values by CLD500. The linear correlation 3.1
used for this purpose is as follows,

NOx(Corrected) = NOx(CLD500) · 1.32− 27.72 (3.1)
On the other hand, Figure 3.6(b) confirms the temporal response of the above
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mentioned two gas analyzers. The steady state signal at the beginning and
end of the transient matches well after the correction. However, Horiba mea-
surements are slow (they are also delayed due to length of insulated pipe from
the engine to the sensor device but it is corrected in the figure) compared to
the other. Therefore, it is evident that, CLD500 is fast enough to measure the
instantaneous pollutant concentration in the exhaust line during transients.
It is able to detect the abrupt peaks which slow measurement system fails to
detect.

Slow response system

Although, fast measurement is useful for recording instantaneous pollutant
concentration at the exhaust during a transient operations, it is difficult to
measure on long driving cycles due to the larger time duration and size of the
data saved with high acquisition frequency. Therefore, traditional emission
measurement system is used for full driving cycle emission recording. In case
of these traditional emission measurement system with gas analyzers located
far away from the measuring point on the engine, it is necessary to process the
data in order to ensure the right time span and avoid the mismatch between
pollutant emissions and the other engine variables, such as air and fuel mass
flow. The delay in pollutant measurement is due to two reasons, first could be
an internal delay incorporated while analyzing the sample depending on the
type of pollutant [80]. On the other hand, the distance between the sample
point and the gas analyzer forces the existence of a delay defined by the gas
velocity and the length of the sample pipes. The gas speed through the sample
pipes is produced by the vacuum pressure generated by the gas analyzer pump,
which remains equal during the whole cycle. In this case, the delays are
corrected by correlation methods comparing the pollutants with other related
variables like engine speed [81, 82, 83, 84]

The correction in the NOx measurements have been made for individual
transient operation just to compare with fast CLD500 system. The potential of
traditional emission measurement device for transient operation emission mea-
surement can be observed with the certain correction regarding the response
time. The corrected NOx measurement can be obtained by the equation 3.2

xcorr = xmeas + ζ · d(xmeas)
dt

(3.2)

Where xcorr and xmeas are the corrected and measured NOx measurements
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while ζ is the response time of traditional horiba CLD system with the gas
analyzer located far away from the engine measurement point at the exhaust
line.

3.4.2 CO2 Measurement

NDIR500 is the another analyzer from Cambustion systems used for measure-
ment of CO and CO2 concentration. It uses the miniaturized Non Dispersive
Infra-Red technique (NDIR) measuring the volumetric concentration of CO
and CO2 in the given sample. The sample gas is transported to the detector
through heated capillaries thereby minimizing the mixing of the sample gas
and yielding a very fast response time. The infra red light with particular
frequency is sent through the chamber with sampled gas which will be ab-
sorbed by certain constituent in the gas. Therefore, measuring the amount of
infra-red absorbed by sample at the necessary wavelength, the NDIR detector
is able to measure the volumetric concentration of each species. Figure 3.7
represents the schematic of a NDIR500 system with a chopper wheel mounted
in front of the detector which corrects continually the offset gain and allows
a single sampling head to measure the concentration of 2 different gases. The
response time of NDIR500 system is 7 ms.3

The location of the NDIR500 sensor is chosen very close to the intake valve
of the cylinder. Because, the HPEGR injection ports in the engine 2 were very
close to the intake valves. Hence, from the point of view of detecting the arrival
of burned gases to the combustion chamber during transient operations under
EGR conditions, the location of NDIR500 sensor was very important [85].

3.4.3 Opacity measurement

Soot is formed from unburned fuel that nucleates from the vapour phase to
a solid phase in fuel rich regions at elevated temperatures. This evolution
of vapour phase to solid soot particles gets through different processes like
pyrolysis and nucleation to agglomeration gradually [86]. This soot forma-
tion further gets oxidized at higher temperatures (around 1300K) to gaseous

3Overall time response here, is the 90–10% ‘response time’ of the system output to a step
input at the source plus the ‘transit time’ (∼ 15ms), which depends on the sample entering
into the sampling system.
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Figure 3.7: Schematic diagram of fast NDIR operating principle (CO and CO2
measurement).

products like CO, CO2 and H2O. But in the absence of good combustion
and oxygen, which is the normal condition during transients, favors the soot
formation. Similar results are found out within various compression ignition
engines in [87, 88, 89].

The soot formation is normally measured by two popular methods using
filter smoke meter and opacity meter [90, 91]. The filter smoke methods con-
sists of passing a sample of exhaust gas through a filter. The filter is further
analysed in the controlled intensity light to determine the blackness of the
that filter paper which is quantified to a number from 0 to 10. This number is
also called as Filter Smoke Number (FSN), the unit of smoke measurement by
this method. The opacity method on the other hand measures the intensity of
the light passed through a tube containing sampled exhaust gas. The relative
intensity with the original controlled light intensity is measured in percent-
age also called as opacity as a unit for the smoke measurement. Traditional
smoke meters like AVL 415 measure the opacity in FSN while the AVL 439
measures in percentage adsorption. The first method is good for the steady
state measurement of the smoke formation as it relies on the accumulated soot
on the filter paper in certain time and gives the average value. Therefore the
second method giving opacity measurement along with specific interval of time
is advantageous for observing transient smoke formation.

There is a strong correlation between these soot concentration and FSN
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Figure 3.8: Opacity meter with pressure reducing device

values [92]. The opacity measurements in percentage can be converted to the
FSN values as a preference. The empirical relation between the percentage
opacity and FSN values for smoke measurements is developed and stated by
equation 3.3 [93]. Efforts has been done to find the precise correlation by mea-
surements in different labs. Equation 3.4 represents the most recent reference
for the empirical relation.

Opacity[%] = 0.12 · (FSN)3 + 0.62 · (FSN)2 + 3.96 · (FSN) (3.3)

Soot[mg/m3]. = 1
0.405 · 4.95 · (FSN) · e0.38·(F SN) (3.4)

The opacity was measured with AVL439 opacity meter downstream of turbine
in the exhaust line for the transient and steady state operations. A pressure
reducing device was installed between the sensor and the AVL439 as the loca-
tion of a gas sampling was at the high pressure point in the exhaust line. (See
Figure 3.8). The recorded measurements in terms of percentage values have
the resolution of 0.01%.
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3.4.4 EGR measurement

EGR rate is the ratio of mass flow rate of recirculated exhaust gases to total
mass flow rate of gases going inside the cylinder. It is an important parameter
during transient operations as it determines the composition of the combustion
chamber and thus the formation of emissions. Different studies regarding the
implementation of HP and LPEGR strategies during transient and steady
operations are presented in the coming chapters. Therefore, exact EGR rate
estimation/measurement going inside the cylinder is important. EGR rate
measurement during transient operations is very critical as well as difficult as
compared to steady state operation. This is due to certain delays occurred
by turbocharging, transportation of gases and errors in the measurement of
engine parameters. Various experimental and model based efforts has been
done to assess this estimation of EGR rate in the literature. Some of the
methods are mentioned here,

1. Characterizing EGR valve positions with mass flow and pressure dif-
ference across the EGR valve during steady state operations. But this
method does not take into account the dynamics of gases and pressure
wave effects as it is just a interpolation of steady state data. Moreover,
the volumetric efficiency is assumed same even at high temperature due
to presence of EGR. The pressure ratio correction factor considered is
very sensitive for low pressure difference across the valve [94].

2. Using two high response CO2 gas analyzer probes at intake and exhaust
to measure the CO2 concentration and estimate the instantaneous EGR
rate going inside the cylinder [85].

3. ’Volume filling’ effect using ideal gas law and conservation of mass used to
estimate the transient EGR by a physical model based approach through-
out the low pressure EGR circuit [95].

4. Model based EGR rate observer design [96].

5. Intake oxygen measurement (UEGO) sensor is used to measure the
change in partial pressure of oxygen in the presence of EGR and hu-
midity in the intake line of an engine. for EGR measurement [97, 98].

6. As EGR rate affects both the temperature of combustion and the compo-
sition of the in-cylinder gases. Without any sensor in the exhaust line the
EGR rate can be calculated by in-cylinder pressure measurements [99].
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For the given engine, due to complexity of intake manifold design and com-
pactness, it was difficult to measure the HPEGR rate even at steady state.
Hence, conventional Horiba system is used to measure the LPEGR with a CO2
sensor after the WCAC. The corresponding valve positions giving iso-torque
values at particular steady state operation were used during transient testing
to provide same rate of exhaust gas recirculation. The low pressure EGR rate
(fraction) inside intake manifold is calculated with conventional method of
species continuity conservation equation in terms of CO2 concentration mea-
sured at the intake and exhaust of the engine. The calculation of LPEGR
rate is done by the equation 3.5. It considers the equal molecular masses for
exhaust and fresh air, as the influence of assuming the same molecular mass
gives maximum error below 0.3% [100].

EGR = ṁEGR

ṁair + ṁEGR
= [CO2]in − [CO2]amb

[CO2]exh − [CO2]amb

(3.5)

Where, [CO2]in and [CO2]exh represent the CO2 concentration measured at
intake and exhaust respectively. While [CO2]amb represent the concentration
in ambient air. As the propagation of error is important when certain quantity
is calculated from the measured variables. Neglecting the uncertainties in the
ambient CO2 measurements, the relative error for the EGR is estimated as
the twice the measurement by gas analyser [101].

3.5 Transient tests

Normal load transient operations can be performed on the engine on test
bench with the help of electric dynamometer. The dynamometer can be used
in modes like ‘speed-torque mode’ or ‘speed-pedal mode’. In first mode, the
engine speed is maintained constant by a brake in dynamometer, while the
target value for engine torque is provided as a step function. The PID control
actuates the pedal accordingly to achieve the final torque. On the other hand,
the second mode allows the user to change the pedal manually with custom
time step. The second mode is quiet similar to the real road driving scenario
where the pedal signal is sent through the driver as per the requirement of
power. Therefore, second mode is used mostly to perform the load transient
operation. The selected engine speeds for executing this operations are 1250,
1500, 1750 and 2000 RPM referenced from the last chapter.
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Figure 3.9: Load transient test procedure on the dynamic test bench.

As a part of test procedure, The engine is heated to 80ºC of coolant tem-
perature. To observe the transient behavior for increment and decrement in
load (Tip-In and Tip-Out operation), the preheated engine is controlled with
pedal. The pedal is shifted from low load (2 bar BMEP) to full load (100%
pedal position) for around 10 seconds until the engine torque gets stabilized.
Consequently, it is further shifted back to its initial position as shown in Fig-
ure 3.9. To verify the repeatability in the different transient measurements,
every transient operation is repeated for 6-7 times successively for a particular
engine speed. Every repetition is separated by 5 minutes gap to stabilize the
parameters like exhaust temperature and compressor outlet temperature after
every load change operation.

3.5.1 Air mass flow measurement

The air mass flow measurement going inside the combustion chamber is very
important for knowing the composition of intake charge during transient oper-
ation. The correct instantaneous measurement required to simulate the tran-
sient performance and emissions [102, 103]. The signal registered by the hot-
wire anemometer (sensy-flow) after air filter is slow and delayed. It has to
be corrected due to the effect of pressure waves travelling and the effect of
air mass storage inside the intake system [104]. Considering the compressible
behavior of air, it causes a time delay in air mass flow measuring device and
the actual air mass entering through intake valve. The new corrected air mass
flow can be corrected by the equation 3.6 which can be obtained by considering
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the ideal gas equation (pV = mRT ) and conservation of mass.

mout = min + dm

dt

dm

dt
= V

R
∗

∆(P
T )

∆(t) (3.6)

Where V is the volume between the hot wire anemometer and the intake
manifold of the engine. mout is the air mass flow at the intake valve while
min is the mass flow measurement at the anemometer. Figure 3.10 shows the
difference between measured and corrected air mass flow during a transient
operation from low load to full load.
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Figure 3.10: Measured and corrected air mass flow at the intake manifold during a
typical transient operation from low load to full load.

3.6 Driving cycle tests

Different driving cycles used for the type approval process, are analyzed and
explained in chapter 2. Performing these driving cycle on the engine test bench
involves programing of a control system. The vehicle speed profile is recreated
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along with the road load forces by providing an engine load and speed as a
target to the control. The control model used for the purpose is called ‘Road-
Load-Speed model’. The power requirement on the whole driving cycles are
calculated using vehicle model explained in 2.3. This requirements are further
translated to target engine speed and torque. The engine speed is calculated
by equation 3.7

N = v

π ·D · gr
(3.7)

Where, N is the engine speed, v is the vehicle speed, D is the vehicle diam-
eter and gr is the gear ratio for driving. The engine torque requirements are
calculated by the power requirements by the equation 3.8.

τ = 60 · P
π · 2 ·N (3.8)
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Figure 3.11: Road-Load-Speed control on engine dynamometer for a real driving
cycle.

Where P is power and τ is the engine torque. A PID controller controls the
pedal position for attaining the required engine speed. A part of driving cycle
is shown in Figure 3.11 with the vehicle speed demand and output vehicle
speed by PID control. For a given gear ratio, when load torque is increased
in dynamometer (by acceleration) the engine speed goes down which has to
be compensated by shifting the pedal. The control moves the pedal until the
target vehicle speed is achieved. Therefore the output vehicle speed is slower
than vehicle speed input demand.
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3.7 Data analysis procedure

As discussed before in Section 3.2, the test data acquisition is done with three
different systems with frequencies stated in the Table 3.2. Engine dynamome-
ter measurements are done through the software called ‘STARS’ from ‘Horiba’.
It consisted pressure, temperature and emission sensors instrumented at vari-
ous points on the air path. The engine sensors’ data was recorded with ‘INCA’
software from ETAS. The fast emission measurement data was acquired with
‘YOKOGAWA’ with highest frequency among the other systems. Due to the
fact that, 3 different computing machines independent to each other are used
during tests, the sampled time for data logging was not synchronized for all
the variables. Therefore the synchronization of the signals is necessary in order
to compare the performance and emission during a transient operation.

System Parameters Acquisition frequency

STARS

Pressure

10Hz
Temperature
Fuel Flow
Air flow

INCA Engine Sensors 100Hz

YOKOGAWA
CLD500

10000HzNDIR500
Pcyl

Table 3.2: Data acquisition system with the measuring variables and acquisition
frequencies.

For load transient operation. pedal shift is the prime signal. Therefore,
variables within a particular acquisition system are synchronized with the
pedal signal. However, the ‘YOKOGAWA’ doesn’t contain the pedal mea-
surements. In that case, the synchronization was done with the NOx, being
the fastest measurement among the variables recorded with ‘YOKOGAWA’.

For during a driving cycles, slow response gas analyser measurements are
needed to be corrected to avoid the mismatch between emission and other
engine variables. It is important to compare the pollutants with fast response
gas analyser measurements. Moreover, to convert the pollutant concentration
from ppm to g/l, the mass flow and emissions should be well synchronized. It
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is required to get rid of the delays incorporated due to different sources [105].
This mismatch depends on the internal delay depending on the type of pol-
lutant. Likewise, it depends on the distance between the sample point and
the gas analyser inducing a lag. This lag confides to the gas velocity and a
length of the pipe carrying the sample to analyser. There are some behavioral
models presented by [80] to identify the delays. The correlation methods
described by [84, 82] consists of finding a correlation with the variable with
which the signal is needed to be synchronized (eg. pedal signal). The highest
correlated index represents the array elements by which the signal should be
shifted to match with the reference. Another method based on the ‘convolu-
tion’ principal in ‘signal processing’ is used by changing the time domain to
frequency domain by fourier transform. Later, the signal can be reconstructed
by ‘de-convolution’ method [75]. Equation 3.9 represents this principal.

y(t) = x(t) ∗ g(t) (3.9)

Where, x(t) is the original signal while the y(t) is the measured signal with
the induced delay represented by g(t) in time domain. The ∗ represent the
convolution of the signals. The original signal can be reconstructed from
the de-convolution theorem. The ˆy(s) denotes the fourier transform of the
function converting from time domain to frequency domain. While, the z−1

represents the inverse fourier transform changing the frequency domain back
to time domain. The ‘s’ is called as a cyclic frequency. The new signal is the
one synchronized with the reference variable.

x(t) = z−1
( ˆy(s)

ˆg(s)

)
(3.10)

The concentration of some pollutants are required to be converted into
other. This can be done by synchronized signal of the air and fuel mass flow.
Equation 3.11 gives the conversion of , in order to know how much pollutants
are released to the atmosphere.

ṁpollutant = Mpollutant

Mair
· [Cpollutant] · (ṁair + ṁfuel) (3.11)

where Mpollutant and Mair are the molecular weights of pollutant and air re-
spectively. Cpollutant is the measured pollutant concentration and mair and
mfuel are the mass flow of fresh air and fuel respectively.
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3.8 Simulation

Simulation is an important tool for engine analysis. It is a fast and low cost
method available to see the effects on the large systems compared to real engine
testing. It is also helpful to perform various parametric studies with design
parameters of the engine. Furthermore, engine simulation results contains
more information about the gas flows that can be measured. Therefore they
are convenient to understand the flow phenomena.

Apart from successful modelling of steady state operations, various ef-
forts have been made over the decades to model the transient operations too.
Rakopoulos and Giakoumis have performed an intensive review on the history
of engine transient simulations [49]. Numerous models following the filling
and emptying [106, 107, 108, 109, 110] or quasi-linear [111, 112, 113, 114] ap-
proach have been developed. In recent years, the 1D simulation tools are used
frequently to model transient operations giving detailed information about
the flows [115, 116]. It is more accurate than quasi steady. All of the steady
state and transient simulations in this work have been done on the commercial
software called GT-Power.

3.8.1 GT-Power

It is one of the calculating softwares used for modelling flows in a engine com-
ponents based on mass, momentum and energy conservation equations(also
known as Navier-Stokes equations). These equations are solved in one direc-
tion only making all models called as 1D models. The whole system is dis-
cretized into many volumes connected by boundaries on the basis of ‘staggered-
grid discretization’. The scalar variables (pressure, temperature, density, inter-
nal energy, enthalpy, species concentrations, etc.) are assumed to be uniform
over each volume. The vector variables (mass flux, velocity, mass fraction
fluxes, etc.) are calculated for each boundary [117]. Supplementary to the
flow calculations the version v2017 has provided distinct modelling templates
for turbocharger, combustion model, diesel particulate filter etc. Moreover,
PID controllers for controlling actuators like VGT, egr and throttle valves
were useful and discussed in following subsections.
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3.8.2 Turbocharger

The turbocharger is a tricky part where flow energy is converted into work by
the turbine and then the work is applied on gas to compress it. The interaction
of gas and the rotor is hard to simulate accurately in one dimensional modelling
approach. A multidimensional model is required however the difficulty of flow
simulation is unavoidable [118]. Therefore, turbo mapping from the gas stand
was used as a map and the real time operating parameters are interpolated
by interpolation method for particular mass flow, pressure ratio and turbine
opening positions. Fortunately the ready made template was useful to carry
out these operation in GT-Power.

However, getting exact transient behavior resembling the tests is difficult
due to following reasons. The interpolation method treats a transient, a series
of steady state operations while the flow variables hold different values than
a stable steady operations. Therefore the efficiency is needed to be corrected
appropriately during the change of state in operation. Moreover, because of
thermal inertia of exhaust components, the energy available at the turbine is
not the same. The consequences lead to error in the calculation of exhaust
pressure and temperature. Furthermore, the control of VGT plays important
role in the turbocharger performance. Finding an exact VGT control is very
difficult to attain exact boost pressure evolution from the tests.
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Figure 3.12: Boost pressure evolution with different final VGT positions during a
load transient operation at 1500 RPM of engine speed.
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The response of turbocharger by changing from one VGT position to an-
other during a change in load is path dependant. The engine response is dif-
ferent with different positions of Variable Geometry turbine after pushing the
pedal [119]. The parametric study is carried out with different VGT positions
to find the fastest torque and boost pressure evolution, which can be used
as reference for the further experiments. The manual PWM signal to close
the VGT to 62%, 66%, 70%, 78% and 100% was sent through INCA while
performing a transient (from 2 bar BMEP to full load). Figure 3.12 shows
the boost pressure with different closing of VGT. Where, closing of VGT up
to 70% seems a best solution to provide fastest boost pressure evolution than
closing the VGT fully.
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Figure 3.13: Comparison of test and simulated turbocharger performance during a
load transient operation at 1500 RPM with the first method of fixing VGT position.

To calibrate the 1D simulation model according to the transient tests per-
formed on the modern engine with VGT control 3 methods have been tested to
match with the boost pressure evolution for load transient for different engine
speeds. As no information was available for specific VGT control gain imple-
mented in ECU, three methods have been tested to get the targeted boost
pressure from the transient tests. First method consists fixing the VGT posi-
tion for the second state (full load) of transient at the value obtained from the
full load steady calculation. A profile of VGT positions (refer to Figure 3.13
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bottom-left plot) with respect to time is imposed in the turbocharger model as
according to the load change. It contains sharp movement in closing the tur-
bine to a final fixed position as soon as the engine goes through a extreme load
change. The turbine efficiency is kept the same as from the maps. Figure 3.13
shows the evolution of turbocharger parameters as a function of time during
a load transient from 2bar bmep to full load at 1500 RPM engine speed. The
first and final steady part of the transient show the values close to the tests as
the VGT positions are taken according to the steady operation. Despite the
evolution of boost pressure from the model is underestimated. That means the
final position of VGT is not enough to provide power to increase intake pres-
sure though that percentage of opening provides more energy during steady
operation. Hence, the VGT right after the change in load should close even
more un-till the limit implied in previous parametric study. The same reason
can be given for the under estimated turbine speed.

Secondly, the PID controller from GT-Power is implemented to see the
evolution of boost pressure during a load transient. The boost pressure profile
from tests is given as a target to the controller. The proportional and integral
gains are tuned for each engine speed to give the fast and stable response
during the change of state. The same load transient from the last method
is represented Figure 3.14 with the PID controller. The movement of VGT
is rather slow as compared to previous method resulting into the delayed
response in all parameters like boost pressure and turbo speed. However after
approx. 2 seconds. it manages to attain the target boost pressure and speed
of the turbine maintaining it to the final steady state. The control closes the
VGT completely resulting into the huge peak in exhaust pressure which could
create a back pressure and reduce the engine torque. As a deduction, The VGT
movement should be quick after the change of load (when pedal is pushed), and
it should take the value providing rapid increase in boost pressure, nonetheless
closing fully to even increasing pressure before the turbine.

In the third method, considering the previous approaches and the para-
metric study performed at the start of this section (Figure 3.12) a new profile
is developed. Figure 3.15 (bottom-left plot) shows the new VGT profile as
a function of time. According to the new VGT profile, the VGT position is
shifted to the ‘specific value’ for fast response during first few seconds of the
transient. This ‘specific value’ is different for different engine speeds. further-
more, the VGT is shifted to the final optimized state for full load steady state
operation from the first method. Importantly, the path that it takes, affects
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Figure 3.14: Comparison of test and simulated turbocharger performance during a
load transient operation at 1500 RPM with the second method of controlled VGT

movement by PID controller.

the performance of turbocharger during that small interval of time. The curve
is generated from the following equation 3.12,

y(t) = y2 − y1(e
−(
t

τ
)
) + a (3.12)

Where, y2 and y1 are the first and last values of the VGT positions when
the VGT moves to the final steady state value from the optimized position to
give fast boost pressure evolution. t is time and τ is the time constant which
defines the shape of the curve and eventually the performance of the turbo
after the 2-3 seconds of the load change. A is the arbitrary constant added to
shift the curve.

The new VGT profile has similar shape to the curve obtained by the PID
controller in the previous method. The overshoot in the pressure before turbine
is removed with the new profile. The boost pressure evolution and the turbine
speed estimation by the model with new profile is quiet closer now to the test
results.
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Figure 3.15: Comparison of test and simulated turbocharger performance during a
load transient operation at 1500 RPM with the third method of newly developed

VGT profile.

3.8.3 Combustion

Due to high complexity, modelling of combustion in diesel engines is challeng-
ing task. Usually the measured combustion profiles are imposed in GT-Power
for steady state calculations. However, obtaining the accurate burn rate of
fuel for certain cycle during transient operation is rather difficult. In-cylinder
conditions at certain time of the transient operation can be different from the
same fuel injected in steady state conditions [120, 121, 122, 123]. Moreover,
there is a variation in the heat release law due to the EGR rate [124, 125]. You
need to have the measured combustion data with different intake conditions.
For each cycle the heat release rate is chosen from this database interpolated
by intake pressure and EGR rate [41]. But this study focuses on the engine
and turbocharger performance during load transient operation than emissions
in the case of simulations, the effects are neglected. To avoid the creation of
the big combustion database, the heat release profile is calculated by interpo-
lating between extreme load profiles and mean indicated pressure. However,
GT-Power can not extrapolate the burn rate profile beyond this boundary
profiles.
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Figure 3.16: Air Fuel ratio comparison between 1 d simulation and test for harsh
load transient operation at 1500 RPM.

Lower lambda ratios during load transient operations is common phe-
nomenon due to delay in air mass flow caused by turbo lag. To avoid the
soot formation during this kind of situation the λ value should not go below
1. The fuel reduced to cope up with the decreased λ values. This type of
control is called as smoke limiter strategy. Similar control was designed in
the GT-Power model to cut the fuel as soon as the lambda (λ) value goes
below 1 to avoid smoke formation. Figure 3.16 represents air fuel ratio as a
function of time measured during a transient test and the one calculated from
the 1 d simulation. It shows that the air fuel ratio is maintained above the
stoichiometric limit in the absence of air.

3.8.4 Model Validation

As discussed above in the turbocharger section, this study focuses on the
engine and turbo performance during load transient operation. The 1D model
created in GT-Power is calibrated on most frequently visited engine speeds
for harsh load transient operation (see Chapter 2). 1250, 1500, 1750 and 200
RPM engine speeds are added as input in the model. At each engine speed,
the engine load has been increased suddenly from 2 bar BMEP situation to
full load and back. This is achieved by imposing a fuel flow profile measured
during the transient tests on the test bench. Figure 3.17 represents the input
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Figure 3.17: Imposed fuel flow profile for load transient simulation for different
engine speeds.

profile of fuel injected inside the cylinder representing the harsh load transient
operation.

The engine speed is kept constant throughout the transient. The VGT
is moved according to newly generated profile as a function of time. The
calculated air mass flow is depicted in the Figure 3.18. The intake pressure
(Figure 3.19) or boost pressure matches with the test data while the exhaust
pressure (Figure 3.20) upstream the turbine fluctuates more in the tests. The
reason behind this fluctuation could the sensitivity of exhaust pressure with
the change in VGT movement. The VGT profile in simulation is rather smooth
and calculated, while the VGT is controlled by a PID controller inside ECU
during engine tests. Therefore the final steady values are coinciding well with
the recorded data. In addition, turbine efficiency is also not the same as in
the tests as it depends on the path through which the transient advances on
the turbine map.

The temperature at the intake and exhaust are shown in the Figures 3.21
and 3.22 respectively. The shape of intake temperature curve looks quiet
similar to the test results with slightly higher temperature. Equivalently,
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Figure 3.18: Air mass flow comparison between calculated and measured during the
harsh load transient operation at different engine speeds.
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Figure 3.19: Boost pressure comparison between calculated and measured during the
harsh load transient operation at different engine speeds.

the exhaust temperature follows the shape of temperature curve measured
upstream the turbine. However the values match with the measured data
near full load while at low load calculated temperature are higher. This is
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Figure 3.20: Exhaust pressure comparison between calculated and measured during
the harsh load transient operation at different engine speeds.

because the turbine efficiency is tuned to the flows at full load operation of the
engine, while at low load the efficiency should be more. Likewise, probably the
modeling of the combustion process and of the heat transfer along the exhaust
ducts is not the same as tests.

Calculated engine torque and the measured on the test bench during tran-
sient tests are in perfect agreement as per the Figure 3.23, as the fuel profile
is imposed in the model. Mismatch in air flow and boost pressure during the
first few seconds is reflected on the torque curve. The back pressure of the
overestimated exhaust pressure has seen very little effect on the torque calcu-
lated by the model. Retrospectively, the evolution of curves are in conformity
with the test results.
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4.1 Introduction

I n the competitive market of internal combustion engines, diesel engines
have always been a participant with a better thermodynamic efficiency as

compared to gasoline engines. They provide reduced fuel consumption and
pumping losses and better combustion efficiency with lean and un-throttled
operations [126]. However, conventional diesel engines with high combus-
tion efficiency, produce high nitrogen oxides and soot, which is hampering
the health of our environment and living things. Different governments have
taken actions against this emission of pollutants and made emission regula-
tions curbing the pollution in environment. Various automotive manufacturers
and researchers have developed different techniques to reduce these harmful
gases emissions. They can be classified by the way of treatment as internal and
external to the combustion chamber. After treatment techniques downstream
the exhaust manifold are external methods applied outside of the combustion
chamber. They consist of diesel particulate filter, diesel oxidation catalyst,
NOx trap and SCR as a part of them. But these techniques increase the
complexity and penalty of fuel efficiency of an engine. On the other hand,
in cylinder pollutant reduction consists forced low temperature combustion
strategies like PCCI, MK, RCCI and EGR. These are effective ways to pro-
vide pre mixed charge and ignition delay for the combustion, reducing the
formation of pollutants inside combustion chamber [127].

EGR is one of those strategies which displaces the amount of air going in-
side the combustion chamber lowering the lambda and oxygen concentration
during combustion. It is a proven method to lower the NOx formation in the
combustion chamber with particular flow rate depending upon the operating
point of a diesel and gasoline engine [128, 129] as well as natural gas en-
gines [130]. The circulation of these exhaust gases in higher rates can produce
soot as per the NOx and soot trade-off explained in Chapter 1. Studies have
been carried out to reduce the soot formation with higher EGR rates with
specific injection duration also called as negative ignition dwell [131]. How-
ever, as the EGR rate increases, exhaust gas emissions and thermal efficiency
vary with the intake oxygen content rather than with the excess air ratio [132].
Therefore intake oxygen concentration is also required to be monitored. Using
an optimized dwell, injection ratio and two-stage injection the UHC and CO
emissions can be reduced. However, their values are still high in the ultra-high
EGR smokeless regime suggested by [133].
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There are various methods/types to inject this exhaust gases to combus-
tion chamber by using a high pressure circuit (HPEGR) just before the intake
manifold and low pressure (LPEGR) circuit before the compressor. Both of
these EGR types are beneficial at particular operating points depending on the
size and components of the engine. Additionally, the internal EGR concept
is also useful, which can be implemented by changing the overlap of intake
and exhaust valve timing. However, the cooling of these kind of recirculation
appears to be impractical [134, 135]. The LPEGR mixes properly with the
intake air giving better reduction in NOx [136, 124]. It increases the mass
flow through the compressor increasing the efficiency of the turbocharger and
high EGR rates can be achieved and implemented [125, 50]. Besides, there
is no transportation of exhaust gases before turbine, the turbine power also
increases. On the other hand, HPEGR is faster in response as it reaches to
the intake manifold through shorter route which is helpful in the transient op-
erations. Moreover, HPEGR reduces the pressure difference across the intake
and exhaust of the engine reducing the pumping losses. Henceforth, it im-
proves the brake specific fuel consumptions (BSFC). Comparatively, HPEGR
generally shows better results at low loads while LPEGR offers advantages
at high loads [39]. Nonetheless, LPEGR has shown a clear advantage over
HPEGR with respect to engine efficiency and NOx/smoke emissions trade-off
in a large part of the engine map. LPEGR in combination with single-stage
VGT was found to offer a balanced engine efficiency and emissions trade-off
over the entire engine operating area [126]. Cooling of the exhaust gases before
sending them to intake of the cylinder reduces the temperature of the intake
charge [137, 138, 139]. In deduction, both types of EGR have their advantages
depending the operating point of the engine. Most studies have proved that
the simultaneous use of both HP and LPEGR with certain proportions are
useful for performance and emission specific zones of the engine maps [140,
136]. Researchers even tried to design controllers for the actuators of EGR
flow to provide required EGR rate to combustion chamber in steady state
and transient operation [141, 142]. However, the proper optimization of this
proportion between existing HP and LPEGR is required.

In regards to optimization of various engine output parameters, various
numerical methodologies have been used and developed for single and multi
objective optimization. Genetic algorithm is the most popular of them. The
MOGA is able to collectively find a pareto optimal set using a multi-point
search method. It is used on phenomenological models to optimize the fuel
economy and emissions by [143, 143, 144]. It is also used to train the neu-
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ral networks with the data from CFD models to predict the performance by
reducing the time of optimization [145, 146]. Additionally, MOGA is useful
in optimizing the piston geometry [147], while Non dominated sorting GA is
used for modelling CO and NOx emissions [148]. In the case of EGR split-
ting between HP and LPEGR, MOGA is used by [149, 150]. It takes into
account the possible range of EGR rates and thermo-mechanical limits of the
engine system. However full fledge analysis of impacts of different proportion
of HP and LPEGR with single stage turbocharger considering various thermo-
mechanical limits is required. The effect of cooling of HPEGR is also needed
to be analysed to make a comparative study with LPEGR with variable geom-
etry turbocharger. Moreover, a sophisticated solution is required other than
DOE to reduce the calculation time to find the optimum ratio between HP
and LPEGR to get the desired output from the engine.

This chapter includes, the parametric study of different split between HP
and LPEGR to see the effect on different engine parameters. The designated
EGR split index is used to characterized the ratio between both EGR types.
The 1D model for engine 2 is created in GT-Power software described in
Chapter 3. Various thermo mechanical limits have been set for studying the
full potential of the EGR implementation. Moreover to access the advantages
of cooled high pressure EGR, coolers have been created and calibrated with
the engine test results. Thereafter, a sweep has been performed changing the
split index of LP and HPEGR mass flow rate, respecting the total EGR rate
with and without HPEGR coolers. Finally, various advantages and penalties
are concluded with these various splits ratios on engine parameters like BSFC,
PMEP, MEP and compressor efficiency. In the following section, optimization
techniques are applied to the ESI by multi objective genetic algorithm. In the
end, a new control algorithm is proposed to reduce the time of optimization
by using the different modelled controllers in GT Power.

4.2 Engine model

A 1D model is created for engine 2 described in the Chapter 3. It consisted
two EGR lines called HPEGR and LPEGR. The HPEGR line (short route) is
designed through the intake manifold. The exhaust gases are directed through
a solenoid valve and injected before the intake valve through a common rail
type structure as shown in Figure 4.1(a). The simplified 1D GT-Power model
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of HPEGR system along with the intake manifold and engine is presented in
Figure 4.1(b).

(a) Physical system (b) GT-Power model

Figure 4.1: HPEGR line from the engine and simplified GT-Power model.

LPEGR system normally has very long path connecting the exhaust line
after the DPF to intake of compressor. On the engine 2, efforts has been
done to reduce the length of LPEGR line to overcome the delays involved in
the mass flow rate. Figure 4.2(b) shows the full LPEGR line with compact
LPEGR cooler attached downstream of the DPF and LPEGR valve. The
low pressure exhaust gases mix with the fresh air before compressor. The 1D
model of this LPEGR line is displayed in the Figure 4.2(b). To model the
DPF, DOC and SCR, ready made templates from GT-Power have been used
and tuned with the test results obtained in steady state for getting the exact
back pressure in the exhaust line.

The LPEGR system is not enough to provide high EGR rates even after
opening th LPEGR valve fully. This happens due to absence of large pressure
difference across the LPEGR valve. Therefore exhaust throttle is used to
create the larger pressure difference serving for higher LPEGR rates. An
extra PID controller is used to control the exhaust throttle. The controller
activates when LPEGR valve reaches to its threshold opening value (90%
of maximum open condition). This activates the ET controller closing the
throttle to reach higher LPEGR mass flows. Otherwise, when the LPEGR
valve is below the threshold, the ET control is deactivated providing output
of 100% valve opening.
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(a) Physical system (b) GT-Power model

Figure 4.2: LPEGR line from the engine 4.2(a) and simplified GT-Power
model 4.2(b).

The LPEGR cooler is modelled with the help of a basic volume and surface
area from the physical cooler. The effectiveness of the cooler is determined
as a function of mass flow rate flowing upstream the LPEGR cooler from the
test results. The same corelation is used to calculate the temperature of the
low pressure exhaust gases.

ε = q

qmax
= Tin − Tout

Tin − Tcoolant
(4.1)

To see the effects of cooled HPEGR, external heat exchanger is added in
the model. The characterization of this HPEGR cooler is done with the help of
ε−NTU method. Following the equation 4.1, The effectiveness of the counter
flow heat exchanger can be calculated by the equation 4.2 (by the ε − NTU
analysis) [151, 152].

ε = 1− e(−NT U ·(1−C))

1− C · e(−NT U ·(1−C)) (4.2)

Where, C is the dimensionless heat capacity ratio of hot gas and coolant
inside the heat exchanger.

C = Cmin/Cmax (4.3)

While, NTU is the number of transfer units (NTU) that is used for heat
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exchanger analysis and is defined as,

NTU = U ·A
Cmin

= U ·A
mf · cp

(4.4)

Considering the same coolant temperature of around 70-80ºC, the Cmax

value goes to infinity formulating the heat capacity ratio equal to zero. There-
fore the equation 4.2, substituted with 4.3 and 4.4, can be reduced to a simple
governing equation (4.5). Whereas, K stands for a U ·A

Cp
, which can be tuned

to get the effectiveness of the heat exchanger corresponding to the test data
of LPEGR cooler. Figure 4.3 represents the calculated effectiveness of the
HPEGR cooler (with K=0.04), as a function of mass flow rate of high pres-
sure gases going through it. This curve of effectiveness is imposed in the model
as input to calculate the HPEGR temperature after the cooler.

ε = 1− e(− K
mf

) (4.5)
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Figure 4.3: Calculated effectiveness of HPEGR cooler imposed in the 1D model
during simulations.

To model the combustion, the combustion profiles for full load operations
at each engine speed were imposed as a heat release rate in the combustion
template of GT-Power. The start of injection (SOI) is positioned to get the
indicated mean effective pressure from the tests.
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4.3 Model validation

Validation of the above engine model is done on 11 engine operating points
spread over the engine map with existing engine calibration in the ECU. Fig-
ure 4.4 represents the chosen operating points on the engine map for the model
validation and study. According to the current engine calibration, ECU uses
LPEGR on the entire operating range except the cold start period. HPEGR
is used instead to heat up the engine 1. Therefore the above GT-Power model
is validated with the test results from existing calibration. The coolant tem-
perature is kept above 70ºC and LPEGR is used, keeping the HPEGR valve
completely closed. The engine speed, fuel injection quantity, boost pressure
and EGR rate measured during the tests were inputs to the model. The target
boost pressure and EGR rate is achieved by PID controllers actuation of VGT
and area of the LPEGR valve respectively.
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Figure 4.4: 11 steady operating points over the engine map of Engine 2 used for
validation of 1D model.

The results obtained from simulation are compared with the test results.
The comparison of experimental and modeled data for the intake and exhaust
line are presented in Figure 4.5 and 4.6. The simulated results show good

1This current calibration of engine regarding EGR rate and NOx modelling is discussed
in Chapter 6
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agreement with the experimental data with ±5% of tolerance. The variables
names depend on the location on the engin map as follows,

P1,T1 Pressure and temperature before compressor

P2,T2 Pressure and temperature after compressor

P3,T3 Pressure and temperature before turbine

P4,T4 Pressure and temperature after turbine

The difference between experimental and test values for each variable are
calculated. Figure 4.5 represents the difference between experimental and
simulation values of intake line variables. Figure 4.6 represents the same for
exhaust line.
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Figure 4.5: Validation of intake line variables of engine model with the tolerance of
±1%.

4.4 EGR Split Index

The proportion of high and low pressure exhaust that is recirculated to the
intake of the engine is represented by the index which is called as EGR Split
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Figure 4.6: Validation of exhaust line variables of engine model with the tolerance of
±5%.

Index. It is not just a ratio of exhaust gas flow coming from the high and low
pressure line. The ESI for a specific engine operation is actually calculated by
the inverse exponential 2 of LP and HPEGR gas fraction (see Equation 4.6 ).
The index has a realistic range of 0 to 1, which is not the case by taking the
simple ratio of mass flows of those exhaust gases only.

ESI = 1/e

(
Plp
Php

)
;

where, Plp = Flp

Fegr
; Php = Fhp

Fegr

(4.6)

Flp and Fhp are the mass flow rates of LP and HPEGR respectively. While, the
Fegr is the total EGR rate going inside the cylinder. Inferring to the equation
4.6, ESI takes values from range 0 to 1 representing only LPEGR (ESI=0) to
only HPEGR (ESI=1) configuration. The Figure 4.7 represents the amount
(in percentage) of LPEGR rate as a function of HPEGR rate for different ESI
values obtained by the Equation 4.7 derived from the Equation 4.6 by taking

2The inverse exponential benefits the value of function between 0-1 for positive EGR
fractions. Positive x axis acts as an asymptote for the curve considering the range of term
Plp

Php
varying from 0 to +∞
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natural logarithm. The slope of different straight lines is nothing but the
natural logarithm of ESI values associated with respective LP and HPEGR
rate. The exact equal amount of HP and LPEGR gives the ESI value equal to
0.368 mathematically representing the dotted blue line with 45º of angle with
horizontal x-axis.

LPEGR = −HPEGR · (ln (ESI)) (4.7)
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Figure 4.7: EGR split indices used during the simulations with different HP and
LPEGR contribution from 10 tp 50% of total EGR rate.

4.5 Methodology

To see the effect of ESI on various engine parameters during the steady state
operation, exhaustive simulation campaign has been carried out varying EGR
rate and ESI. In the first step, variation of total EGR rate is done on full load
operations among above mentioned 11 operating points. The values used for
total EGR rates with only LPEGR configuration as per the calibration are
10,20,30,40%. The mass of fuel injected was kept constant for each operating

99



Section 4.5 Chapter 4

point while injection settings (Start of injection) are optimized with different
LPEGR rates to give maximum BSFC. The second step consisted of variation
of ESI values for respective total EGR rates. The ESI values are varied from
0 to 1 by 0.2 while the SOI and air mass flow were tried to be kept constant
for each EGR rate 3. Figure 4.8 displays the SOI and air mass flow for full
load point at 1000 RPM with variation of ESI. In second phase, the low load
operating points simulated with ∼ 25, ∼ 50 and ∼ 75% of load. The variations
of EGR and ESI is done similar to the full load points.
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Figure 4.8: Air mass flow and SOI settings during the parametric study at full load
1000 RPM engine speed.

Different levels of thermo-mechanical constraints were defined considering
the state of art for passenger cars [110]. From the compressor point of view,
the outlet compressor temperature is limited to 190ºC to prevent damage of
the plastic ducts which compose the intake line and 9% of margin is taken
on the maximum turbocharger speed to limit over speed problems in altitude.
For the combustion chamber at 1000 rpm the limitation is up to 150 bar for
passenger cars. For higher engine speeds, the cylinder pressure is limited to 170
bars. Finally, the maximum permissible exhaust temperature is also limited
to prevent turbine and exhaust manifold failures setting the level at 810ºC.

Optimization of the ESI to attain certain objective is done in the third
phase. Two methods were used to find the optimum ESI at particular engine
operating point. First one involves the genetic algorithm for multi objective
pareto optimization. The independent variables like ESI and total EGR rate

3For high EGR rates and high ESI values at full load operation, it is difficult to maintain
the air mass flow due to absence of turbine power.
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Compressor downstream Temp. 190ºC
Turbine upstream Temp. 810ºC

Max. In-cyl. Pressure(1000rpm) 150bar
Max. In-cyl. Pressure(>1000rpm) 170bar

Table 4.1: Thermo-mechanical limits of the engine part.

are varied to optimize the dependent variables like pumping losses and BSFC.
The optimization problem defined by the equation 4.8 represent the function
which needs to be minimized with the mentioned thermo-mechanical limits as
the constraints.

Torquereq, BSFC,NOx = f(ESI,EGR,mfuel) (4.8)

The algorithm makes a matrix of various combination of ESI, EGR and mfuel

within the specified range for each variable. The selection of operating con-
ditions are selected further to minimize BSFC and NOx, maintaining the
required engine torque. An extra constraint of air to fuel ratio is added con-
sidering the smoke limiter strategy mentioned in the Chapter 3. The minimum
value of AFR is maintained above stoichiometric value (λ greater than 1) dur-
ing the optimization.

4.6 Parametric study

This section contains the results of the parametric study of EGR rate and
ESI, that is done on the 11 operating points. The full load (first phase)
and partial load (second phase) results are presented chronologically. Several
engine parameters like boost pressure, intake temperature, PMEP, BSFC etc.
are studied with impact from the changes in total EGR rate and ESI.

4.6.1 Full load operations

As stated earlier, the boost pressure (pressure after the compressor) is con-
trolled by the PID controller by changing the VGT positions. Therefore, the
pressure values are very much sensitive to VGT positions. From the Figure 4.9,
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Figure 4.9: Boost pressure after the compressor during the parametric study at full
load.

it can be seen that, the boost control manages to control the target boost pres-
sure for lower EGR rates. However, for high EGR rates, the boost pressure
decreases with the higher ESI values for low engine speeds. Because, the air
flow through the compressor decreases with higher proportion of HPEGR flow.
Figure 4.10 shows the corresponding VGT positions suggested by the control.
It is evident that, even though VGT closes fully (reaching to its minimum
limit), in absence of the enough air at lower speeds the turbocharger is not
able to maintain the required boost pressure at higher EGR rates. However,
at 2000 rpm the availability of air causes the turbocharger to control the boost
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pressure very well. The point at 0.5 ESI for 2000 rpm is an outlier as the boost
control was not stable for this operating point.

Additionally, opening of HPEGR valve reduces the pressure before turbine,
which lowers the energy available for a turbine to drive the turbocharger shaft.
Therefore the boost pressure control has to close the VGT fully for those high
EGR rates.
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Figure 4.10: Percentage opening of the variable geometry turbine during the
parametric study at full load.

Since the compressor outlet temperature was the limiting factor in many
situations, the range of application of LPEGR is strongly limited by this tem-
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perature limit. The LPEGR configuration increases the temperature down-
stream of compressor rapidly crossing the threshold of 190ºC at full load points
(See Figure 4.11). Reduction of hot gases through the compressor with higher
ESI values id the cause of low temperature values. Big difference in temper-
ature at ESI=1 with high EGR rates is due to reduced boost pressure and
air for example 30% of EGR at 1000 and 1500 RPM of engine speeds. At
higher engine speeds, LPEGR causes the temperature after the compressor to
reach above the limit where as HPEGR addition can reduce this temperature.
Therefore higher ESI values for high speeds are beneficial for compressor outlet
temperature.

Figure 4.12 represents the intake manifold temperature. Intuitively, addi-
tion of HPEGR should increase the temperature of the intake manifold, but
the HPEGR is cooled and injected very close to intake valve of the cylinders.
While, in the case of only LPEGR configuration, the hot gases are cooled
twice in LPEGR cooler and WCAC. Therefore, no substantial differences are
seen for the intake temperature values. Although the intake temperature is
same for both LP and HPEGR case, the volumetric efficiency is not the same
considering the injection of HPEGR gas is very close to intake valves.

As discussed earlier, the air to fuel ratio is controlled by the smoke limiter
strategy. It maintains the value of AFR higher than stoichiometric AFR.
In this case, for the diesel combustion, this minimum value was set to 14.7.
Therefore, by the definition of lambda [153], the control tries to maintain
the lambda higher than one [154, 155, 156]. At full load, higher EGR rates
displace the air with exhaust gases leading to lower air to fuel ratios. This
situation activates the smoke limiter control, and the fuel is reduced drastically
to maintain the AFR value more than 14.7. Therefore, at full load, the EGR
rates higher than 10% does not show benefit in torque as a consequence of fuel
cutoff. Figure 4.13 represents the AFR values for the full load operations with
different EGR rates. For EGR rates higher than 10% the AFR is maintained
at 14.7 reducing fuel accordingly. While for 10% EGR rate the value increases
with the ESI. That means, the lesser fuel gives sufficient torque output due to
lesser losses in pumping.

The MEP is the indicated mean effective pressure without subtracting the
pumping losses. The MEP (See Figure4 4.14) increases as you shift the EGR
index to LPEGR side. For higher EGR rates, the reduced air mass flow sur-
passes the threshold for AFR. Therefore, the injected fuel is reduced leading
to lower MEP for high total EGR rates. While at 10% EGR rate, the result
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Figure 4.11: Temperature downstream of compressor during the parametric study at
full load.

are iso-fuel. For those points, LPEGR configuration is more convenient to
obtain high MEP values compared to HPEGR for similar total EGR rates.
Moreover, this situation is helpful to reduce the NOx formation with better
mixing of exhaust gases and air. Please note that the combustion parame-
ters are not calibrated to empirical data considering the HPEGR. Secondly,
although the HPEGR is cooled effectively (from the Figure 4.16), the LPEGR
is cooled twice and has temperature close to 25ºC while high ESI values ex-
hibit more temperature at the intake port (not the manifold). Therefore, this
configuration reduces the volumetric efficiency and so the MEP as compared
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Figure 4.12: Intake manifold temperature during the parametric study at full load.

to LPEGR.

High Pressure EGR line directly connects the exhaust manifold to intake
manifold. This reduces the pressure difference (δP ) across the intake and ex-
haust line, reducing the pumping losses caused during the complete 4 stroke
engine cycle. But this phenomenon is critically impacted by the area of vari-
able geometry turbine. Fixed area of the turbine geometry facilitates the re-
duction of pumping losses with HPEGR flows. Reduction in pumping losses is
represented by reduction in absolute value of PMEP. However, the Figure 4.14
shows the absolute value of PMEP is increased with higher ESI (more share of
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Figure 4.13: Air to fuel ratio during the parametric study at full load.

HPEGR) values. Surely, the reason behind this disagreement can be explained
by the VGT movement displayed in Figure 4.10. The given turbocharger is
designed according the LPEGR configuration in consideration. HPEGR valve
opening stresses the boost pressure control resulting into closure of the VGT.
This eventually increases the δP across the cylinder and hence increases the
pumping losses. At higher EGR rates (30%), the fuel is limited by smoke
limiter causing less energy available at the turbine inlet. In succession to this,
VGT is closed fully to meet the boost pressure requirement. Because of this
fixed position of VGT, the natural phenomenon of higher ESI (high HPEGR)
and then less δP happens as usual. Therefore, absolute PMEP decreases with
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Figure 4.14: Mean effective pressure in cylinder during the parametric study at full
load.

ESI.

At higher engine speeds, Figure 4.15(c) shows that with 10% EGR rate,
the trend is opposite. This is also explained by the VGT control as the higher
flows supplies enough energy before turbine maintaining the VGT positions
almost same for all ESIs. Retrospectively, the boost pressure control has major
impact on the pumping losses together with the usage of HPEGR setting.

In the case of only LPEGR, higher EGR rate causes higher pumping losses.
The effect of LPEGR on pumping losses depends on engine running conditions.
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Figure 4.15: Pumping mean effective pressure in cylinder during the parametric
study at full load.

During high speeds, when the mass flow is higher the pumping losses with LP
EGR increase dramatically because of increase in exhaust pressure. It seems
that the optimum point of EGR split index can be found with HPEGR causing
minimum pumping losses in the cycle. Therefore HPEGR is preferred with well
designed turbine at full load high speeds. Whereas at low speeds, the LP EGR
configuration is better with low total EGR rates with enough turbocharger
power. The higher total EGR rate (30%) at low speeds, causes 100% closing
of VGT meaning the reduction of pumping losses as fixed geometry turbine.
Where, direct connection of intake and exhaust manifold reduce the delta P.
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Figure 4.16: Temperature after HPEGR cooler considering the effectiveness curve
imposed in the calculations as a function of mass flow rate.

The BSFC depends on the fuel consumption and power output of the
engine. Therefore the collective effect of MEP and pumping losses decide the
final output of the engine. At 1000 rpm full load, the increase in global EGR
rate decreases BSFC due to unavailability of air and thus fuel is reduced to
avoid smoke. While at 1500 rpm, high global EGR rates increase the BSFC. As
BSFC is the ratio of fuel consumed to the energy available for the application.
Therefore, reduction of energy increases the BSFC for higher EGR rates which
can be seen in the Figure 4.17(b) at 1500 and 2000 RPM. Collectively, the
trade-off between gross IMEP (IMEP-PMEP) and fuel consumption is seen
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Figure 4.17: Brake specific fuel consumption during the parametric study at full load.

with HP and LPEGR share at particular EGR rate. If the HPEGR can be
cooled even more 4, it can increase the volumetric efficiency. Henceforth,
in addition to the proper matching of turbocharger, BSFC can be lowered
with HPEGR configuration.[157]. And so, it will increase the importance of
HPEGR share in ESI.

From the compressor point of view, if above operating points are plotted
on the efficiency map of compressor (See Figure 4.18). With only HPEGR
configuration, the operating points fall at the lower mass flow side of the

4the limit is engine coolant temperature of 70ºC
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map (Considering the effect of intake temperature, mass flow is corrected
by multiplying factor of

√
T/Tref

P/Pref
). While with LPEGR, the operating point

moves to upper-right side (more mass flow rate and pressure ratio). The
temperature of the charge gets increases with LPEGR. It is evident from the
Figure 4.18 that, the application of LPEGR moves the operating point of
the compressor in higher efficiency zone. As this turbocharger is designed
considering the LPEGR flows, this phenomenon is advantageous at the higher
engine speeds too. Similarly in case of turbine, HP EGR configuration reduces
the mass flow going through the turbine as it is bypassed to intake before
entering into the turbine. Whereas, LP EGR configuration increases the flow
through turbine.

4.6.2 Partial load operation

The second phase consists of the same study but on partial load points. The
approximate load point selection is done for 25%, 50% and 75% of load at
each engine speed (from Figure 4.4). The injection settings were obtained
with LPEGR configuration and kept constant over the ESI sweep. The fuel is
also kept constant to see the performance of engine with different EGR rates
and EGR split index. The smoke limiter strategy is activated to keep the
minimum air fuel ratio above the stoichiometric AFR. The total EGR rate is
changed from 10% to 40% with increment of 10% while the ESI is swept from
0 (only LPEGR) to 1 (only HPEGR) with variation of 0.2.

As usual, the compressor outlet temperature (see Figure 4.19) at partial
loads increases with the LPEGR. The limit of maximum temperature is sur-
passed at higher engine speeds close to full load. On the other hand, high
ESI reduces the temperature after compressor as LPEGR flow gets reduced
through the compressor. Increasing value of ESI, demands high power for tur-
bine to provide enough energy to compress the intake air. But the minimum
limit of VGT restricts this energy transfer. This causes less boost pressure
after compressor, changing its operating point. That is why, in only HPEGR
configuration, higher total EGR rates reduce the air mass flow and thus the
compressor outlet temperature.

Intake temperature in the manifold is not much affected with the use of
HPEGR same as in the full load, because of the HPEGR injection system
design. This helped to maintain the lower air intake temperature. However,
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(c) 2000 RPM

Figure 4.18: Extreme operating points with HP (ESI=1) and LP (ESI=0) on a
compressor efficiency map.

as discussed earlier in previous phase of full load operations, the volumetric
efficiency of the cylinder gets affected with the HPEGR configuration in this
particular engine. Mean effective pressure (see Figure 4.20) increases with the
usage of HPEGR at low load points. The supply of high HPEGR rates is
simpler, as the δP across the HPEGR valve is readily available. While in the
case of LPEGR, the high LPEGR rate is not possible due to unavailability of
enough δP across the LPEGR valve. This can be provided by throttling the
exhaust gases using exhaust throttle. This causes increase in the back pressure
in the exhaust line and eventually reduction in MEP. Therefore, HPEGR con-
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Figure 4.19: Compressor downstream temperature with HP, LP and their
combinations at different engine speeds with partial loads. (The loadings are 75%,

50% and 25% from top to bottom.)

figuration is better at low loads providing higher global EGR rates. However,
the partial load points (50% and 75%) show the contrary results. As we go
to higher load points, higher ESI values reduce the MEP by less volumetric
efficiency and also the turbocharger fails to provide enough boost pressure in
the intake line.

The impact of global EGR rate on PMEP is less in the case of LPEGR as
it is further from the cylinder and recirculates exhaust gases after the turbine.
While HPEGR rates affect the PMEP largely as it is directly connected to the
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Figure 4.20: Mean Indicated Pressure with HP, LP and combinations. (part load)

intake and exhaust of the cylinder. Hence at low loads it is advantageous to
use high ESI configuration for less pumping losses while at high loads LPEGR
is useful for lower global EGR rates. Higher global EGR rate also can be
pushed to meet the NOx emission objectives.

Moreover, with ESI=0 configuration, the higher EGR rates requires high
pressure drop across the LPEGR valve. This is fulfilled by exhaust throttle in
the exhaust line. The increase in exhaust pressure also increases the pumping
losses. Similar to full load results for high global EGR rates, LPEGR has
more pumping losses compare to HPEGR (Figure 4.21), which can be avoided
by higher ESI values. The only difference is the insufficient power of turbo at
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Figure 4.21: Pumping Mean Effective Pressure (PMEP) with HP, LP and
combinations (part load).

full load and exhaust throttle control at low load are the origin of these high
pumping losses. The partial load points (50% and 75%) needs the optimization
for ESI considering the PMEP values depending on the turbocharger operating
condition.

As the comparison is made with iso-fuel configuration (which was not pos-
sible at full load high EGR rate, due to smoke limiter for AFR), The brake
specific fuel consumption for partial loads this comparison holds good for high
global EGR rates too. LPEGR configuration shows less BSFC as the MEP
is higher for 50% and 75% loads. Whereas, in case of low load (25%), BSFC
decreases with the addition of HPEGR in the global EGR due to reduction
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Figure 4.22: Brake Specific Fuel Consumption with HP, LP and combinations (part
load).

of pumping losses and bigger MEP values. For 25% load iso-fuel points, the
BSFC follows mostly the trend of pumping losses in reverse.

All the above operating points in the simulation were constrained to similar
fuel injection quantity. In this way the energy input to the engine was kept
almost same for the sweep in the global EGR rate and the EGR split index.
That means, the results are needed to be analyzed for maximum torque output
with minimum losses. Figure 4.23 represents the torque output of a model with
different EGR rates and ESI values. The light areas represent higher torque
in the figure. For the selected quantity of fuel, the engine torque is higher
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Figure 4.23: EGR and ESI sweep giving the engine torque with the 1D simulation.

with lower EGR rates in general. Mostly, at full load points, the torque is
not very sensitive to change in ESI. However, at high EGR rates, lower ESI
values show slight advantage. This trend gets prominent while going down the
low load points. Low ESI values produce higher torque while pushing bigger
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quantities of total EGR rates. Contradictorily, at very low loads, sensitivity of
torque on the ESI axis is noticeable. Higher ESI and EGR rates can improve
the performance of the engine. Depending on the engine speed, it can be seen
that, torque at high speed points are more sensitive to change in ESIs.
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Figure 4.24: EGR and ESI sweep giving the BSFC with the 1D simulation.
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It is evident from the Figure 4.24 that, brake specific fuel consumption is
more affected by change in ESI as compared to engine torque. The dark areas
in the figure show less BSFC. The 1000 rpm engine speed shows contrasting
behavior than other engine speeds. At full load, BSFC increases with high
total EGR rates and ESI, while at 1000 rpm, it decreases. The lower ESI
allows to achieve less BSFC for 50% to 100% load. Retrospectively, at some
areas on the map of EGR rates and ESIs there is potential of high torque
but BSFC may show different behavior. Therefore it is necessary to find the
tradeoff between the engine torque and fuel consumption with minimizing the
emissions which can be done by pushing large EGR rates.

4.7 ESI Optimization

The objective of this section is to find the optimum value of split (ESI) between
HP and LPEGR within the tradeoff of performance and emissions. Various
optimization techniques are discussed in the introduction to find the optimum
value of ESI. In this section, two methods of optimization are used. One of
them uses the genetic algorithm to optimize the created cost function with
multi variable inputs. The second method consists of a new algorithm gener-
ated from the control logic in GT Power. The advantages and results of both
techniques are compared at the end.

4.7.1 Genetic algorithm

The genetic algorithm (NSGA-III) implemented via the open source JAVA
based MOEA framework, is used to create a simulation matrix with dependent
and independent variables (see Table 4.2) to generate multi variable pareto.
The algorithm selects the operating point with arbitrary input within a spec-
ified range of independent variables and minimizes the cost function f(x) by
simulating the steady engine operation,

f(x) =

 BSFC
(1− EGR)
εT orque

 ; x =

ESIEGR
mfuel

 (4.9)

Basically it finds a solution for minimum BSFC and error in the torque
requirement (εT orque) while maximizing EGR rate (in fraction). The range of
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inputs or the independent variables is given in the Table 4.2. The 40 iterations
were used for the genetic algorithm for each operating point. This number is
the multiplication of the population size and number of generations which
depends on the number of independent variables. The population size (n) is
calculated from the following expression [158] .

n = (number of ”Independent” variables) ∗ (number of active cases) (4.10)

Dependant Variables Independent Varibales
BSFC ESI [0-1]
Total EGR rate Total EGR [0-60]
Error in torque Fuel injection [±5%]

Table 4.2: List of dependant and independent variables for optimization problem
with genetic algorithm.

The results of simulation with 6 engine operating conditions are mentioned
in the Figure 4.25 with variable ESI, EGR and fuel mass to optimize the
given cost function. To identify the optimum solution from the pareto points
generated from the algorithm, the minimum value of cost function is chosen
with respective inputs of independent variables. This point is marked with
the circle in the figure 4.25 along with respective value of ESI. The selected
solution has minimum BSFC, maximum EGR rate and the torque value close
to the requirement at that specific operating point.

This method takes lot of time and resources for the simulation. The num-
ber of unnecessary solutions which are not the part of pareto are also simulated
increasing the total time of the optimization. Moreover, the accuracy of this
method is directly proportional to the number of iterations performed to cal-
culate the pareto solutions. This further increases the time of the calculations
upto 10 to 12 hours per operating point. Therefore, a new algorithm is re-
quired to optimize the specific variables in less time.

4.7.2 Proposed algorithm

The main objective of finding the split between HP and LPEGR is to minimize
the emissions and fuel consumption while maintaining the torque output of
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Figure 4.25: 6 operating points simulated with genetic algorithm to find the optimize
the given cost function 4.9.

the engine. Therefore, the algorithm should focus on these minimum output
variables and reduce the simulation time. The new control algorithm is cre-
ated with the logical operators and controllers existed in the GT-Power tool.
Instead of making entire DOE matrix, the algorithm changes the ESI value
in real time by monitoring the variables which are needed to be optimized.
Figure 4.26 demonstrates the flow of algorithm in which the optimization
variables are BSFC, compressor efficiency and total EGR rate. The ESI value
for the respective optimization variable is proposed in real time to maximize
or minimize the variable accordingly. The PID opto-controller is used for the
prediction of split for each variable. The value selector decides the final ESI
values as per the weighted criteria or the average of the proposed ESI. The
Total EGR rate is controlled by monitoring an engine torque with a PI con-
troller. The respective value of LP and HPEGR rates are calculated from the
ESI and total EGR rate by the expression 4.6. Controller 1,2 and 3 control
the HP, LP and ET valve respectively with the target value set by the pre-
vious calculations. The exhaust throttle controller 3 is connected with the
controller as they share same target. The constraint for controller 3 to be
activated depends on the opening on the LPEGR valve. Thant means, when
the LPEGR valve reaches to 90% of its limit, controller 3 gets activated to
attain the required LPEGR rate.
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Figure 4.26: Control algorithm to find the optimized ESI value at particular
operating point.

Initial value for the ESI is kept 0 (i.e. only LPEGR configuration) and
incremented by prescribed fraction at every interval δt (provided by user). A
constant feedback of output variables which are needed to be optimized is fed
to the controller 5. The increment is reversed if the feedback of the output
variable goes away from the target. For example if the current BSFC with the
current ESI of the iteration is higher than the BSFC from the previous iteration
with respective ESI, then the ESI value for next iteration is decremented
instead of increasing and vice versa. This allows the ESI value to converge
to the particular value after some iterations, giving respective optimized split
between HP and LPEGR rates (eg. higher BSFC).

To add more than one output variables to monitor, same number of con-
troller are required to be added. Moreover, a weighted logic is also need to
be provide to select the appropriate ESI at every iteration, proposed by each
controller. The logic could be average or maximum/minimum of all ESI pro-
posed from all controllers. The logic to select the corresponding ESI value for
every iteration is provided in the value selector block.

The time required for each operating point is only 2-3 hours which is
almost 80% less than the time consumed by the genetic algorithm. The time
for genetic algorithm increases more if the number of iteration are increased
further.

5OptoController from the GT suite library
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4.7.3 Comparison

The two algorithms to find the optimized ESI value for the selected operating
points are compared with the original calibrated engine model with the only
LPEGR strategy. The engine torque output is one of the targets during the
optimization study. Therefore, the efforts have been made to maintain the
torque from the model during both algorithms. Figure 4.27 depicts the torque
outputs from the model during the two algorithms with the original calibrated
model. The torque during the new control algorithm is maintained to the
original one however the torque from the genetic algorithm has some tolerance
of ±5% with the original. This can be improved by increasing the iterations
during the genetic algorithm.
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Figure 4.27: Engine torque comparison from current calibration (only LPEGR
configuration) with optimized ESI obtained from genetic and new control algorithms.

Concerning the emissions, the maximum EGR rate corresponds to lesser
NOx emissions. Therefore, maximizing the total EGR rate is one of the main
objectives of the two algorithms. The total EGR rates that could be pushed
in the air system is portrayed in Figure 4.28 in comparison with the one from
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original calibration. The higher EGR rates with optimized algorithms are
always higher than the original calibration. With the air to fuel limitation
for smoke control, higher amount of total EGR rates can be pushed with
combination of HP and LPEGR. Even at full load, the total EGR rate is
considerably higher. The potential for injecting larger EGR rates is way higher
for low loads by new control algorithm, without loosing the engine torque.
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Figure 4.28: Total EGR rate comparison of original calibration (only LPEGR
configuration) with optimized ESI obtained from genetic and new control algorithms.

Although, the torque is same, BSFC stays as an important concern. Fig-
ure 4.29 shows the BSFC values for all the operating points procured by the
two algorithms. The overall change in BSFC is not substantial, however,
there is always an improvement with the optimized combination of both types
of EGR. Inferring to the torque differences from the genetic algorithm, the in-
equality is also got reflected on the BSFC values. The new control algorithm
predicts the good BSFC results at low load points.

Finally, the splits between the HP and LPEGR obtained from the two
algorithms are presented in the Figure 4.30. The original calibration consists
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Figure 4.29: BSFC comparison of original calibration (only LPEGR configuration)
with optimized ESI obtained from genetic and new control algorithms.

only LPEGR configuration, therefore the ESI values are always 0 (blue lines).
As per GA , high engine speeds require higher ESI with bigger share of HPEGR
in global EGR rate. The proposed algorithm goes inline with the previous
results obtained by the ESI sweep for different engine operating points. The
low load points require higher ESI values and it gets close to 0 at higher loads.
The logic used in value selector block selects the average of all ESIs proposed
by each controller at every iteration. In other words, equal weight is given
for BSFC and EGR rate optimization function to find the solution. Because
of this reason, at the higher engine speeds, ESI values are lower than genetic
algorithm. At low loads, high share of HPEGR requirement is predicted to
gain advantages in BSFC.
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Figure 4.30: BSFC comparison of original calibration (only LPEGR configuration)
with optimized ESI obtained from genetic and new control algorithms.

4.8 Conclusion

This chapter gives the insights about using combination of EGR systems on
wide operating range of turbocharged diesel engine and its effect on different
engine parameters. This study will be useful for the design and calibration
of diesel engines with both high and low pressure EGR configuration meeting
the upcoming emission regulations. Moreover, the optimization algorithm will
be helpful to reduce the simulation time to carry out specific optimization of
split between HP and LPEGR.

The temperature downstream of the compressor is very sensitive to the
LPEGR only configuration for high EGR rates at full load. On the other
hand, cooled HPEGR seems to be advantageous in this area. For the low
loads, LPEGR provides less temperature in the intake manifold, but seems
useful to utilize only at low speeds considering the problem of pumping losses
at high speeds, reducing the mean effective pressure. These requirements can
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be fulfilled by cooled HP EGR. HPEGR reduces the pumping losses at low air
mass flow and high EGR rates. However, at full load points, pumping losses
does not reduce with higher HPEGR rates as the boost pressure control plays
the important role. Mostly, at full load points, the torque is not very sensitive
to change in ESI. However, at high EGR rates, lower ESI values show slight
advantage. Collectively, Lower ESI values produce higher torque allowing
bigger quantity of global EGR rates, while torque at high speed points are
more sensitive to change in ESIs. BSFC is more affected by change in ESI as
compared to engine torque. For the partial loads, BSFC can be lowered with
the low ESI except at lowest load points (involving throttling of exhaust gases
to drive LPEGR), where high EGR rates can be supplied with reduced BSFC
values

The DOE and genetic algorithm method for ESI optimization are easy
to set up. However, the number of unnecessary solutions which are not part
of pareto are also simulated increasing the total time of the optimization.
Moreover, the accuracy of this method directly depends on the number of
iterations that are performed, to calculate the pareto solutions. This further
increases the time of the calculations. On the other hand, the new control
algorithm is faster and reduces around 80% of time over the genetic algorithm.
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5.1 Introduction

I t’s been many years that exhaust gas recirculation strategy has been used
to lower the temperature of combustion and to reduce NOx formation on

high speed turbocharged diesel engines. Plenty of literature is available re-
garding effective implementation of both HPEGR (also known as short route)
and LPEGR (also known as long route) [126, 159, 160]. Use of HPEGR de-
creases BSFC of an engine reducing pumping losses, while the homogeneous
mixture of LPEGR with air reduces even more cylinder out NOx concentra-
tion comparatively at steady state [136]. LPEGR increases the mass flow
rate through the compressor shifting the operating point to a higher efficiency
zone along with effective use of variable geometry turbo [161]. Looking at
different benefits and drawbacks of these two systems, a hybrid system using
both EGR configurations is also studied. For example switching in-between
both HPEGR and LPEGR at particular operating conditions [40] or combi-
nation of both of them from the last chapter. Specific split in flow between
these two architectures has been optimized experimentally and with simula-
tions in steady operations [142, 150]. However, all these studies consist the
optimization of all the EGR systems during particular steady state operation.
However, increasing challenges of emission regulations with dynamic engine
behavior, this system needs an update to match with real world driving con-
ditions. The condition where the engine changes its loads state frequently.
Inferring to Chapter 2 the real driving conditions consist of frequent transient
operations. On the one hand, various technologies have been developed to
curb the emissions during transient operations. Nevertheless, they add the
extra cost and weight to the engines [162, 163]. On the other hand, the avail-
able EGR lines on production engines can be used conveniently with strategic
control to control the emissions during transient operations. It could act as a
simple solution to adapt with the new regulations cost effectively rather than
new inventions.

PEMS has made measurements of on-road real driving emissions possible
from the tail pipe. Therefore the scope of type approval tests is not limited up
to the test bench anymore. The traditional driving cycles and emission regu-
lation procedures seem to be replaced by new advanced cycles like WLTC and
RDE in near future. Moreover, as a consequence of the diesel gate scandal a
lot of data on real driving emissions of Euro 6 cars has become available [164,
165]. It has been mentioned that EURO 6 calibrated vehicles have the more
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emissions than the new regulation limits and need high conformity factor to
pass the newly developed type approval process [166, 25]. In parallel, dy-
namic cycles like WLTC are being developed to represent the real driving
conditions [72]. Retrospectively, the emissions strategies designed for steady
cycles are very much needed to be modified to cope up with the emissions.
Various studies have been carried out to see the effect of emissions during new
dynamic cycles based on cold intake conditions[83], heated after-treatment
system[167]. It has been seen that, the transient operations play major role in
the high emissions during the real driving conditions and WLTC cycle. These
operations are responsible for sudden NOx peaks from those Tip-In ans Tip-
Out operations [168, 88]. Therefore a in depth study of behavior of engines and
emission during transient operations is required. As these operations happen-
ing quickly in small interval of time, making large impact nevertheless. They
need a dynamic and fast emission measurement systems to measure the NOx

formation inside or close to combustion chamber. [169].

Regarding transient EGR, research has been done on small transient op-
erations up to medium load with LPEGR [32] and mild transients with slow
change in load on extra urban part of NEDC cycle [170]. Hybrid EGR tech-
nology is also simulated to see the effect on the transient air performance
and emissions [171]. Evidently, presence of EGR causes delay in duration of
transient operation. Comparatively, HPEGR is quiet fast compared to the
LPEGR due to the short length of EGR line. While, LPEGR valve movement
with exhaust throttle are quiet sensitive for the overshoot in burned gas mass
fraction transport [172]. Some strategies regarding the control of EGR during
this transient event has been tested and published. One of the strategies con-
sists of implementation of ’threshold limit’ for burned gas mass fraction, to
reduce the NOx peaks during mild transients and air fuel ratio, to reduce the
particle matter formation. However, this strategy is not useful when the tran-
sient events last up to full load, where the air-to-fuel ratio (AFR) is already
close to 1. Moreover the strategy of burned gas mass fraction will reduce the
performance of the engine too much [173]. The effect of transportation delay
of EGR on NOx is presented in [174]. Apart from diesel engines, there are
some methods that has been developed on gasoline engines, regarding estima-
tion of LPEGR rate considering transportation delays from the EGR valve to
intake valve of the cylinder which can be helpful to design the LPEGR control
during transients [95]. This study acts as a continuation of above studies in
order to find out strategies for better performance and reduced emissions with
existing production engine structure. This does not include any cost related
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changes or high-tech after treatment system.

This chapter mainly focuses on the load transient operations which are
responsible for high NOx emissions during the dynamic driving cycles dis-
cussed in chapter 2. These harsh load transients (from low load to full load)
are repeated on dynamic engine test bench to observe the raw emissions. The
pollutants are measured with fast response NDIR500 (for CO2) and CLD500
(for NOx) measurement system. Application of LPEGR and HPEGR system
and their impacts have been presented during these transient and full load
operations. A parametric study with the movement of LPEGR valve during
Tip-In operation is also carried out to see the tradeoff between emissions and
performance of the engine. Moreover, to assess the delays of EGR in the intake
line, a typical transient operation, mimicking a roundabout path maneuver is
performed with HP and LPEGR combination.

5.2 Methodology

Taking into account certain difficulties in design and instrumentation men-
tioned in the chapter 3, a methodology is followed to achieve the objective of
this study. The identified load transient operations from the cycle analysis
section are performed on the engine test bench with various EGR strategies at
full load. The implementation of EGR at full load is done first with both HP
and LPEGR systems. As the HPEGR measurement was the challenging task
specifically for this type of engine,a comparative relation is pre-decided and
fixed with both EGR systems. The decided EGR valve positions are further
used during harsh load transient operations to quantify the effect on NOx

emissions.

5.2.1 Full load operation with EGR

Before performing different transient operation, a strategy of implementing
EGR at full load has to be tested in steady state. According to the original
calibration, whenever the engine is hot and comes across any transient opera-
tion or goes outside EGR zone, the ECU closes the EGR valves and cuts the
EGR going to the combustion chamber [174, 23]. Hence, normally there is no
exhaust gas recirculation at full load. So addition of EGR creates a complex
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scenario considering the smoke limiter strategy, as the diesel engine already
runs with lambda close to 1. This condition is critical for the formation of
soot. Moreover, from the control point of view, it will hinder with the close
loop control of boost pressure at full load. So, firstly, the EGR valves are
controlled manually to find out the position to provide around 5% EGR rate
at full load in steady state. Secondly, these valve positions of HP and LP EGR
valves are fixed for respective type of strategies, whenever engine operates on
full load. Table 5.1 represent the 4 operating points where the EGR valve
positions are determined.

Speed
[RPM]

EGR
rate [%]

LPEGR
[% open]

HPEGR
[% open]

Torque
[Nm]

1250 5% 20.84 16.36 268
1500 5.10% 20.84 26.78 342
1750 5.08% 20.84 50.59 390
2000 5.10% 20.84 44.64 393

Table 5.1: Full load steady state points with 5% of EGR from LP and HPEGR
system at iso-torque operation.
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Figure 5.1: Iso-torque engine operation to have same composition of the HPEGR
and LPEGR at full load for different engine speeds.

In the case of HPEGR, as said before, due to complexity of the intake
manifold, it was difficult to measure the EGR rate. With 5% of LPEGR
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conditions at full load, the engine always exceeds the AFR limitations for
soot formation. Therefore, the air-fuel ratio value is not a good parameter
to determine the same operating condition for comparison of HP and LP
configuration. However, HPEGR valve positions giving the same torque values
with full load engine running condition as in LPEGR is can be used to see
the effect on the emissions with similar performance. The effect of intake
manifold temperature variations can be neglected here since the EGR rates
are reduced and the air-EGR mixture temperature will not be significantly
affected between LP or HP-EGR. Therefore, the HPEGR valve position was
found out to deploy 5% of EGR rate giving same torque values as in LPEGR
as shown in Figure 5.1

5.2.2 Harsh transient operation with EGR

Finally, the harsh transients were performed on 4 engine speeds covering the
high density zones of transients on the engine map of different driving cycles.
The selected engine speeds are 1250, 1500, 1750, 2000 RPM. All the Tip-In and
Tip-Out operations were performed after the engine is warmed with coolant
temperature above 80ºC. To assess the worst case behavior during a particular
case of Tip-In and Tip-Out operation, the pedal shift was carried out from 2
bar BMEP with around 40% of LPEGR as per the ECU calibration to full
load in a time less than a second. At the low load point, LPEGR valve was
completely open and the exhaust throttle was used to control the air mass
flow to the cylinder inside EGR zone. After remaining for 15 seconds at full
load, the pedal was shifted back to original position with 2 bar BMEP. Intake
throttle was kept open all the time (as exhaust throttle is best suited to drive
LPEGR than intake throttle [32]). The emissions and engine parameters (as
explained in the experimental setup) were recorded for these 40 s. Different
EGR configurations analyzed during these load transients were as follows are
described in the Table 5.2

• Without implementing any EGR at full load (original calibration)

• Fixing valve position of LPEGR (long route) giving 5% of EGR at full
load.

• Fixing valve position of HPEGR (short route) giving same torque as in
LPEGR at full load.
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Engine Speed [RPM] Transient load
progression

EGR at Full
Load

Load transient without EGR at FL
1250,1500,1750,2000 RPM 2bar-FL-2bar 0%
Load transient with EGR at FL
1250,1500,1750,2000 RPM 2bar-FL-2bar 5% LP
1250,1500,1750,2000 RPM 2bar-FL-2bar 5% HP
Load transient with LP profiles
1250,1500,1750,2000 RPM 2bar-FL Prof5
1250,1500,1750,2000 RPM 2bar-FL Prof10
1250,1500,1750,2000 RPM 2bar-FL Prof15
Load transient at roundabout
1500 RPM 2bar-0bar-FL-2bar 5% LP

Table 5.2: Transient operation studies with different EGR strategies.

5.3 Analysis

A typical transient with the original calibration and different engine param-
eters for 1500 RPM is shown in Figure 5.2. When pedal is shifted to 100%,
leading the operating point outside of EGR zone, LPEGR valve closes com-
pletely. The CO2 concentration just before the intake valve reduces slowly to
zero as there are exhaust gases present already in the intake circuit. Due to
this, high peak of NOx in not observed by the fast cambustion system during
this kind of load transients. A different type of harsh transient without having
burned gas concentration beforehand in the intake line are studied to see the
formation of high NOx peak in the section of roundabout transients. From
the perspective of time, thanks to the compact design of LPEGR line, the
transportation delay of the burned gases is found to be reduced considerably
as discussed in [172]. A trend in the evolution of NOx can be established
during harsh load transient operations. The observed pollutant measurement
consists of a three step process where NOx increases up to a certain value until
the CO2 concentration starts to decrease at the intake valve. Thereafter, CO2
starts decreasing and NOx evolves to a next step with higher value where fuel

141



Section 5.3 Chapter 5

0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

20

40

60

80

100
Pe

da
l&

LP
EG

R
va

lv
e

[%
]

0

500

1000

1500

N
O

x
[p

pm
]

0.0

0.5

1.0

1.5

CO
2

[%
]

2.5

5.0

7.5

10.0

12.5

Fu
el

flo
w

[k
g/

h]

LPEGR valve position
Pedal position [%]
NOx [ppm]
CO2 [%]
Fuel flow [kg/h]

0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [s]

1.25

1.50

1.75

2.00

2.25

Bo
os

tP
.[

ba
r]

50

100

150

200

Co
rr

.a
ir

m
as

s
flo

w
[k

g/
h]

10

20

30

40

50

60

VN
T

op
en

in
g

[%
]

0

10

20

30

40

50

AF
R

Boost P. [bar]
Corr. air mass flow [kg/h]
VNT opening [%]
AFR

Figure 5.2: Measurements of different engine parameters and emission along with
valve actuation during a typical Tip-In operation from low load to full load at 1500

RPM.

is getting limited as the AFR value goes below the smoke limiting value (the
black dashed line represents stoichiometric AFR). This part could be coined
as a “waiting zone” where fuel is being limited. The fuel starts increasing
further as soon as air arrives with the delayed turbo boost and it increases
in-cylinder temperature and eventually NOx formation to even a higher final
steady state value.

On the other hand, during the Tip-Out operation from the full load to 2
bar BMEP running conditions, fuel reduces back instantly while the air goes
down sluggishly creating high AFR more than 150. Moreover, as the operating
point goes back into the EGR strategy zone opening again LPEGR valve, CO2
concentration in the intake line evolves with a time delay leading to a peak
of NOx for that short period of time as seen in the Figure 5.4. Later, due to
combination of LPEGR valve and closing of exhaust throttle, a high flow of
LPEGR is recirculated which leads to an important reduction of NOx [172].
As the EGR rate demand is high, the LPEGR valve opens completely and
the flow control of EGR and air flow is transferred to exhaust throttle, which
partially closes to increase the pressure in the exhaust line so as to increase
the EGR flow at the same time.
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Figure 5.3: Typical turbine geometry movements during a harsh transient operation
from low load(2 bar BMEP) to full load
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Figure 5.4: Measurements of different engine parameters and emission along with
valve actuation during a typical Tip-Out operation from low load to full load at 1500

RPM.

It is important to observe the turbocharger behavior during a transient
operation. In the case of Tip-In operation, whenever pedal is pushed at the
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start of the operation, the variable geometry turbine closes the vanes reducing
the cross sectional area to a value (12% in this case) close to minimum to
fulfil the boost pressure demand quickly (see Figure 5.3). As soon as the
boost pressure target is achieved, the control moves the turbine positions to
higher values regulating intake pressure. The time duration for the turbine to
be almost closed is different for different engine speeds as the energy at the
turbine inlet and turbine speed are different. This particular time decreases
as the engine speed increases and it almost ends along with “waiting zone” as
discussed in previous section. The calibrated smoke curbing AFR limit plays
an important role for the torque generation during this period while the NOx

is affected by the quantity of air (mainly oxygen) going inside the combustion
chamber [175].

5.3.1 Transients with EGR

Recirculation of exhaust gases during transient operation by opening LP or HP
EGR valve has a noticeable impact on NOx emissions. As seen in Figure 5.5,
which shows the transient for 1500 RPM, the final steady state NOx levels at
full load is reduced by almost around 50% with LPEGR and 75% with HPEGR
configuration. From transient behavioral point of view, NOx concentration
correlates with CO2 concentration at the intake. The first stage of NOx

evolution remains unchanged despite of any EGR strategy as emptying of
exhaust gases in the intake circuit takes time (CO2 concentration at the intake
valve is similar with a configuration without EGR). Thereafter, it reaches to
the value for “waiting zone” and then to a final fixed EGR valve (5% rate)
steady state concentration. In case of LPEGR, CO2 concentration reduces
slowly with a fixed delay different for engine speeds. Before it reaches to a
final value, it has a slight dip representing a start of “waiting zone” (from the
point where air starts increasing). This dip gets reflected as a peak in NOx

concentration, which is detected in the middle plot of Figure 5.5. However, in
case of HPEGR strategy CO2 arrives very fast and attains higher values (than
expected for 5% EGR rate valve position) due to high amount of EGR flow.
Highly scattered values of CO2 concentration explains the bad dispersion of
HPEGR by the fact that exhaust gases and intake air are not properly mixed
differing greatly from being homogeneous mixture like LPEGR. Moreover, the
location of NDIR500 probe was at the last cylinder just before the intake
valve. High amount of HPEGR flow is explained by sudden closure of VGT
thereby increasing the pressure before turbine, driving a significant amount
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of exhaust gases through the HPEGR valve. Additionally, in the HPEGR
case, the time for VGT remaining closed is also increased due to the fact
that, the energy upstream the turbine is removed in the form of HPEGR flow
and the VGT has to comply with reducing the area of the turbine to provide
power to compressor. Clearly, the current turbocharger is not designed to
work with HPEGR at full load, and therefore the performance is worse with
this configuration.Hence, LPEGR shows advantage over HPEGR giving better
performance and comparable reduction in NOx in transient and also in steady
state. Whereas, HPEGR has advantage in case of time due to its fast arrival.
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Figure 5.5: High Pressure and Low Pressure EGR valve positions with respective
strategy along with the instantaneous NOx emissions and CO2 measurement at the

intake valve during a harsh transient Tip-In operation at 1500 RPM.

From the performance point of view, HPEGR configuration takes more
than 3 seconds to achieve the final boost pressure owing to the energy reduction
before turbine even though the VGT is fully closed (see Figure 5.6). As a
result, the torque gets diminished due to lack of air and proves that this
configuration is not well suited in terms of vehicle dynamics. On the other
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hand, comparing with HPEGR configuration, LPEGR shows better results
without losing much energy before turbine, which allows to increase the flow
through compressor. Figure 5.6 (middle plot) shows LPEGR boost pressure
evolution is quiet close to the one with the configuration without EGR. The
engine torque (top plot) shows major difference only in the first few seconds
of transients (during the “waiting zone”) as the final torque is slightly reduced
with 5% EGR rate. Hence, performance wise, LPEGR is better than HPEGR.
Moreover, we can also deduce that a control design of LPEGR configuration
is simpler than HPEGR, for transient operations, with just the difficulty of
the slight CO2 transport delay in the intake line, which should be taken into
account.

0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.00

200

400

En
gi

ne
to

rq
ue

[N
m

]

0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

1.5

2.0

Bo
os

tp
re

ss
ur

e
[b

ar
]

NO EGR
LPEGR
HPEGR

0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [s]

25

50

75

100

VG
T

op
en

in
g

[%
]

Pedal position

Figure 5.6: The performance of turbocharger and engine during load transient
(Tip-In) at 1500 RPM with different EGR strategies.

As stated earlier, the smoke limiting strategy has already been reached
with 5% EGR rate for all engine speeds except 1750 RPM. The opacity mea-
surement for 1750 RPM are presented in Figure 5.7. Irrespective to the config-
uration, the rising part is almost similar while further opacity increases with
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the presence of EGR. The comparison with HP and LP EGR is difficult as
the quantity of HPEGR in the initial phase is very high. The measured soot
concentration for LPEGR strategy is higher than the one without EGR which
can be improved by the smoke air-fuel limit.
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Figure 5.7: Opacity measurement at the exhaust after turbine during a load
transient (Tip-In) at 1750 RPM with different EGR strategies.

5.3.2 Transients with different EGR valve profiles

Successful reduction of NOx with LPEGR strategy without losing significantly
the engine performance leaded to another study to reduce those peaks at the
start of the “waiting zone”, which are results of first dip in CO2 concentration.
Different profiles for LPEGR valve with variation of 5% were used before
reaching to the final steady state value prescribed for full load to provide 5% of
EGR rate. The profiles are indicated as “prof5”, “prof10” and “prof15” for 5%,
10%, and 15% opening of valve respectively for that period. Figure 5.8 shows
the arrival of CO2 at the intake valve during transients for the different valve
profiles used for 1750 RPM; “sin” represents the normal configuration without
EGR. At this engine speed “prof5” LPEGR valve position has no noticeable
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amount of burned gas flowing in the intake circuit. The corresponding engine
torque and emission behavior during the above parametric tests are plotted in
Figure 5.9.
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Figure 5.8: The LPEGR valve movement and arrival of CO2 at the intake valve of
engine during a load transient (Tip-In) operation at 1750 RPM with different valve

profiles.

Direct effect of change in intake CO2 concentration can be detected in
the “waiting zone” NOx concentration, while the performance in the form of
engine torque is not reduced significantly during the first few seconds. To
quantify these losses within these different profiles for the particular period
of time during the transient operation, the area under the curve is calculated
dividing by the specific time required to stabilize the performance as per the
engine speed to obtain the average cumulative performance during respective
transient operation. Area under the curve of engine torque after first random
ascend introduced by the dynamometer and the acquisition frequency until the
end of waiting zone has been calculated and further divided by time interval.
The same procedure has been used for emissions until stabilization after the
pedal has been pushed. The corresponding time intervals for each engine speed
are detailed in the table 5.3.
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Figure 5.9: Performance and emission evaluation of a load transient at 1750 RPM
during first few seconds with different LPEGR valve strategies.

Figure 5.10 shows the breakdown of the NOx raw emissions, engine torque
and opacity change in percentage from the base calibration during transient
operation for different engine speeds. Four plots represent each engine speed
with the concentration changes for opacity and NOx prominently with extent
of LPEGR valve opening during the first seconds of a transient operation.
Increase in valve opening reduces the NOx proportionally while torque on the
other hand has a complex behavior. The torque loss is higher for “prof5” and
“prof15” than “prof10” due to the boost control (variable geometry turbine).
The VGT closes as soon as pedal is pushed and remains closed for longer
period in case of transient EGR compared to without EGR. “Prof10” operation
attains the boost pressure set point faster (moving the point to higher efficiency
zone on compressor map) than the other 2 profiles. It causes opening of the
VGT earlier, releasing the back pressure built up in exhaust manifold and
resulting in better torque evolution. A proper value can be find at each engine
speed for the LPEGR control to have minimum torque loss and maximum
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Speed 1250 1500 1750 2000
Time 3s 2.5s 2s 1.5s

Table 5.3: Evaluation time for performance during transient operation at different
engine speeds

reduction in pollutant formation.
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Figure 5.10: Performance and emission trade-off at different engine speeds during
first few seconds of a load transient operation.

5.3.3 Transients with EGR at Roundabouts

The typical harsh transient, the engine has to face when a vehicle arrives at
a roundabout on conventional roads is also carried out on a dynamic test
bench with the same engine. It starts with almost partial load and goes to
absolutely no load during the circular phase of the road, where the fuel is
cut off for certain period of time and at the roundabout outlet, we have a
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Figure 5.11: The valve actuation and CO2 at the intake valve of a engine during a
typical circular road manoeuvre at 1500 RPM with different EGR strategies.

sudden push of pedal to almost full load. In the testing campaign, these kind
of operation were performed with 1500 RPM and the time for the fuel cut-
off (engine cracking phase) was around 4 seconds. No matter the EGR valve
position or configuration, no burned gas flows in the engine circuits in those 4
seconds. So when pedal is shifted to 100% the flow of gases are not as same as
normal Tip-In transient operation described in the previous section. Figure
5.11 shows the valve movements during these types of roundabout transients.
As explained above, during cranking the intake line carries only air even in the
EGR duct so there is no CO2 concentration detected (apart from CO2 in air).
When the pedal is pushed, the arrival of CO2 to the intake manifold is delayed
for about half a second in the LPEGR configuration. Although the arrival is
delayed, no huge peak of NOx is observed after turbine. On the contrary,
in the case of HPEGR configuration, the arrival is immediate. Therefore, in
order to counteract the delay in LPEGR, the HPEGR valve is opened for a
second at the same time with LPEGR valve at the start of a transient. This
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configuration is called as ‘HP-LP’ in the figures.
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Figure 5.12: Emission and performance of an engine during a typical circular road
manoeuvre at 1500 RPM with different EGR strategies.

Several repetitions were performed with the ‘LP-HP’ configuration. It is
seen that, opening of HPEGR valve even for 1 seconds reduces the engine
torque without significant reduction of NOx. Therefore, the only alternative
of using LPEGR system during the normal and roundabout load transient
operations is remains available.

As the turbocharger is not designed for the energy reduction through
HPEGR line flow before the turbine at higher loads, engine performance is
heavily reduced with the opening of HPEGR valve for even a short interval of
time. The total fuel injection went down with lack of air driven by the turbo-
charger and that is why the opacity is also seen to be reduced as compared to
the basic operation without EGR in Figure 5.12. Moreover, the application of
LPEGR at full load reduces the NOx by 50% during this typical and harsh
roundabout transient too where there is no EGR at the start with very limited
impact in the engine torque.
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5.3.4 Real driving cycles

A specific real driving cycle discussed in the Chapter 2 is used to see the effect
of adding new strategies such as EGR at full load and modified valve shift
during transient operation. The real driving cycle is separated by the parts
called the ‘city’ and ‘highway’ driving part. The NOx measurement is carried
out downstream turbine by slow emission measurement systems discussed in
the Chapter 3.
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Figure 5.13: comparison of NOx emission with old and new EGR strategies on city
part of the real driving cycle measured by slow emission measurement system.

Figure 5.13 shows the comparison of NOx measurements done by the slow
emission measurement system on the city part of the real driving cycle. Due to
the fact that, the engine hardly goes to the full load part (outside of old EGR
zone), the NOx measurement doesn’t show much improvement compared to
old calibration. Nonetheless, the NOx peaks captured by high response NOx

measurement, from the transient operation are appeared to be reduced with
the new calibration.

Looking at the highway part of real driving cycle, which involves high
load points, shows the impressive improvement with the new calibration (see
Figure 5.14). Insertion of EGR outside of EGR zone managed to reduce raw
NOx emission effectively. Apart from the peaks captured by fast measurement
system, there are certain high load regions where the NOx measurement shows
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Figure 5.14: comparison of NOx emission with old and new EGR strategies on
highway part of the real driving cycle measured by slow emission measurement

system.

lower values compared to previous calibration.

5.4 Conclusions

In this work a 2-liter turbocharged diesel engine with hybrid EGR system is
tested in a dynamic test cell. Main instrumentation included a high response
time gas analyzer, more useful to measure the NOx emission during transient
operation than the traditional slow analyser. The fast analyzer allows to cap-
ture the NOx peaks resulted from delays in air, fuel and EGR flow. The engine
used in this work had a EuroVI calibration, so that, unlike in precedent stan-
dards following NEDC, the usage of EGR all over the engine map is necessary.
EGR at high loads reduce the NOx emissions considerably. 5% of EGR at full
load has a benefit around 40% reduction in NOx but a torque penalty of 10%.
At full load, LPEGR is more effective in reducing NOx than HPEGR for the
same engine torque. From the control point of view, on the one hand, LPEGR
rate is easier to manage during load transients except for the lag in arrival
of LPEGR to the intake valve. On the other hand, HPEGR needs proper
designing of turbocharger and VGT control during transient operations. As

154



Chapter 5 Bibliography

the movement of VGT has direct impact on the pressure upstream of turbine
and thus the HPEGR flow. It has been shown that there is a compromise
between performance (torque evolution) and emissions during Tip-Ins. The
optimization of LPEGR valve positions (profile) during transient operations
(different than steady state operation) is required with specific turbocharger
selection to give fast torque evolution, as LPEGR changes the mass flow rate
through compressor and hence affecting the boost control which determines
the back pressure in the exhaust manifold.

During Tip-Ins no negative effect in NOx emission is seen with respect
to the lag of LPEGR. This is because during the entire transient there is
EGR present in the intake system. The worst situation in this regard would
be a Tip-In transient with no EGR at the beginning of the maneuver. This
is referred in the paper as the “roundabout” transient starting from engine
cranking operation without fuel injection up to full load. An EGR strategy to
avoid the LPEGR lag is the combination of LPEGR and HPEGR only during
the lag time. The tests results show a good control of CO2 during the transient
for this strategy, however they also show a penalty in torque evolution due to
the use of HPEGR.
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A quasi-steady prediction of
NOx during transients and
real driving cycles
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6.1 Introduction

E xperimental approach to measure the pollutant emissions like NOx dur-
ing transients require highly complicated, sophisticated and costly ex-

perimental facility with high response exhaust gas analyzers. The availabil-
ity of this kind of facility is reasonable for measurement of limited amount
of time. Moreover, model based exhaust emission prediction by filling and
emptying models or 1-D transient simulation codes lead to higher simulation
time which is critical for simulation of driving cycles in whole. Various NOx

estimation models have been proposed in the past including physics based
phenomenological models [176][177], empirical models [178][179] and ther-
modynamic models based on “Zeldovich mechanism” [180, 181] and the ar-
tificial neural network [182, 183]. But these models require either too many
unavailable inputs or state variables to accurately predict the NOx forma-
tion taking long calculation time. Alternative models based on Local Linear
Model Tree (LOLIMOT) structure, Kernel and adapted polynomial methods
show more error and require higher memory with lower dimension in the in-
put variables [179]. Real-time NOx model by the steady measurement and
sensitivities calculated from the physical combustion model is also developed
by [184]. Querel has classified and compared these different control oriented
NOx models in [185]. A simple and fast method of NOx prediction is al-
ways helpful for the engine manufacturers to design engine with challenging
emission constraints on newly developed driving cycles.

In regards to modelling a transient operation, assumption of an engine
moving through a series of quasi steady operations is the simple and commonly
used methodology for ICEs. The same technique can be used to predict the
transient emission by mapping the steady pollutant formation. The model
based on this kind of technique is called as a ‘Quasi steady model’. These
models are simple and require less amount of time and inputs for the estimation
of a pollutant during steady and transient operations. Therefore, they are very
useful during initial designing phase of an engine, where availability of data and
need for detailed emission estimation is limited. Quasi-steady models consist of
steady state mapping of an engine parameter as a function of various operating
conditions on an engine map. These maps are used to predict the real time
emission at any arbitrary operating point using interpolation/extrapolation
within the steady operating map. These less complex models have been used
to predict CO, HC, NOx emission from heavy duty diesel engines in [186, 187,
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188].

Dynamics during transient operation induces different configuration of
gases in the intake system and combustion chamber by change in ‘fast’ and
‘slow’ variables as discussed in Chapter 1. It results in different concentration
of pollutants than predicted by steady state maps. Therefore, certain correc-
tion factors are needed to apply on the estimated emission by quasi steady
models. However, these transient correction factors have minor impact on the
NOx prediction as compared to CO and HC [189]. They can be applied for
the cumulative estimation [186] or region wise estimation defined earlier on
the engine map [190][191].

This chapter speaks about the similar ‘Quasi steady model’, used for pre-
dicting the NOx emissions during transient operations. Two different models
with the difference of number of inputs (2D and 3D) are described and com-
pared to see the effect on the error while predicting the pollutant formation.
The effect of an addition of EGR rate as a third input to the proposed model
for estimating the NOx formation is presented at the end.

6.2 NOx mapping

This section consists of the mapping of NOx emissions from the cylinder as a
function of engine operating conditions and EGR rate. The engine 2 from the
Chapter 3 is used for mapping this engine out raw NOx emissions. Various
operating points on the engine map were selected to perform the NOx map-
ping. The real driving cycle mentioned in the Chapter 2 is used to select the
specific points on the engine map. Figure 6.1 represents the same operating
points on an engine map along with the points registered from a real driving
cycle. The selected operating range for mapping covers maximum part of the
cycle. A 2-D map is created with these points to determine the NOx emission
as a function of a engine torque and speed. The EGR rate was kept as per
the calibration in ECU

To see the sensitivity and the effectiveness of the quasi-steady NOx model
with the EGR rate, another 3D map is created by varying the EGR rate for
every operating point. Figure 6.2 shows the 3D map of new operating points
with EGR rate as a third axis.
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Figure 6.1: Selected engine operating point with the operating range of a real driving
cycle (RDE) on a engine map.
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Figure 6.2: Selected engine operating point with the operating range of a real driving
cycle (RDE) on a engine map.
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6.3 Methodology

Following the maps in the NOx mapping section, 2 models with different
inputs are created to predict the NOx emission during a transient operations
and real driving conditions. The first model with 2 inputs (engine speed and
torque) is tested with different interpolation techniques like ‘nearest’, ‘linear’
and ‘cubic’ to see the prediction in harsh load transient operation.

NOx = f(N, τ) (6.1)

Where, τ is the torque and N is the engine speed. Similar study is made with
the same model but with 3 inputs.

NOx = f(N, τ, ξ) (6.2)

Where ξ is the total EGR rate going to in the cylinder. The vital part
of the model lies in the interpolation technique used to determine the NOx

value among the given selected steady state points. The NOx values for those
operating points lying inside the range of engine speeds and torques are cal-
culated by linear interpolation method. While for the points lying outside the
zone of selected operating points, the NOx prediction is done with the near-
est boundary value of the map operating point. The respective models were
tested first on the load transient operation from the last chapter. The NOx

measurement done during the Tip-In and Tip-Out operations on the dynamic
engine test bench are compared with the 2D and 3D models explained above.
Following to the transient comparison, the full cycle NOx measurement done
on the test bench is also compared with the NOx prediction by the model.

6.4 Load transient prediction

The several repetitions of harsh load transient operation performed on the
engine test bench (described in the Chapter 5) are used to compare the NOx

prediction from the NOx mapping. The typical load transient operation con-
sists of a change of state from 2 bar BMEP to full load and again back to 2
bar BMEP state.
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6.4.1 Transient prediction of NOx by 2D model

Figure 6.3 represents the Tip-IN operation NOx comparison from the fast
measurement system (CLD500) and prediction from the 2D NOx map at 1000
and 1500 rpm. The NOx measurement from the rapid response system is
corrected from the correction mentioned in the Chapter 3. The interpolation
comprises the linear and nearest method as described in the methodology.
The steady state NOx prediction is close to the test measurements while huge
error is observed during first few seconds of load transient with the mismatch
in the air and fuel flow. Therefore, the prediction is delayed as compared to
the fast NOx measurement by CLD500 system.
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Figure 6.3: Load transient (Tip-In) NOx prediction from the 2D map at 1000 and
1500 rpm.

Looking at the Tip-Out operation in the Figure 6.4 for the same engine
speeds, the NOx model is unable to predict the peak in the NOx immediately
after the release of pedal. Sudden drop in the fuel and torque leads to under
prediction of NOx during the transient Tip-Out operation. The small peaks
and the variation in the NOx measurement by the CLD500 are not predicted
by the 2D model just after the Tip-Out operation.

6.4.2 Transient prediction of NOx by 3D model

A 3D model is the function of 3 variables. Engine speed and torque from the
last 2D model and the third variable is called total EGR rate. The same tran-
sient operating conditions with EGR rate values is fed to the model to see the
predicted NOx values during the above transient operations. The EGR rate
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Figure 6.4: Load transient (Tip-Out) NOx prediction from the 2D map at 1000 and
1500 rpm.

is calculated by the CO2 concentrations from the intake and exhaust using
the Equation 3.5. However, considering the delays in the slow emission mea-
surement system, the NDIR500 system from cambustion is used to measure
the CO2 concentration at the intake port just before the intake valve of the
cylinder. On the other hand, due to absence of another NDIR500 sensor the
measurement from slow response system is used to calculate the instantaneous
EGR rate in the air system. The newly calculated EGR is fed as an input
along with engine torque and speed to 3D NOx model.

Figure 6.5 displays the prediction of NOx compared with the CLD500
system measurements during Tip-IN operation at 1000 and 1500 rpm. The
huge error present in the 2D prediction is minimized with the consideration
of EGR rate in the model making NOx evolution faster. Nonetheless, a little
over prediction of NOx is seen when the transient reaches to full load state,
due to error in the calculation of instantaneous EGR rate. The nearest point
interpolation method for the points outside of the map range cause some
unrealistic prediction of NOx. This error gets reduce after few seconds at full
load steady state.

In the case of Tip-Out operation for the same engine speeds, the sudden
drop in NOx after the release of pedal predicted in the 2D model is also
removed. This certainly reduces the error in the predicted and measured
NOx by 3D model.
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Figure 6.5: Load transient (Tip-Out) NOx prediction from the 2D map at 1000 and
1500 rpm.
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Figure 6.6: Load transient (Tip-Out) NOx prediction from the 2D map at 1000 and
1500 rpm.

6.5 RDE cycle prediction

The RDE cycle from the Chapter 2 is performed on the engine 2 on dynamic
test bench with only LPEGR configuration. The NOx emission throughout
the cycle are recorded with both emission measurement systems mentioned in
the Chapter 3. However, the fast system (CLD500) requires bigger memory
even though the frequency of acquisition is reduced to 100Hz. Therefore, the
RDE cycle is performed in 2 parts. The "city" and the ‘highway’ part are
selected as per the criteria of vehicle velocity. Each part is performed on
the dynamically controlled test bench as per the vehicle model mentioned in
the Chapter 3. The NOx measurement is done after the turbine with both
fast and slow response system (in ppm), which is then converted into g/s.
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The NDIR500 sensor is used at the intake valve to measure the instantaneous
CO2 in the intake line while the CO2 at the exhaust is measured by the slow
response system because the of unavailability of other NDIR500 sensor. The
NOx measurement during the city part from both systems is displayed in
Figure 6.7. Both signal from the different systems correspond with each other
yet there is a lag between them. The lag of around 1-2 seconds can be seen
clearly in the zoomed part of the signals. Similar results are seen with the
highway part of the real driving cycle in Figure 6.8. From the both parts, it
is evident that, slow system is not able to capture the sudden peaks in NOx

captured by the fast system confirming to the results from previous chapter.
There are more peaks of NOx during the ‘highway’ part of the cycle than
‘city’.

0 100 200 300 400 500 600
Time[s]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

N
O

x[g
/s

]

Fast system
Slow system

40 50 60 70 80 90 100

Figure 6.7: RDE cycle ‘city’ part NOx measurement with slow and fast response
measurements system.

6.5.1 RDE cycle prediction of NOx by 2D model

The NOx predicted with the maps consisting engine speed and torque as a
inputs for the ‘city’ and ‘highway’ parts. Figure 6.9(a) represents the compar-
ison of the NOx prediction with test measurements. The frequency of error
in the prediction in ppm is plotted on the right hand side plot showing the
maximum occurred tolerance of ±200ppm.
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Figure 6.8: RDE cycle ‘highway’ part NOx measurement with slow and fast
response measurements system.

The temporal prediction of the NOx with 2D model is plotted in the
Figure 6.9(b). The delayed prediction on the time axis as mentioned in the load
transient prediction is confirmed on the cycle prediction too. Over estimation
of NOx during the harsh load transient is can be seen with this interpolation
method.

On the other hand, the ‘highway’ part of the real driving cycle shows
more error with 2D model compared to ‘city’ part. The tolerance limits are
increased to around ±400ppm on a frequency plot in Figure 6.10(a). The
overall tendency of error is inclined to the over estimation of the NOx on high
vehicle speed points.

The NOx prediction as a function of time for the ‘highway’ part is pre-
sented in the Figure 6.10(b). The huge differences in high values of NOx are
clearly seen which can be explained by the different composition of gases as
compared to steady state composition. Extra parameter is required related to
the gas composition to match the accurateNOx prediction during the dynamic
condition during the real driving cycles.
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Figure 6.9: Comparison of NOx prediction by 2D model with the test measurement
on ‘city’ part of RDE cycle .

6.5.2 RDE cycle prediction of NOx by 3D model

To match with the correct gas composition as compared to steady state for
predicting NOx, 3D maps with the engine speed, torque and EGR rate as an
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Figure 6.10: Comparison of NOx prediction by 2D model with the test measurement
on ‘highway’ part of RDE cycle .

input are used in this section. The instantaneous EGR rate values are calcu-
lated by the process mentioned in the prediction for load transient operations.
Figure 6.11(a) represents the comparison of NOx prediction with the mea-
surements. The frequency of error is increased for lower error values. and the
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points are more closer to the diagonal line as compared to the 2D prediction
of ‘city’ part. However, the few highly overestimated points as a outcome of
the ‘nearest’ method of interpolation increase the tolerance band to 400ppm.
The number of this kind of outliers is less.
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Figure 6.11: Comparison of NOx prediction by 3D model with the test measurement
on ‘city’ part of RDE cycle .
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The increased accuracy of the 3D model is identified by the temporal pre-
diction in the Figure 6.11(b) excluding the outliers appearing at each Tip-In
operation (described in load transient prediction). Moreover, the delays in the
NOx calculation during the transients are removed.

In the case of ‘highway’ part of RDE cycle, the error is reduced very much
comparing with the 2D model. The Figure 6.12(a) shows that, the frequency
of less error points is increased reducing the tolerance band. However few
outliers are present as referred from the NOx prediction of 3D model oin ‘city’
part. This can be explained by the presence of LPEGR as per the calibration
for the highway part is higher. Therefore, the prediction of NOx with 3D map
considering EGR rate as an input increases the accuracy

The fast temporal response of the predicted NOx is evident from Fig-
ure 6.12(b). Apart from the over estimation of NOx close to the load tran-
sient area, the model predicts very well. The accurate instantaneous EGR
rate measurements can solve this problem.

6.6 Conclusion

A fast predicting quasi-steady model of NOx is created to roughly predict
the pollutant emission during the newly conceptualized highly dynamic real
driving conditions on the diesel vehicle. Two fast and slow response NOx

measurement systems are compared on the city and highway part of the RDE
cycle. Furthermore, the effect of adding EGR rate as an additional input on
the prediction error is assessed.

Additions of EGR rate as an input to the quasi-steady NOx model can
potentially reduce the NOx prediction error on both city and the highway
part of dynamic cycle. The composition of gas in cylinder is important factor
to predict the NOx formation during transient operations. Therefore, accu-
rate measurement of instantaneous EGR rate is required to avoid the over
estimation of NOx during a Tip-In operation.

This type of simple NOx model is useful to design and calibrate the diesel
engine in traditional and hybrid power trains. The required resources and time
of calculation is less. Moreover, they can effectively predict the NOx emission
by knowing the operating point on dynamic driving conditions.
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Figure 6.12: Comparison of NOx prediction by 3D model with the test measurement
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7.1 Introduction

I n this chapter main accomplished objectives of the thesis, mentioned at the
beginning of thesis, are summarized. The conclusions obtained during the

fulfillment of those objectives are presented chapter wise. The whole process of
finding a final solution to control the transient emission on turbocharged diesel
engine using EGR systems is concluded. Besides, the interesting results and
trade-offs obtained from the analysis of the proposed solutions are described.
Eventually, the effect of the proposed strategies on the full real driving cycles
is presented to improve the overall pollutant emission evolution on real driving
cycles. Various future possibilities of continuing this work are listed at the end
of this chapter.

7.2 Conclusions

The comparison of different driving cycles (NEDC, WLTC and RDE) pre-
sented in the chapter 2 reveals the dynamic nature of the newly developed
driving cycles. As these transient operations are an important part of the
those dynamic cycles, the need of their improvement is supported evidently.
The load transient operations with a load change at particular engine speed
are found to be frequent on WLTC and RDE cycles. It is found that, the
WLTC cycle has more harsh transient operations per unit time compared to
specified RDE cycle in this study. Although engine operating condition during
real driving cycles depends on the driving behavior and other road character-
istics, it can be seen that load transient operations at same gear/engine speed
are way higher than the speed transient operation due to gear change. This
condition is also verified on the RDE vehicle speed profiles generated by the
external algorithm (by the TNO). The number of harsh Tip-Out operations
(with absolute change in BEMP greater than 5 bar) is always higher than
harsh Tip-In transients on both WLTC and RDE cycles. Around 85% of Tip-
In operations occur in the range of 1000-2000 rpm engine speed. While the
same range includes almost 80% of all the Tip-Out operations sharing 60%
of them in 1500-2000 rpm. In general Tip-Out operations are more spread
over the higher engine speed range than the Tip-Ins. During WLTC, the
large number of harsh Tip-Ins/transients occur around 1250 rpm. The similar
trend is observed in real driving cycle too, however considerable amount of
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load-increasing transients cover the range from 1000 to 2000 rpm compared to
WLTC cycle.

The selected range of transient operations like 1250, 1500, 1750 and 2000
RPM are selected from the previous analysis. The harsh transients are per-
formed for these engine speeds individually on the engine test bench in the
Chapter 5. Main instrumentation included a high response time gas analyzer
which is proved more useful to measure the NOx emission during transient
operation than the traditional slow analyser. The fast analyzer allows to cap-
ture the NOx peaks resulted from delays in air, fuel and EGR flow. The EGR
is considered throughout the engine map despite of the EGR zone. Evidently,
EGR at high loads reduce the NOx emissions considerably. 5% of EGR at
full load has a benefit around 40% reduction in NOx but a torque penalty of
10%. At full load, LPEGR is more effective in reducing NOx than HPEGR
for the same engine torque. From the control point of view, on the one hand,
LPEGR rate is best option and easier to manage during load transients ex-
cept for the lag in arrival of LPEGR to the intake valve. On the other hand,
HPEGR needs proper designing of turbocharger and VGT control during tran-
sient operations. As the movement of VGT has direct impact on the pressure
upstream of turbine and thus the HPEGR flow.

A compromise between performance (torque evolution) and emissions dur-
ing first few seconds of Tip-In using LPEGr strategies is identified. Around
NOx reduction of 20-40% could be achieved in the first few seconds. The
penalty in torque for this valve profiles is not more than 5-8%. However, con-
sidering this trade-off, the opacity increases in the range of 10-60%. Therefore,
the optimization of LPEGR valve positions (actuator profile) during transient
operations is required with specific turbocharger selection to give fast torque
evolution. The specific control during the transients is different than steady
state calibration as the actuator positions are different than steady state full
load operation. The turbocharger selection is important here, as LPEGR
changes the mass flow rate through compressor and hence affecting the boost
control determining the back pressure in the exhaust manifold. During Tip-Ins
no negative effect in NOx emission is seen with respect to the lag of LPEGR.
Because, during the entire transient the EGR is present in the intake system.
The worst situation in this regard would be a Tip-In transient with no EGR
at the beginning of the maneuver. This is referred in the paper as the “round-
about” transient starting from engine cranking operation without fuel injection
up to full load. An EGR strategy to avoid the LPEGR lag is the combination
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of LPEGR and HPEGR only during the lag time. The tests results show a
good control of CO2 during the transient for this strategy, however they also
show a penalty in torque evolution due to the use of HPEGR.

The potential of combining HP and LPEGR systems is assessed through
1D simulations for wide operating range of turbocharged diesel engine in Chap-
ter 4. This study will be useful for the design and calibration of diesel engines
with both HP and LPEGR configuration meeting the upcoming emission reg-
ulations. Moreover, the optimization algorithm will be helpful to reduce the
simulation time to carry out specific optimization of split between HP and
LPEGR. The temperature downstream of the compressor is very sensitive to
the LPEGR only configuration for high EGR rates at full load. On the other
hand, cooled HPEGR seems to be advantageous in this area. For the low
loads, LPEGR provides less temperature in the intake manifold, but seems
useful to utilize only at low speeds considering the problem of pumping losses
at high speeds, reducing the mean effective pressure. These requirements can
be fulfilled by cooled HP EGR. HPEGR reduces the pumping losses at low air
mass flow and high EGR rates. However, at full load points, pumping losses
does not reduce with higher HPEGR rates as the boost pressure control plays
the important role. Mostly, at full load points, the torque is not very sensitive
to change in ESI. However, at high EGR rates, lower ESI values show slight
advantage. Collectively, Low ESI values produce higher torque allowing bigger
quantity of global EGR rates, while torque at high speed points are more sen-
sitive to change in ESIs. brake specific fuel consumption is more affected by
change in ESI as compared to engine torque. For the partial loads, BSFC can
be lowered with the low ESI except at lowest load points (involving throttling
of exhaust gases to drive LPEGR), where high EGR rates can be supplied
with reduced BSFC values The DOE and genetic algorithm method for ESI
optimization are easy to set up. However, the number of unnecessary solutions
which are not the part of pareto are also simulated increasing the total time
of the optimization. Moreover, the accuracy of this method directly depends
on the number of iterations that are performed, to calculate the pareto solu-
tions. This further increases the time of the calculations. On the other hand,
the new control algorithm is faster and reduces around 80% of time over the
genetic algorithm.

The Chapter 6 gives the potential of using 3D quasi steady model for
predicting NOx emissions during the above transient operations. It can act as
a simple resource to predict the instantaneous NOx formation depending on
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the operating condition and the EGR rate. Furthermore, the effect of adding
EGR rate as a additional input on the prediction error is assessed. Additions
of EGR rate as a input to the quasi-steady NOx model can potentially reduce
the NOx prediction error on both city and the highway part of dynamic cycle.
The composition of gas in cylinder is important factor to predict the NOx

formation during transient operations. Therefore, accurate measurement of
instantaneous EGR rate is required to avoid the over estimation ofNOx during
a Tip-In operation. This type of simple NOx model are useful to design
and calibrate the diesel engine in traditional and hybrid power trains. The
resources and time of calculation is very less and can effectively predict the
NOx emission by knowing the operating point on dynamic driving conditions.

7.3 Future work

There are various aspects related to the objective of the thesis which are not
addressed in this work due to lack of time and the resources. In authors opin-
ion, there are various possibilities of future work considering the experimental
and simulation part of dynamic operations on diesel engines. Therefore, some
suggestions are made which can be the base for the future studies.

7.3.1 Simulation

The transient simulation is complex task and requires more detailed mod-
elling considering the turbocharger response and exhaust pressure calculations.
Combustion modelling is required to be refined and corrected taking into ac-
count the presence of EGR at full load. Instantaneous air mass flow and EGR
measurement is required to know the composition of gases going inside the
combustion chamber. This will help in simulating cycle wise combustion ac-
curately. Otherwise, combustion profile database is required to be constructed
with air path (slow) variables as inputs with injected fuel to impose a proper
in cylinder heat release rate during the transient operations. In regards with
the boost control, A fast PID controller is needed for controlling VGT during
a load transient operation to replicate the experimental behavior. Following
studies can be done with the well equipped 1D model of the turbocharged
diesel engine,
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• Similar to the steady state optimization of ESI in Chapter 4, the opti-
mization of ESI during transient operations can be done separately to
optimize the cumulative torque during ‘waiting zone’ (defined in Chap-
ter 5) of the load transients;

• Parametric study related to turbocharger response during transients can
be carried out to select the appropriate turbocharger for the engine. It
consists, study of thermal inertia in the exhaust during transients to
simulate accurately exhaust pressure and turbo evolution;

• In reference with quasi-steady NOx maps from Chapter 6, instantaneous
EGR measurement is required to predict the NOx correctly in dynamic
operations. Moreover, considering the hybrid EGR control, a fourth
input for the NOx model can be considered as split between the HP and
LPEGR (ESI);

• The dynamic machine learning algorithms with a nonlinear autoregres-
sive exogenous model (NARX) or Recurrent Neural Networks (RNN)
can be used to predict the cyclinder out NOx. The fast models can be
trained by real driving cycle data measured on road with the selective
inputs like engine torque, speed and EGR rate.

7.3.2 Experimental

With respect to the experimentation part of transients, the similar study with
synchronized acquisition system time is obligatory for the comparison of emis-
sion and performance. Moreover, more flexible system signalling for actuators
is required for valve actuation in synch with the pedal signal. It avoids the
mismatch errors which are appeared in this work. Following list of future
studies can be considered as the next step in continuation of the experimental
part of this thesis,

• The peak of NOx during a Tip-Out operation due to late arrival of
LPEGR requires special attention considering the combined LPEGR and
ET control. The delay in the valve actuation and the change of gas
concentration in cylinder should be taken into account to design a control
in transient operation;
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• The ‘speed transients’ are also important part of the real driving cycles
which are not as responsible for high emissions as ‘load transients’. How-
ever, the gas dynamics and actuator response during speed transients is
also needed to improve them like the load transient in this study;

• External air boosting device to provide the required air during the delays
of the turbocharged diesel engines (along with EGR) can be useful to
avoid the smoke limiter and improve the performance of the engine.
The formation of in cylinder NOx can be monitored with the help of
fast emission measurement system;
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