
 
  

   Motorreglering i Hybridapplikationer 
 

 
 
 
 

TOBIAS JOHANSSON 

 

 
 

  

Examensarbete 

Stockholm, Sweden 2013 

 

 



 

ii  
 

  



 

 
iii  

 

  

   Engine Control in Hybrid Applications 
 

 
 
 
 

TOBIAS JOHANSSON 

 

 
 

  

Master of Science Thesis 

Stockholm, Sweden 2013 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Motorreglering i Hybridapplikationer 

 

av 

 

Tobias Johansson 

 

 

 
 

Examensarbete MMK 2013:87 MFM 150 

KTH  Industriell teknik och management 

Maskinkonstruktion 

SE-100 44  STOCKHOLM 



 

 
v  

 

 

 

 

 

 

 

 

 

 

 

 

 

Engine Control in Hybrid Applications 
 

 

 

Tobias Johansson 
 

 

 

 

 

Master of Science Thesis MMK 2013:87 MFM 150 

KTH Industrial Engineering and Management 

Machine Design 

SE-100 44  STOCKHOLM 

  



 

 
v  

 

 

 

 

 Examensarbete  MMK 2013:87 MFM 150 

 

Motorreglering i Hybridapplikationer 

   

  Tobias Johansson 

 

Godkänt 

2013-06-20 

Examinator 

Andreas Cronhjort 

Handledare 

Andreas Cronhjort 

 Uppdragsgivare 

Scania 

Kontaktperson 

Ola Stenlåås 

Sammanfattning 

Den strängare emissionslagstiftning har drivit motorutvecklingen till att förbättra utsläppen 
från förbränningsmotorn. Ett effektivt sätt att minska utsläppen motorutsläppen är att 
använda en elmotor, d.v.s. hybridisera fordonet. 

Transienta emissioner är ett område där en minskning av utsläppen kan uppnås. Denna 
studie kommer att fokusera på hur transienta emissioner och specifik bränsleförbrukning kan 
minskas och hur körbarheten kan förbättras med hjälp av en elmotor som ett stöd vid 
transient körningar av förbränningsmotorn. Genom att låta lastuppbyggnaden av 
förbränningsmotorn rampas upp till den begärda lasten och låta den elmotorn ta den 
resterande belastningen, skulle en reducering av emissioner ske. Målet är att finna en 
strategi hur förbränningsmotorn och elmotorn bör kontrolleras för att reducera utsläppen, den 
specifik bränsleförbrukningen och körbarheten. 

Datainsamlingen genomfördes genom ett automattest innan examensarbetet påbörjades. 
Testet simulerar en elektrisk motor och är baserad på en transientcykel bestående av tre 
stegsvar. Sju olika ramptider och sju motorhastigheter tillsammans med nio olika laststeg 
användes under provet. 

Resultaten visade att de transienta NOx-emissionerna är den begränsande faktorn för 
strategin av styrningen. Det visades att NOx- och PM-emissioner under positiva transienter 
kan minskas vid varvtal under 1000 rpm och vid långsamma turbo responser för ramptider på 
två till tio sekunder. Den negativa transienten minskar eller påverkas inte vid dessa 
situationer. För situationer med snabba turbo responser, kunde ingen vinst ses. 

Tillsammans med resultaten och parametrar såsom, λ, luftmassflödet, motorbelastning och 
varvtal, utvecklades en strategi för hur man kan styra förbränningsmotorn och elmotorn. 



 

vi  
 

 

  



 

 
vii  

 

 

 

 

 Master of Science Thesis MMK 2013:87 MFM 150 

 

Engine Control in Hybrid Applications 

   

  Tobias Johansson 

 

Approved 

2012-06-20 

Examiner 

Andreas Cronhjort 

Supervisor 

Andreas Cronhjort 

 Commissioner 

Scania 

Contact person 

Ola Stenlåås 

Abstract 
Stricter legislation of emissions has forced the engine developers to improve the ICE 
emissions. One effective way to reducing the engine-out emissions is to utilize an electric 
motor, i.e. hybridize the vehicle. 

Transient emissions are an area where a gain in emissions can be achieved. This study will 
focus on how transient emissions and specific fuel consumption can be reduced, and how 
the driveability can be improved by using an electric motor as a support during transient 
operating of the ICE. By letting the load buildup of the ICE be ramped up to the demanded 
load and letting the electric motor taking the remaining load, this could be achieved. The goal 
is to find a strategy how the ICE and the electric motor should be controlled to fulfill the 
reduction in emissions and specific fuel consumption, and the driveability. 

The data acquisition was conducted through an automatic test before the thesis began. The 
test simulates an electric motor and is based on a transient cycle consisting of three step 
responses. Seven different ramp times and seven engine speeds, together with nine different 
load steps was used during the test. 

The results showed that transient NOx-emissions is the limiting factor for the control strategy. 
It was showed that the NOx- and PM-emissioins during positive transients could be reduced 
at engine speeds below 1000 rpm and at slow turbo responses for ramp times of two to ten 
seconds. The negative transient will decrease or not be effected at all during these 
situations. For situations with high turbo boost responses, no gain could be seen. 

Together with the results and inputs such as; λ, air mass flow, engine load and engine 
speed, a strategy of how to control the ICE and the electric motor was developed. 
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1 Introduction 
The engine manufactures fronts a challenge to fulfill the future emission legislation along 
demands of low fuel consumption. Several improvements and implementations have been 
made to reduce the emissions, for instance[1][2][3]; 

• improved gasflow in the cylinder 
• improved cylinder geometry 
• improved injector design 
• improved combustion process 
• implementation of common rail fuel injection system 
• implementation of EGR 

More reduction in emissions can be done by reducing the transient emissions, which occurs 
during acceleration, load change or gear shifting [4]. One way to reduce the transient 
emissions might be to hybridize the vehicle and utilize the Electric Motor (EM) during the 
transients. This report will focus on how the transient emissions can be reduced. 

When studying transient emissions the timescale is of importance. A vehicle consists of a 
large amount of systems. All these systems works with different timescales, i.e. the time it 
takes for the system to reach a new state. For instance, the light-system, the brake-system, 
the power steering and the heating-system are systems that takes different time to react. 
Turning on the light occurs instantaneously, while the heating system need more time. A 
360 hp tractor with a weight of 20 570 kg and the ambient temperature of 22.3 °C need around 
17 minutes. The most important system when dealing with transient emissions are the fuel 
injection system, the turbo boost system [4] and the exhaust after treatment system [5]. Since 
the timescales of these system does not match, transient emissions occurs. 

The time scale of the fuel injection, cycle-to-cycle, depends on the engine speed and the 
number of cylinders [1]. Equation 1  gives the injection frequency (���) [Hz] for a 4-stroke 
engine, where � is engine speed [rpm] and � [-] is number of cylinders. How frequent the fuel 
injection is commanded, is given by inverting the equation. For instance, the number of 
injection commands per second when operating a 6-cylinder engine at 1200 rpm the injection 
frequency becomes 60 Hz. This gives injections every 17 ms. The timescale is in the 
magnitude of 20 ms. 

��� = 	 �60 ∙
�
2 (1) 

 

When increasing load the fuel mass flow is increased, which applies a higher air mass flow 
from the turbo, i.e. higher speed of the turbo is needed, to enable a higher volumetric 
efficiency. The rate of change in speed of the turbo is limited by the energy in the exhaust 
gases, the geometry of the turbo and the inertia forces [6]. The turbo has a relatively slow 
response rate. The exhaust gases are lead from the cylinder to the turbine, which speeds-up 
the turbine. The turbine transfer the rotational speed to a compressor, by a shaft. The 
compressor compress air that are directed to the combustion chamber. This process takes 
around 0.5 second at the best and 6 second at worst [7]. The efficiency of the 
Selective Catalyst Reduction (SCR), the exhaust after treatment system, depends on the 
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temperature of the system and flow velocity through the system.  It does also depend on how 
rapid the amount of injected urea can be adapted need of ammonium, which is needed to 
reduce the NOx chemically. This system adapt to changes in a time range of one second at 
operating temperature and up to 30 seconds for a cold system [8].  

1.1 Objectives 
The hybridization of vehicles has made it possible to choose the load point of the engine more 
freely, due to possibility to combine the power sources [9]. This report will focus on how and if 
it is possible to use hybridization of a heavy duty Diesel engine during transient operation to;  

• reduce transient emissions such as NOx and PM 
• reduce fuel consumption during transients 
• increase driveability  

In other words, to develop a the control strategy of the EM and the Internal Combustion 
Engine (ICE). This report will also investigate how the power of the EM effects the above 
mentioned factors and how it effect the exhaust gas temperature.  

1.2 Theoretical Background to the Concept 
Due to the different timescales for the above described systems, an increase in emissions, 
noise and fuel consumption is obtained, in comparison to steady-state operations, during 
transient operation. One way, mentioned earlier, to reduce the increase in emissions and fuel 
consumption might be to improve the strategy in hybrid vehicles during transient operations. 
Figure 1 and Figure 2 shows different strategies how the EM and the ICE could be operated 
during transient conditions. Figure 3 and shows how the different operating strategies might 
effect the fuel-air equivalence ratio (�) during a transient. The fuel-air equivalence ratio will be 
used only in this section to make the plots more readable, when the injected fuel goes to zero. 
Figure 4 shows how the NOx is effected. All this figures are schematic representations of a 
step response of the ICE torque. 

The base line case in Figure 1 shows the required torque during load change. To reach the 
demanded load point a certain amount fuel needs to be injected. During a step response the 
engine torque will increase rapidly to a certain torque due to the minimum allowed injected fuel 
amount, “fuel quantity without  charge pressure”1 (point I in Figure 1). This leads to a rapid 
increase in NOx formation (point IB in Figure 4). At the same time the EM motor starts (point I 
in Figure 2). When the ICE has reached its desired load point the EM is turned off (point II in 
the Figure 2). During this time (the time between point I and II in the figures), the NOx 
formation has been on a roughly constant, high, level. When the ICE delivers a constant part 
load torque (between point II and III in Figure 1, Figure 3 and Figure 4) the NOx formation is 
decreased due to the decreased �-value. A lower �-value gives a lower combustion 
temperature, which result in a lower NOx formation. 
  

                                                
1 This is described in the paragraph below 



 

 

 

 

Figure 1. Load from the ICE during transient operation.

        Figure 3. Fuel-Air ratio during transient operation.

 

The local fuel-air ratio in an early phase
combustion, due to the slow response rate of the turbo. This will result in high amount of 
smoke. To reduce the smoke emission during load changes a “smoke limiter” function is used 
by most OEM. The “smoke limiter” permits
amount is set by a demand to keep the 
corresponds to enough fuel to increase the
The increase in exhaust gas energy results in an
process goes on until the maximum fuel amount has been reached.

Figure 5 shows a scheme of how this may look.
(EGR) is used, see chapter 2.4.1
exhaust gases will be redirected from the exhaust port back to the cylinders again. This will 
decrease the efficiency of the turbine
the amount of air inducted to the cylinder decrease as well

 

 

. Load from the ICE during transient operation. Figure 2. Load from EM during transient 

 

Air ratio during transient operation.          Figure 4. NOx-formation during transient operation.

 

 
in an early phase of a step response is too high

combustion, due to the slow response rate of the turbo. This will result in high amount of 
smoke. To reduce the smoke emission during load changes a “smoke limiter” function is used 
by most OEM. The “smoke limiter” permits only a certain amount of fuel to be injected. The

set by a demand to keep the � -value below a threshold � -value
to increase the ICE torque and the energy in 

exhaust gas energy results in an increase of the turbo boost pressure. The 
process goes on until the maximum fuel amount has been reached. 

hows a scheme of how this may look. For engines where Exhaust Gas Recirculation 
2.4.1, the behavior will be different. By using EGR

exhaust gases will be redirected from the exhaust port back to the cylinders again. This will 
decrease the efficiency of the turbine (less exhaust gas will pass the turbine)
the amount of air inducted to the cylinder decrease as well. This results in a slower buildup of 
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. Load from EM during transient operation. 

 

formation during transient operation.

high to enable complete 
combustion, due to the slow response rate of the turbo. This will result in high amount of 
smoke. To reduce the smoke emission during load changes a “smoke limiter” function is used 

unt of fuel to be injected. The 
value. This threshold � 

energy in the exhaust gases. 
the turbo boost pressure. The 

For engines where Exhaust Gas Recirculation 
sing EGR, some of the 

exhaust gases will be redirected from the exhaust port back to the cylinders again. This will 
(less exhaust gas will pass the turbine) and therefore will 

. This results in a slower buildup of 
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injected fuel (i.e. slower torque buildup), see Figure 5 [10]. Further and the major effect by 
using EGR is that the amount of fresh air will be decreased. The “smoke limiter” limits the 
amount of fuel to a lower level, which also results in a slower buildup of the fuel. “Fuel quantity 
without charge pressure” is the lowest fuel amount that will be injected independent of 
�-value. This amount of fuel will not reach its maximum level immediately, it will have a slight 
inclination. The reason is to give the driveline a smooth transition when changing load point 
[7]. 

 
 

Figure 5. Scheme of fuel buildup during transients. The fuel buildup is limited by a “smoke limiter function” 
which keep the air-fuel ratio on a constant level to reduce the smoke formation.  

Figure 4 shows the amount of NOx produced during the transient. When the fuel starts to be 
injected, a peak in NOx is given due to temporarily low air-fuel ratio (See point V in Figure 4). 
The low air-fuel ratio is caused by the “fuel quantity without charge pressure” limit, see Figure 
5. Thereafter, the level of NOx decreases to a lower level since the fuel-air ratio becomes 
constant. The NOx-level remains constant due to the constant fuel-air ratio, which is kept 
constant thanks to the “smoke limiter”, until the desired load point is reached. After this point 
the NOx-level decrease (assuming that the load point is not full load), since the turbo speed 
will increase which results in a lower fuel-air ratio. A lower fuel-air ratio decreases the 
formation of NOx. 

If looking on Figure 1, Figure 2, Figure 3 and Figure 4 again. Different strategies can be used 
to reduce the NOx during the transients. With strategy A, the ICE follows the base line and the 
EM adds torque during the load buildup [5]. This will give a more rapid load buildup, better 
driveability, and slightly less produced NOx, due to the shorter transient time. In strategy B, the 
ICE runs on a lower load point than the base line case [5]. To reach the desired acceleration 
response (desired load) the EM is used to reach that level. The total torque, from the ICE and 
the EM will follow the base line case. This strategy gives a lower load demand from the ICE, 
which results in lower formation of NOx. The reason for this is that a lower load, in many 
cases, implies a lower cylinder temperature. Since the NOx formation is strongly dependent on 
the temperature, a decrease in NOx formation is given.  Strategy C is based on heating the 
exhaust gases to get a faster turbine speed-up. As in strategy B, the EM is used to 
compensate for the less torque produced from the ICE. By retarding the start of injection the 
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exhaust gases will get a higher temperature. The higher thermal energy in the exhaust gases 
gives quicker speed-up of the turbine. Strategy D, Figure 2, can be applied on all the 
strategies described above as well and is a charging mode. The ICE runs at optimal load to 
charge the batteries. 

1.3 Methodology 
The study will be performed in the following way: 

1. Literature review 
2. Studying of previous collected data 

a) Analysis and improvements of previous tests 
b) Proposal of a strategy 

3. Evaluation of the strategy 

The first step, the literature review, is to buildup a framework to get an understanding of the 
ICE, hybrid system and the transients. In the second step an analysis of data from previous 
tests will be done, to get a deeper understanding of how the emissions, noise and fuel 
consumption are affected when different parameters are changed. It also includes a proposal 
of a strategy that could reduce the transient emissions. Step three consists of an evaluation of 
the strategy. 

The purpose of the study is to find a correlation between engine speed/load transient and 
emissions. From the analysis a strategy will be carried out that could reduce the transient 
emissions by synchronizing the timescales of the fuel injection systems, turbo boost system 
and the after treatment system. The emissions includes NOx and PM. A study of the size of the 
EM will be done to see what power it should have and how it should be used. 

The study will answer the following questions as well: 

• What engine speeds and which load steps are of importance for transient emissions 
and fuel consumption?  

• What kind of transients results in the highest emissions and fuel consumption? How will 
constant speed with change in load affect the transient behavior? Will the time of the 
transient, i.e. the engage time of the EM, be an important factor? 

• How is the exhaust gas temperature effected by different transient times? 
• How much power should be used from the EM during the transients? 
• Will the utilization of the EM to handle transient emissions be a benefit for all turbo 

boost responses?  
• Is it possible to develop a control strategy between the ICE and the EM to reduce the 

emissions and/or the fuel consumption? 

  



 

6  
 

1.4 Thesis Outline 
This thesis will have the following structure; 

The first chapter contains an introduction and a brief theoretical background to the problem, 
the objectives and the methodology. 

In the second chapter the necessary theory for work is presented. 

Chapter three presents the experimental setup and studied parameter 

The evaluation process and analysis of the results are presented in chapter four and five. 

Results of importance are presented in chapter six. 

A discussion of the results is presented in chapter seven. 

Chapter eight contains the drawn conclusions of the work. 

2 Theory 
Note: The ratio between air and fuel will during this section be expressed as air-fuel 
equivalence ratio (λ), which is the inverse of fuel-air equivalence ratio (�). 

2.1 Diesel Engine Concept 
The most commonly used power source for propelling vehicles is the Internal Combustion 
Engine (ICE). The ICE converts the chemical energy, from the fuel, into heat by combustion. 
The heat will make the working media expand due to increase in temperature, which will 
increase the pressure in the cylinder. The pressure increase will perform a work on the piston. 
As working media gases are used. These can origin from liquids or gases [11]. 

The Diesel Engine and the Otto engine is the most used engine types. What distinguish these 
concepts from each other is the type of ignition and mixing. Diesel engines uses high 
compression to increase the temperature to ignite the fuel (auto ignition) while Otto engines 
uses spark plugs (forced ignition) [1][12]. The engines are categorized as 
Compression-Ignition (CI) engines and Spark-Ignition (SI) engines respectively. The mixing of 
fuel and air in Diesel engines occurs in the cylinder close to Top Dead Center (TDC), while it 
occurs well before ignition in Otto engines. When the mixture is ignited in Diesel engines a 
thermal explosion occurs. After this a turbulent diffusion flame takes over. The combustion 
stops when all fuel is vaporized and burned. The ignition in the Otto engines is controlled by 
the sparkplug. When the spark has ignited the fuel the flame will propagate from the plug, 
initially as a laminar flame, mostly as a turbulent flame. When the flame reaches the wall it 
ceases [13]. 

The inducted air in Diesel engines is led to the cylinder without any throttling, which reduces 
the pump losses [1]. Shortly after injection the air-fuel mixture is ignited due to the 
compression, which causes a temperature and pressure buildup [1][12]. Diesel engines have 
an efficiency of about 40 % [4], thanks to high compression ratio (high thermal efficiency) and 
low pump losses (the load is not controlled by a throttle) [1]. The combustion process reaches 
relatively high temperature (~2500 K) [1] and high pressure (~200 bar) [6]. 
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2.1.1 Working Cycle 

Four- and two-stroke cycles are two different working cycles. Four-strokes diesel engines are 
used in more or less all trucks and therefore this report will focus on the four-stroke cycle. The 
four-stroke cycle can be seen in Figure 6 and it is described below [1];  

1. Intake stroke, air is inducted from the inlet valve to the cylinder while the piston is 
moving from top center (TC) to bottom center (BC).  

2. Compression stroke, fuel is injected close to top dead center (TC) and ignition is 
initiated. The piston motion is upwards from BC to TC. 

3. Expansion stroke, air-fuel mixture ignites and the pressure increases. The expanding 
gas forces the piston down from TC to BC. 

4. Exhaust stroke, exhaust gases are expelled through the exhaust valve while the piston 
moving upwards from BC to TC. 

 

Figure 6. The operation cycle of a four stroke engine [1]. 

2.1.2 Air-Fuel mixture 

The mixture of air and fuel in Diesel engines occurs in the cylinder during the compression 
and/or the expansion stroke. A measure of the used air and fuel is the air-to-fuel ratio, see 
Equation 2. Another way of measuring the AFR is to compare the actual AFR with the 
stoichiometric AFR. This ratio is denoted as λ, see Equation 3. 

To be able to oxidize all the fuel the AFR needs to be at least 14.4-14.5, depending on the 
used diesel [1]. This corresponds to a λ-value equals to one. The combustion efficiency starts 
to decrease when the local λ-value (the local air-fuel mixture in the flame) is lower than one, 
see Figure 7. When the mixture becomes to lean the excess air cools the combustion chamber 
temperature and this makes it hard ignite the fuel. A λ-value below one (rich mixture) implies 
an air-fuel mixture that contains more fuel than can be burned by the available air. A lambda 
above one (lean mixture) implies excess air in the air-fuel mixture.  

�� = �� ���
�� ���� (2) 

� = �� ��� �� ����⁄
��� ��� �� ����⁄ ����

 (3) 
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Figure 7. The graph shows the combustion efficiency as function of 1 
than 1 gives a lower combustion efficiency

It is, for Diesel engines, important to differ the local 
λ-value is the λ-value locally in the fuel spray that differ depending on where in the flame it is 
measured, while the global λ-
the local �-value change with the fuel 
�-value of the spray goes from a value of about 
�-value goes to infinity since only air will 
one, i.e. lean mixture. The air
which results in a split-up between the rich mixture and

Figure 8. Schematics of the fuel spray and its 
propagation of the fuel spray gets, the leaner gets the air
equivalence ratio at lean combustion ratio. This figure is made from inspiration of Heywood 

 
. The graph shows the combustion efficiency as function of 1 λ-values. A 

n 1 gives a lower combustion efficiency [1]. 

important to differ the local λ-value from the global 
value locally in the fuel spray that differ depending on where in the flame it is 

-value is the average λ-value in the cylinder. 
value change with the fuel spray propagation. During the fuel spray propagation the 

value of the spray goes from a value of about 0.25 to be one (stochiometric). F
since only air will surround the fuel spray. Globally the 

he air-fuel mixture is ignited when the �-value is 
between the rich mixture and the vaporized phase

 

. Schematics of the fuel spray and its air-fuel ratios during different stages.
propagation of the fuel spray gets, the leaner gets the air-fuel mixture i.e. �-value in
equivalence ratio at lean combustion ratio. This figure is made from inspiration of Heywood 

values. A λ-value higher or lower 

value from the global λ-value. Local 
value locally in the fuel spray that differ depending on where in the flame it is 

 Figure 8 shows how 
During the fuel spray propagation the 

one (stochiometric). Finally will the 
Globally the �-value is above 
value is slightly below one, 

the vaporized phase.  

 

during different stages. The further the 
value increases. �  gives the 

equivalence ratio at lean combustion ratio. This figure is made from inspiration of Heywood [1]. 
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The geometry of the inlet manifold, the cylinder and the piston affects the rate of gas 
movement and therefore how well the air and fuel mixes. Swirl and squish are two pursued 
phenomena in Diesel engines. Swirl is air movement in the axial direction of the piston and 
squish is air movement in the radial direction of the piston, see Figure 9 [14]. Swirl is created 
by using swirl flaps positioned at the inlet and by using directed ports. The swirl motion 
increases as the cylinder reaches the TDC due to conservation of angular momentum. The 
radii of the combustion chamber is smaller than the radii for the cylinder, to keep the same 
angular momentum the velocity needs to be increased [15]. This increases in velocity will give 
some increase in turbulence. Squish occurs during the compression stroke due to the 
geometry of the combustion chamber. The combustion chamber is designed so it get narrower 
with the distance from the center of the cylinder, which causes air-fuel mixture to get squished 
to the center of the cylinder [15].  

 

 

Figure 9. The left figure shows swirl motion, which is a air movement in the axial direction of the piston 
[14]. The right figure shows squish, which is air movement in the radial direction of the piston [16]. 

 

Swirl helps to get a good mixture during combustion. In Figure 10 the combustion in a Diesel 
engine is shown. It can be seen that it is some space between the flames. The swirl motion 
helps to move the flames to these spots. This results in a better mixture and oxidation of fuel. 
The squish effects prevents combustion products to get stuck on the cylinder wall, since it 
pushes the mixture towards the center of the cylinder [17]. 

Turbulence is a pursued phenomenon in Diesel engine during the combustion. Turbulence is 
strongly related to the velocity, high velocities increases the possibility of creating turbulence. 
When the air is inducted into the cylinder an increase of the turbulence is achieved. The 
reason for this isnthe high speed of the inducted air and that then inducted air flow is colliding 
with the gasflow in the cylinder, which is flowing in a different direction. This results in high 
shear stresses which also contributes to the turbulence. Shortly afterwards when the inlet 
valves has closed the turbulence decay quickly. The turbulence will increase slightly during the 
compression stroke since the swirl and squish motion will interact [15]. These motions will 
collide with each other with a 90° angel and therefore turbulence is achieved. The main cause 
for the turbulence in the cylinder is the injected fuel spray. The fuel spray is injected with a 
very high speed. This leads to high turbulence locally in the fuel spray, which will give a good 
mixture of the air and fuel locally [17]. As mentioned before, the swirl helps to get a good 
mixture of the whole cylinder by “pushing” the flame in the axial direction. 
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Figure 10. Combustion in a Diesel engine [13]. 

The air-fuel mixture can be improved further by increasing the density of the air, using smaller 
injector nozzle orifices diameters and higher injection pressure. All these factors increases the 
atomization of the injected fuel which increases the air entrainment in the fuel spray [2].  

2.1.3 Combustion 

The combustion process in Diesel engines is complex. To get some understanding on how this 
process is working the heat release and the fuel spray will be described. 

2.1.3.1 Heat release 

Heat release is the energy released in the cylinder. Aronsson [2] gives the following 
explanation of the heat release. Figure 11 shows a scheme of the heat release for combustion 
in Diesel engines. Shortly after the Start of Injection (SOI), the heat release decreases and 
becomes negative. The vaporization of the fuel uses energy in the cylinder, which is seen as 
negative heat release. Some Crank Angle Degrees after the SOI the heat release starts to 
increase significantly, this point is defined as auto ignition and the time between these points is 
defined as ignition delay. During the ignition delay a good mixture between the fuel and the air 
occurs, which results in a rapid combustion of the mixture ones it is ignited due to high 
compression and temperature. This gives a high peak in the cylinder pressure. The phase is 
called premixed combustion. The heat release rate during the premixed combustion depends 
on the load and to what extent Exhaust Gas Recirculation (EGR) is used. Next phase is the 
spray driven combustion where the fuel burns as it is injected. This phase continuous until the 
End of Injection (EOI) where the third phase begins, the late combustion. At this point the heat 
release decreases since the injection of fuel ceases. How the heat release decreases depends 
on how fast the injector is closing and how much unburned fuel that is left in the cylinder.  
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Figure 11. Heat release as function of CAD [2]. 

2.1.3.2 Fuel Spray 

Fuel is injected into the cylinder with high pressure close to TDC. This results in that the fuel 
breaks down to droplets, mixes with the air and vaporizes. The air-fuel mixture will self ignite 
due to the temperature increase during the compression stroke. In Figure 12 John Dec’s [3] 
conceptual model of fuel spray development at different crank angles is shown. After Start of 
Injection (ASI) at 4° ASI a clear distinction between the liquid phase and the vaporized phase 
can be seen. Air entrainment starts and a cloud of air-fuel mixture is given around the fuel 
spray. This cloud has reached its maxima at 5.0° ASI. The time it takes before the spray starts 
to vaporize depends on the effectiveness of the air entrainment, which depends on the density 
of the fuel and the air, the number of nozzle orifices, the injection pressure, start of injection 
and temperature in the cylinder. The air entrainment into the fuel spray gets higher as the fuel 
spray jet gets longer and hotter. A higher fuel entrainment increases the vaporization of the 
fuel, which results in a more combustible air-fuel mixture. During the partially premixed 
combustion (PPC) phase (at around 5° ASI), the air-fuel mixture is combusted at a low λ-value 
at a certain distance from the nozzle. This favors the condition in the diffusion flame which 
results in different fuel fragments (HC), carbon monoxide and water. From the fuel fragments 
Poly-Aromatic Hydrocarbons (PAH) are formed, which in turn forms soot. Figure 12 shows a 
more detailed  model of the fuel spray. The soot is formed in the fuel rich regions. These 
particles get bigger and bigger as they moving downstream in the fuel spray. Close to the front 
of the flame the amount of soot reaches its maximum, see Figure 12. Shortly after the soot 
formation (at 6.5° ASI) the diffusion flame starts which encloses the fuel jet spray. The soot 
starts to oxidize at the diffusion flame due to high temperature and excess of oxygen, see 
Figure 12. In the end of injection the air-fuel mixture becomes rich when the injector pressure 
drops, due to that the needle of injector needs time to close the nozzle orifice [2]. This leads to 
a higher soot formation and larger soot particles. The formation of NOx occurs at high 
temperature and with excess of air. The temperature at the diffusion flame is high, around 
2500 K, and the access to air gives favorable conditions for NOx formation.  
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Figure 12. The top picture shows the different phases for the fuel spray. The figure at the bottom shows 
the a more detailed picture of the fuel spray [3]. 
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2.2 Turbo Boost System 
By increasing the amount of air in to the cylinder the power output can be increased. This can 
be done by using a turbo. The air is compressed before the inlet manifold, which result in a 
higher density of the air. This implies that more fuel can be combusted and a higher power 
output is achieved. Normally, the air is cooled by an intercooler after it has been compressed. 
This increases the air density even more. Another advantage when cooling is the reduction of 
the NOx. The cooled air lowers the temperature of the combustion which inhibit the formation 
of NOx. The turbo can be mechanically driven or driven by exhaust gases. Superchargers are 
mechanically driven by connections to the crankshaft. This system is most used by spark 
ignition engines [6]. 

The exhaust driven turbo utilize the energy in the exhaust gases. This turbo system consists of 
a turbine and a compressor connected by a shaft, see Figure 13. The energy in the exhaust 
gases makes the turbine spin faster. An increase in the turbine speed results in an increase in 
the compressor speed thanks to the shaft that connects them. Before the air enters the 
combustion chamber it is compressed by the compressor [6] [12].  

 
Figure 13. Scheme of a turbo on a 6-cylinder engine [4]. C is the compressor and T is the turbine. 

The speed of the turbo depends on the speed-load point of the ICE, i.e. engine speed and 
torque. At low engine speed and torque the turbine speed is low due to low exhaust flow. This 
results in a lower pressure over the turbine in comparison to the one with higher engine 
speeds. As mentioned in Chapter 1.2 the turbo boost system is a relatively slow system. When 
higher load is demanded the air-fuel ratio in the cylinder decreases, since the airflow from 
turbo does not initially match the increased amount of injected fuel [4]. To reduce the impact of 
the time delay for different load points, different turbocharger designs are used. A small nozzle 
turbine area gives a good response for low loads, but to high turbine speed at high loads. 

A wastegate is used to re-direct some of the pressure from the turbine to prevent it to over rev. 
This reduces the speed of the turbine [4]. The drawback with the wastegate is that energy will 
be wasted. 

Variable Geometry Turbos (VGT) are able to adapt its cross-section to remain the boost 
pressure level at different load points. This gives a good response of the turbo at different 
engine speeds [4] [6] [12]. The disadvantage of VGT is the moving parts in an environment 
with temperatures up to 1000 K.  

The Two Stage Turbo uses two turbines and compressors in series, where both are working 
together. The exhaust gases pass a high-pressure turbine and then a low-pressure turbine. 

C T 
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The air is precompressed by a low-pressure stage and then further compressed by a 
high-pressure stage. 

2.3 Engine-Out Emissions 
The main issue for Diesel engines when dealing with emissions are Nitrogen Oxides (NOx) 
and Particulate Matter PM. Hydrocarbons (HC) and Carbon Monoxide (CO) exists, but are not 
generally a big problem for Diesel engines. A big amount of these emissions are oxidized by 
the excess air before the exhaust gases reach exhaust manifold. The rest is taken care of by 
the Diesel Oxidize Catalyst. HC are residuals from incomplete combustion and CO is formed 
due to incomplete combustion. Since the NOx and PM are the main emissions, they will be 
described more in detail. 

2.3.1 NOx  

NO and NO2 are usually termed as NOx. NOx can be formed in three ways [1] [2] [13][18]; 

1. Fuel NOx 
2. Prompt NOx 
3. Thermal NOx 

Fuel NOx is the NOx formed when the fuel bound nitrogen reacts with the oxygen in the air 
during the combustion. Contribution from fuel NOx is relatively small since the N2 content in 
diesel is small.  

Prompt NOx origins from reaction between atmospheric nitrogen and unburned hydrocarbons 
which results in nitrogen radical that oxidize to NOx. Prompt NOx is formed in the flame front 
and have low temperature dependency. Prompt NOx has a small contribution to the total 
formed NOx. 

Thermal NOx is formed by reaction between the atmospheric nitrogen and oxygen. This 
reaction is strongly dependent on temperature. 
 
The rate of formed NOx increases exponentially as a function of temperature, which can be 
seen in Table 1 (in the column “Rate constant, cm3/mol·s”) [1][18]. NO is formed in a great 
extent for temperatures above 1800 K and for temperatures below 900 K NO is formed in a 
lower concentration or not at all. Thermal NOx stands for the major portion of the formed NOx. 
The “extended Zeldovich mechanism” gives the principal reaction in thermal NOx formation, 
see reactions R-1, R-2 and R-3 below. Table 1 shows the forward and reverse rate constant 
for these reactions.   
 

! + #$ ⇄ #! + # (R-1) 

# + !$ ⇄ #! + ! (R-2) 

# + !& ⇄ #! + & (R-3) 
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Table 1. Rate constants for NO formation mechanism [1]. 

 

The air-fuel ratio has an impact on the formation of NOx as well. The air excess cools to the 
cylinder to some extent which restrains the formation of NOx [1]. NO2 is formed through 
oxidation of NO. 

2.3.2 Particulate Matter – PM 

Particle matter (PM) is the cause of the black smoke associated to older Diesel engines. PM 
mainly consists of carbon material, i.e. soot, formed during the combustion on which deposits 
have got stuck. The deposits origins from unburned HC (from fuel and oil), sulfuric acid, nitric 
acid, metals and water. The soot is formed inside the flame. A large amount of the soot is 
reduced through oxidation in the diffusion flame. The formation and oxidation of soot has been 
discussed in chapter 2.1.3.2.  

PM net formation is favored by low temperatures while NOx net formation is favored by high 
temperature. This makes it hard to design an engine that will produce both low engine-out 
NOx-emissions and low engine-out PM emissions, either will the engine be optimized for low 
NOx-emissions or low PM emissions [13]. 

2.4 Emission Control in Diesel Engines 
The engine-out emissions can be reduced by an increase in the compression ratio, 
improvements of the injectors and the geometry of the combustion chamber for instance. 
These improvements will give a better fuel atomization and thus lower emissions. The NOx 
formation will increase due to the higher compression ratio which increases the temperature.  

Further reduction of the emissions can be made by using an exhaust after treatment system, 
i.e. a system that cleans the engine-exhausts. The emissions can be reduced in several ways. 
Figure 14 shows a typical aftreatment systems for Euro 6 engines. This system consists of 
Diesel Oxidize Catalyst (DOC), Diesel Particulate Filter (DPF) and 
Selective Catalytic Reduction (SCR) catalyst. The engine is also equipped with an Exhaust 
Gas Recycling (EGR) system that re-direct some of the exhaust gases to the cylinder. This 
order of the system is preferable since NO2 is formed in the DOC and the NO2 helps the DPF 
with passive regenerating. The SCR works at its optimum when the ratio of NO2 and NO is 
one-to-one. The different methods of how to reduce emissions are described below. 
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Figure 14. An example how a different after treatment systems can be combined [19]. 

2.4.1 EGR – Exhaust Gas Recirculation 

Exhaust Gas Recirculation (EGR) controls the NOx emission from the engine by returning 
some of the exhaust gases back to the combustion chamber. 

There are two ways to redirect the exhaust gases back to the combustion chamber, “short 
route system/high pressure loop” and “long route system/low pressure loop”. With the “short 
route system” the exhaust gases are taken directly from the cylinders to the EGR-system 
before they passes the turbo. In the “long route system” the exhaust gases pass the turbo 
before parts of the gases goes to the EGR-system. 

The EGR can be cooled in one step or two step or not cooled at all, to later be mixed with 
fresh air at the intake manifold before it reaches the combustion chamber. 

The NOx emission are reduced by two major effects when using the EGR [20]: 

• The amount of oxygen in the cylinder is reduced. This reduces the reaction rate. 
• A higher thermal mass is given, i.e. the specific heat capacity is increased of the 

cylinder content. This implies that more energy is needed to heat the gas, which results 
in a lower temperature in the combustion chamber. 
 

The flame temperature gets lower due to the above effects. This reduces the NOx formation 
[20]. In transient operation, depending on the difference between the demanded torque and 
the actual given torque the EGR can be reduced or turned off. At high difference between the 
demanded torque and the actual torque the EGR is turned off [1] [12].  

Using EGR reduces the NOx, but it increases the fuel consumption and it could lead to a 
higher amount of formed PM [13]. When using the EGR energy is required to operate the 
system. This results in higher fuel consumption. The PM emissions increases since the 
combustion temperature is decreased, which inhibits the oxidation of the soot. Figure 15 
shows how the fuel consumption and the NOx are affected by EGR rate. 



 

 

Figure 15. Formation of NO

 

2.4.2 DOC – Diesel Oxidize Catalyst 

The Diesel Oxidation Catalyst (DOC) reduces the CO and the HC. By using the air excess, the 
DOC oxidize the CO and HC as well as 
reach a temperature of about 
Figure 16 shows how efficient the DOC is at different temperatures. In the DOC oxidation of 
NO to NO2 occurs, which is good for the 

Figure 16. The conversion rate as function of temperature for the DOC

. Formation of NOx and fuel consumption as function of EGR rate 
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about 200 °C, the light-off temperature, to enable oxidization
shows how efficient the DOC is at different temperatures. In the DOC oxidation of 
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n as function of EGR rate [13]. 

Catalyst (DOC) reduces the CO and the HC. By using the air excess, the 
The exhaust gases need to 

off temperature, to enable oxidization [12][21]. 
shows how efficient the DOC is at different temperatures. In the DOC oxidation of 

like the DPF and the SCR [12].  

 
. The conversion rate as function of temperature for the DOC [21]. 
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2.4.3 DPF – Diesel Particulate Filter 

There are different kinds of geometrical configurations of Diesel Particulate Filters (DPF). The 
most common is the wall-flow filter in which every second channel is blocked [22].  Figure 17 
shows a schematically sketch of a DPF. The cross-section area of the channels are in the 
magnitude of square millimeters, where the exhaust gases passes. Inside the channels the 
gases passing through the porous walls. These porous channels diameters are in the 
magnitude of the soot particle size.  

When the soot particle passes the porosity it gets stuck.  These kind of DPF normally has an 
particulate trapping efficiency of 99% [22]. Eventually, the filter will get filled up. This will affect 
the engine performance negatively, since the exhaust backpressure will get higher [22]. 

The filter can then be cleaned in two ways; passive regeneration or active regeneration. 
Passive regeneration utilize the energy in the exhaust gases and the NOx emissions from the 
engine to oxidize the soot. This technique require a temperature of 250 °C to be efficient [23]. 
The soot is removed through a reaction between the soot and the  NO, see R-4. Active 
regeneration demands a high temperature to oxidize the soot efficient, around 600°C [23]. This 
technique remove the soot by combustion between the soot and oxygen, see R-5. 

2	' + 2	#!$ → 2	'!$ +#$ (R-4) 

' + !$ → '!$ (R-5) 

 

 

Figure 17. Diesel Particulate Filter and its porous wall. 

Active regeneration can be done in several ways [24];  

• Electrical heating (upstream or embedded in the filter) 
• Injection of combustibles in the exhaust together with catalytic combustion 
• Post-injection of fuel with catalytic combustion 
• Retarded injection timing 
• Burner in exhaust 

  

Exhaust gases 

Flow through the filter 
PM stuck in the wall 
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Passive regeneration occurs through;  

• Catalytic filter coating [24] 
• Reactive species generation in DOC (reaction between NO2 and C in the DPF) [22] 

[24] 

2.4.4 SCR – Selective Catalyst Reduction 

To reduce the NOx after it has been formed Selective Catalytic Reduction (SCR) can be used. 
Before the exhaust gases goes through the SCR it needs to be treated with urea, Diesel 
Exhaust Fluid (DEF), also called AdBlue®. The amount of urea that is needed depends on the 
amount of NOx. The urea is converted to ammonia due to the heat in the exhaust system. 
When the mixture of ammonia and exhaust gases reach the SCR catalyst a reaction between 
ammonia and NOx begins, which forms nitrogen gas (N2) and water (H2O) [25]. 

It is important that the right amount of urea is injected at the right time to assure a 
homogenous mixture between the ammonia and the exhaust gases. This is to reduce the risk 
of ammonia going through the catalyst without reacting with the NOx (this is called ammonia 
slip). The ammonia together with secondary compounds forms toxic elements. To reduce the 
ammonia slip an ammonia slip catalyst can be used. 

Figure 18 shows the capability of the SCR to treat NOx. The conversion of NOx to N2 and H2O 
becomes efficient when the SCR reaches temperature above 200 °C. The ability to evaporate 
the urea is low for temperatures below  200 °C, which decreases the efficiency of the SCR to 
treat NOx [20].  

 

Figure 18. Reduction of NOx in the SCR as function of temperature [13]. 

Since urea is needed an extra tank/container needs to be mounted on the vehicle. This costs 
in weight and space. By using the SCR a lower fuel consumption is achieved compared with a 
aftertreat system without SCR, up to 5 % less fuel is consumed [13] [26]. Less EGR can be 
used when using the SCR and through that increase the engine performance. A problem with 
the SCR is to reach the operating temperature of 200 °C for urban driving condition. 

2.5 Transmission 
The transmission is a part of the driveline that transfers power from the ICE to the differential. 
When the vehicle is changing speed the gear ratio between the ICE and the wheels need to be 
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changed. Depending on the torque demand certain gear ratio is needed. There are several 
types of transmissions [27];  

• Manual Transmission (MT) 
• Automatic Transmission (AT) 
• Semi-Automatic Transmission/Automated Manual Transmission (AMT) 
• Continuous Variable Transmission (CVT) 

Figure 19 shows the schematics of the different transmissions. A manual transmission has 
fixed gears (gear ratios) that are chosen manually. The automatic transmission uses a 
compound of planetary gears. The gears are fixed as well and the shifts are fully automatic. 
Semi-automatic transmissions are exactly the same as manual transmissions with the 
difference that the shifting is electronic-controlled. The Continuous Variable Transmission, or 
CVT, has step-less change in gear ratio in a limited range. Instead of gears it uses a belt 
placed between two bodies, for instance, that can change diameter and thereby gear ratio 
[27].   

 
 

 

 

Figure 19. Manual transmission [28] to the left, planetary gears [29] used in automatic transmissions in 
the middle and a CVT [30] to the right. 

 

2.6 Transient Diesel Operation 
Transient operation, or unsteady-state operation, is an area that have not been studied as 
much as steady-state operation [4]. Steady-state operation occurs when the vehicle operate 
with constant speed and load. Transient operation is characterized by rapid change in the 
operating condition. This puts demands on the controllers, fuel injection system, turbo boost 
system and after treatment system. They need to be able to reach new states quick. The most 
fundamental transients are [4]: 

• Load acceptance or throttling2: change occurring at constant governing settings, e.g. 
hill climbing and at gear change. 

• Change in throttle position: acceleration of vehicle. 
• Cold or hot starts. 

                                                
2 See notation in chapter 9. 
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These “main” transients can be combined. Figure 20 shows the difference between load 
acceptance (left graph) and acceleration (right graph). The difference between these cases is 
the torque buildup. Note that the right graph in the figure shows the acceleration of vehicle 
using a single specific gear During load acceptance the load demand increases abruptly 
(dashed line). The torque produced from the engine (solid line) cannot follow the load demand 
instantaneously, it needs time to buildup the required torque. During accelerating the torque to 
overcome is increased with the speed (dashed line), since the air resistance increases with the 
speed squared. The engine is, normally, able to deliver higher torque than needed to 
overcome the torque (solid line). This extra torque makes it possible to accelerate the vehicle. 
It is only limited by the fuel limiting function (smoke limiter function) [4]. It can be seen that the 
torque increases up to a certain level, where after it starts to decreases. The reason for this 
behavior is that the “smoke limiter” limits the available torque in the beginning. As the turbine 
speed increases more fuel can be injected and the torque increases up to a maxima. After this 
maxima the turbo limits the amount of inducted air and the “smoke limiter” limits the fuel and 
less torque can be produced. 

 
Figure 20. Torque development for the two transient cases: load acceptance, throttling, (left figure) and 
acceleration (right figure) with a fixed gear [4]. The dashed line shows the demanded torque and the solid 
line shows the delivered torque from the engine. 

2.6.1 Load Acceptance 

At load acceptance a change in load affects the engine. When a new higher load is applied the 
engine torque decreases as the engine cannot immediately match the new load demand. This 
results in a decrease of engine speed. To encounter the load change the fuel injection is 
increased. The air-fuel ratio is decreased since the turbocharger cannot support the 
demanded air instantaneously, it need time to build up the pressure. During the earlier cycle 
the engine is operated as a naturally aspirated engine. This relatively low local air-fuel ratio, 
sometimes lower than the stochiometric value, gives higher smoke emissions. The global 
λ-value decreases as well, but the mixture is still lean. High NOx emissions are also given 
since the gas temperature is increased due to the low air-fuel ratio. The NOx formation is 
limited by the available oxygen [4]. The time the transient takes place, before steady-state is 
reached, depends on how long the load application last and how big the speed deviation is. 

2.6.2 Acceleration 

From Figure 20 it can be seen that the major crank (de-)acceleration occurs in the early 
cycles, since the torque go from one lower level to a higher level. After this stage the torque 
change is small. This transient are strongly dependent on the initial engine load. When the 
throttle is pushed all the governors reaches its maximum, only limited by the fuel limiter. The 
torque from the engine reaches a high level almost instantly and the load that should be 
overcome increases with the vehicle speed due to aerodynamic resistance, see Figure 20. 
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During the acceleration, in the early cycles, the smoke emissions are high. The cause is due to 
low air supply in comparison to the amount of injected fuel, which gives a low air-fuel ratio. The 
NOx increases as well. A more complex acceleration transient is when gear shifting is 
included. Figure 21 shows the acceleration transient during up-gear shifting for a truck. This 
operation gives a higher amount of formed soot and NOx, due to consecutive load change 
through the gear shifting. 

 

Figure 21. Transient behavior during gear shifting [4]. 

2.6.3 Transient Emissions 

2.6.3.1 Soot 

It has been shown that soot is primarily formed during change in fuel rate [4]. Figure 22 shows 
the difference in soot formation for steady-state operation and transient operation. It is clear 
that the soot formation is significantly higher during the transient operation in comparison to 
steady-state operation. This peak in soot formation can be derived from the fuel injection. 
When a higher load is demanded the fuel is injected with higher pressure. The fuel jet 
penetration increases. Since the air motion, in the early stage, is more or less unchanged from 
previous steady-state the air-fuel mixture will be to low at this stage and give locally lower �-
value. A lower local �-value implies a lower amount of available oxygen, this results in a higher 
soot formation. The pressure will get higher as more fuel is injected, which also is an factor 
that enhance the soot formation [1]. Altogether this gives a more heterogeneous mixture which 
enhance the soot formation and a deteriorated combustion.  A deteriorated combustion leads 
to a lower soot oxidation [4], see chapter 2.1.3.2 for more details.  

 
Figure 22. Soot formation during transients [4]. It can be seen that the PM increases significantly during 
transients. 
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The soot formation during transient can be controlled by [4]: 

• Closing the EGR-valve during transients 
• Fuel limiter/Smoke limiter (discussed in chapter 1.2) 
• After treatment system (DPF, discussed in chapter 2.4.3) 
• Using oxygenated fuels, such as biodiesel or additives as glycol ethers. 

2.6.3.2 NOx 

The amount of formed NOx during transients is more dependent on the delay between the 
increased fuel amount and the response of the turbocharge system, and also the amount of 
used EGR. Figure 23 shows the behavior of NOx formation during steady-state and transient 
operation. As been discussed earlier, the NOx formation is dependent on the burned gas 
temperature. Locally high temperature together with a slightly lean air-fuel mixture increases 
the formation of NOx (see chapter 2.3.1) [4].  This is to some extent inhibited by the low 
cylinder wall temperature. The lower cylinder temperature enhance the heat exchange 
between the gas and the wall which lower the cylinder temperature. Since the EGR-valve is, 
normally, closed during load increase the NOx formation is increased further [4]. 

 
Figure 23. NOx formation during transients [4]. 

Handling of NOx can be the done by [4]; 

• Retard the injection 
o Lowers the combustion temperature 
o Lower peak cylinder pressure 
o Decreases the time for the NOx to form 

• Using EGR, see chapter 2.4.1. 
• Charge air-cooling, since it cools the combustion charge [6]. 

2.6.3.3 HC and CO 

During load change and cold starting the HC emissions are relatively high. The cause is high 
local air-fuel ratio and low cylinder wall temperature [4].  

The formation of the CO depends on the air-fuel ratio, a to high or a to low fuel air ratio gives a 
higher formation of CO. This due to incomplete combustion [4]. 

2.6.3.4  Noise 

The noise from a Diesel engine origin from mainly three sources: 

1. Gas-flow 
2. Mechanical processes 
3. Combustion  
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Gas-flow noise includes noise from intake and exhaust processes, where turbo charging noise 
and cooling fan noise are included. Noise from piston slap, gears, tappets, valve trains, timing 
drives, fuel injection and bearings. Pressure rise from combustion causes the engine to vibrate 
and emit noise. The detonation, from the pre-mixed fuel, is also a source of noise [4]. The 
combustion noise is generally increased during transient conditions. The transient noise could 
be 4-7 dB higher than for steady-state conditions [4]. During transients when fuel is injected 
the cylinder wall temperature is lower than the steady-state operation, which causes an 
increased ignition delay. The ignition delay implies a higher mixture rate of the air and fuel. 
This gives a steeper cylinder pressure increase when the fuel is ignited and thereby a higher 
combustion noise [4]. During cold start this phenomena is enhanced. There are several 
improvements that can be made to reduce the combustion noise; 

• Optimization of injection rate; pilot injection decreases the noise level since the ignition 
delay is reduced and a more continuous combustion is achieved.  

• Faster turbo response. 
• Combustion chamber temperature control by switching of the EGR during transients. 

2.7 Hybrid Electric Vehicle 
Conventional vehicles consist of an ICE as a power source directly connected to the wheels by 
a driveline [1]. The drawback with a conventional vehicle is that the operating point of the ICE 
cannot be chosen freely, it is depending on the demanded tractive power and the kind of 
transmission that is used [9]. It is not possible to avoid load poins which have bad efficiency 
and they therefore gives a bad impact on the emissions [31], unless a CVT or a ATM is used. 
These transmissions have more and tighter steps between the gears. 

Hybrid Electrical Vehicles (HEV) consists of at least one ICE and one Electric Motor (EM). At 
least two energy storages are used in the HEV, which for instance could be fuel and batteries. 
This enables two power sources for propelling the vehicle that could be combined in different 
ways depending on used topology. The vehicle can run only with the ICE, pure electric or 
combine these sources. This allows smaller ICE’s and more freedoms of controlling the load 
points of the ICE depending on what is desirable for certains hybrid topologies. With help of 
the EM the emission can be reduced and thereby the fuel consumption as well. It is also 
possible to make the vehicle more quiet [32]. As been described earlier, transient emissions 
can be reduced by letting the EM assist the ICE (see chapter 1.2). HEV makes it possible to 
convert braking energy into electrical energy by so called regenerative braking. This would 
otherwise be converted to heat energy, which is the case for the most conventional vehicles 
[9]. Some drawbacks with HEV’s are an increased weight of the vehicle and the increased 
price. Another drawback with HEV, that does not use external power to load its battery, is that 
the fuel consumption is higher when it is charging with the ICE. Due to a lot of energy 
conversions from mechanical to electrical energy and back to mechanical energy, high energy 
losses are given [32]. This does not apply when the vehicle is charged from the braking energy 
or for Plug-In Hybrids. A Plug-In Hybrid can be charge from the grid. This electrical energy 
could be produced by coal, for instances. Indirectly, theses kind of HEV gives emissions. 

There are two main concepts of HEV, the Series Hybrid and the Parallel Hybrid, see Figure 24 
and Figure 25. These two concepts can be combined to different hybrid topologies for instance 
the Power Split Hybrid (Figure 26).  
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2.7.1 Series Hybrid 

A Series Hybrid Vehicle does not have a mechanical connection between the ICE and the 
wheels, see Figure 24. This means that the operating point of the ICE can be chosen freely, 
but this will give more energy conversions. The produced mechanical energy in the ICE is 
converted to electrical energy in the generator which charges the battery. The battery supplies 
the EM with energy. Before and after the battery, the electrical energy passes power 
electronics with costs in energy. The EM:s propels the vehicle with power drawn from the 
battery or the generator (EM connected to the ICE). The power flow can also be from the 
wheels to the battery as well. The advantage with the Series Hybrid is that it can be driving 
pure electric and produce zero-emission in that area the vehicle is driven and the freedom to 
mount the motors in the vehicle [9]. 

 

Figure 24. Topology of Series Hybrid vehicle. PE is an abbreviation for Power Electronics. The arrows 
shows the direction of the energy transport. 

2.7.2 Parallel Hybrid 

Parallel Hybrid vehicles consist of two drivelines, one mechanical driveline for the ICE and one 
electric driveline for the EM. Figure 25 shows the typology for a parallel hybrid vehicle. The 
Parallel Hybrid concept consists of three possible typologies. Either with only the EM_1 and 
PE_1, or only with EM_2 and PE_2 or with all of them. The latter is less common, due to the 
cost. In the mechanical driveline is the ICE mechanically connected to the wheels via a 
gearbox (manual or automatic) [9] [31]. This implies that the operating point of the ICE cannot 
be chosen freely. The engine speed is chosen with the transmission and the needed torque 
can be controlled with the EM [31]. The losses are from the engine out to the wheels are less 
in comparison to the Series Hybrid. With the Parallel Hybrid vehicles it is possible to choose 
between four different driving modes [31]; 

• Electric Mode: Pure electric 
• Non Electric Mode: Pure ICE 
• Electric and ICE Mode : (Series Hybrid) 
• Power Mode: All power sources are used for propulsion  

Parallel Hybrid vehicles has an redundant system considering the traction system, in case of 
EM failure. 
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Figure 25. Topology of Parallel Hybrid vehicle. The arrows shows the direction of the energy transport. 

2.7.3 Power Split Hybrid 

Power Split Hybrids are a combination of the Series Hybrid and the Parallel Hybrid, see Figure 
26. The planetary gear makes it possible to split up the energy from the ICE to either the 
wheels, the battery or both. How this is distributed depends on the driving conditions, e.g. 
vehicle speed, acceleration and state of charge of the battery. This system allows the 
operating point of the ICE to be chosen freely, since the ICE does not have a mechanical 
connection to the wheels. The main advantages of this system is that the ICE, generator and 
the EM are decoupled. 

 

Figure 26. Topology of Power Split Hybrid vehicle. The arrows shows the direction of the energy transport. 

2.8 Previous Work in the Area of Transient Behavior  
Most of the previous work that was found focused on transient emissions in conventional 
vehicles. The slow turbo-response seems to be the common conclusion for the transient 
emissions. The papers “Experimental Assessment of Turbocharged Diesel Engine Transient 
Emissions during Acceleration, Load Change and Starting” [33], “Effects of Steady-State and 
Transient Operation on Exhaust Emissions from Non-road and Highway Diesel Engines” [34] 
and “Analysis of Transient Operation of Turbocharged Engines” [35] all claims that the turbo is 
the cause of the transient emissions (pollutant and noise). 

Rakopoulus et. al [33] means that the engine speed, fuel rate and turbocharger properties are 
important factors for transient operation. The slow turbocharger response seemed to be the 
major cause for high NOx and soot formation. It was also showed that acceleration from higher 
engine speeds or from higher loads gives a lower soot overshoot and that a harder 
acceleration gives elevated emissions. According to Rakopoulus et. al [33] the noise rate is 
correlated to the rate of cylinder pressure development, which in turn is affected by injection 
timing and ignition delay. 

“Effects of Steady-State and Transient Operation on Exhaust Emissions from Non-road and 
Highway Diesel Engines” [34] showed data, above that the turbo is the major factor for 
transient emissions, that proved that HC and PM emissions are more sensitive for transient 
operation than NOx.  
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In the paper “Analysis of Transient Operation of Turbocharged Engines” [35] the main focus is 
about the boost pressure buildup in turbo charge system and how transients in the turbo can 
be reduced. 

In the paper “Analysis of Transient Noise behavior of a Truck Diesel Engine”  [36] a study of 
transient noise is made. They found that the amount of pre-mixed fuel and the transient 
condition temperatures of intake air and combustion chamber walls affects the noise, where 
the charge air temperature is seemed to be major cause of the noise. Tests showed that the 
sound level increased with 5 dB(A) during transients. The ignition delay enables are better pre-
mix. The conclusion from this study was that ignition delay need to be reduced to decrease the 
transient noise. The cause for ignition delays during transient operation is: 

• Lower combustion chamber wall temperature and lower charge air temperature 
• Dynamic advance of injection timing 
• Significantly lower boost pressure 

A parameter study was done in the paper “Experimental Investigation of Transient Emissions 
(HC and NOx) in a High Speed Direct Injection (HSDI) Diesel engine” [37]. H. Kang and P. V. 
Faraell measured NOx and HC during increasing torque and constant speed and vice versa. It 
was found that NOx began to increase with the fuel transients and decreased for constant 
torque. The peak NOx levels was found to be correlated with the time of the transient, an 
increased time for the load change gave a decreased NOx level peak. 

Similar results as in “Experimental Investigation of Transient Emissions (HC and NOx) in a 
High Speed Direct Injection (HSDI) Diesel engine” [37] was found in “Transient Diesel 
Emissions: Analysis of Engine Operation During Tip-In” [38] according to the correlation 
between NOx formation (and PM formation) and the length of the transient. They also found a 
correlation between injected fuel and NOx formation. An increase in fuel leads to an increase 
in NOx. The injection timing seems to be a important factor as well. Later injection timing gives 
a reduction of NOx for transient operation as for steady-state. PM emissions increased 
significantly at instantly load step at the beginning of the transient. 

Studies according control strategies for Hybrid vehicles during transient operation seems not 
to been performed in a significant extent. No useful material could be found in the SAE 
database, KTH library or ASME database. 
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3 Experiment 

3.1 Problem Description
To goal with the experiment 
consumption during transient operation with a hybridized vehicle.

3.2 Engine 
The engine used during the experiment is a Scania Eu V Engine equipped with Scania
system, PMFC and Scania VGT. The properties of the engine can be seen in 

Table 2. Engine properties. 

Displacement  
Power @1900 rpm 
Torque @ 1000-1350 rpm 
Fuel System 
EGR Cooling System 
Turbo Boost System 
After treatment system 

 

3.3 Test layout 
The test layout was planned and conducted as a

The test is based on a transient cycle consisting of three step responses from a low load to a 
high load, see Figure 27. To simulate an electric motor, the ICE is ramped from the low load to 
the high load. As can be seen in the figure the ramping does not start from the low load. The 
ICE needs to take some of the total load. This can be seen at point A in the figure, the electric 
motor cannot take the complete
time, the contribution from the electric motor is decreased in a cont
load is increased. The load that is delivered from the electric motor, during the ramp time, will 
go from high load to zero load, see 
driveline is the demanded load already from the beginning.

Figure 27. The transient cycle for the ICE can be seen in the 
the right graph. 

 

A 

Problem Description 
To goal with the experiment is to investigate if it is possible to reduce emissions and fuel 

during transient operation with a hybridized vehicle. 

The engine used during the experiment is a Scania Eu V Engine equipped with Scania
system, PMFC and Scania VGT. The properties of the engine can be seen in 

9.3 liter (5 cylinders) 
280 hp (206 kW) 
1400 Nm 
Scania XPI-system  
One Step 
VGT 
PMFC 

The test layout was planned and conducted as an automatic test before the thesis began.

The test is based on a transient cycle consisting of three step responses from a low load to a 
. To simulate an electric motor, the ICE is ramped from the low load to 

the high load. As can be seen in the figure the ramping does not start from the low load. The 
the total load. This can be seen at point A in the figure, the electric 

motor cannot take the complete load (except for the load case at 600 rpm) . During the ramp 
time, the contribution from the electric motor is decreased in a controlled way, while the I

s increased. The load that is delivered from the electric motor, during the ramp time, will 
go from high load to zero load, see Figure 27. This means that the total load delivered to the 
driveline is the demanded load already from the beginning. 

 

 

ransient cycle for the ICE can be seen in the left graph. The response of the EM is shown in 

is to investigate if it is possible to reduce emissions and fuel 

The engine used during the experiment is a Scania Eu V Engine equipped with Scania EGR 
system, PMFC and Scania VGT. The properties of the engine can be seen in Table 2. 

automatic test before the thesis began. 

The test is based on a transient cycle consisting of three step responses from a low load to a 
. To simulate an electric motor, the ICE is ramped from the low load to 

the high load. As can be seen in the figure the ramping does not start from the low load. The 
the total load. This can be seen at point A in the figure, the electric 

case at 600 rpm) . During the ramp 
rolled way, while the ICE 

s increased. The load that is delivered from the electric motor, during the ramp time, will 
is means that the total load delivered to the 

 

The response of the EM is shown in 
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During the first 30 seconds the engine is operating on a base level. This conditioning step is 
defined as 30 % load and 1200 rpm. Thereafter, the test steps start. The first 60 seconds the 
engine is operating with low load. Then the first step response occurs. Depending on the ramp 
time the ICE reaches the demanded load on different times. When the demanded load is 
reached, the ICE stays at that level for 10 seconds. Then the load goes down to the low load 
for 20 seconds, after which next step response occur in the same manner. When the second 
step is completed, the low load lasts for two seconds before the third step occurs. After the 
third step the ICE operates at low load for 10 seconds and is then returned to the base level. 

The test cycle is performed for seven ramp times, where each ramp time is repeated for seven 
engine speeds and nine load cases, see Table 3. The test is conducted for two different 
concepts differing in how much load the electric motor can deliver, see Table 4. This to 
simulate different balances between ICE and EM. The table shows how much of the total 
demanded torque the electric motor can deliver. 

Table 3. Test layout for the transient cycle. 

Ramp Time [s] Engine Speed [rpm] Load Case (low load-high load) [%] 

0 600 0  – 100 
1 800 25 – 100 
0.5 1000 50 – 100 
2 1200 75 – 100 
5 1500 0 – 75 
10 1900 25 – 75 
25 2200 50 – 75 
  0 – 50 
  25 – 50 
 

Table 4. The table shows how much of the demanded load the electric motor (EM) can deliver at different 
engine speeds. 

Engine Speed [rpm] 600 800 1000 1200 1500 1900 2200 

Load taken by EM #1 100  % 60 % 35 % 25 % 25 % 25 % 30% 
Load taken by EM #2 50 % 30 % 17.5% 12.5 % 12.5 % 12.5 % 15 % 
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3.4 Preparation of Measured Data 
To be able to calculate the NOx-mass flow, it needs to be converted from volume fraction to 
mass fraction. The converting of volume fraction to weight fraction of a substance is performed 
in the following way; 

1. Determine the molar weight of substance of interest and the total molar weight of the 
exhaust gas composition 

2. Determine the number of moles in the exhaust gas composition 
3. Determine the average molar weight of the molecules in the exhaust gas composition 
4. Calculate the weight fraction in accordance to equation 4. 

))*+��,-� = ))*.�� ∙ *
*�.,

 

 

(4) 

))*+��,-� is the weight fraction [ppm] of the substance of interest, ))*.�� is the volume 

fraction [ppm] of the substance of interest, * is the molar weight [kg/kmole] of the substance 
of interest and *�., is the average molar weight [kg/kmole] of the exhaust gas composition. 

To be able to determine the number and the weight of the molecules the combustion equation 
need to be studied. Reaction R-6 shows the combustion equation for an arbitrary hydrocarbon 
fuel ('�&/), with air excess (� > 1) [13][1], where the left side shows the fuel and the oxidizer 

and the right side shows the exhaust products. The reaction has a �-dependency, which 
implies that a higher � results in a higher amount of exhaust gas products. 

'�&/ + � 45 + 6
48 9!$ + 3.773#$) →

→ 5'!$ + 4628&$! + 9� − 1) 45 + 6
48!$ + 3.773 ∙ � 45 + 6

48#$ 

 

R-6 

The chemical formula for average Diesel fuel is '>$.?&$?.$. Inserting this in R-6 gives; 

'>$.?&$?.$ + 18.1 ∙ �9!$ + 3.773#$) →
→ 12.3 ∙ '!$ + 11.6 ∙ &$! + 18.1 ∙ 9� − 1)!$ + 68.29 ∙ � ∙ #$ 

 

R-7 
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Following the step-by-step described above, the result is the following; 

1. Molar weight of substance in interest: * [kg/kmole] (5) 
Weight of exhaust gas composition: *�B- = 9170.8 + 2491.3 ∙ 	�)  [kg/kmol] (6)  

2. Number of moles in the exhaust gas compound: # = 5.8 + 86.39 ∙ �  (7) 
3. Average weight of the moles in the exhaust composition:  

 *�.� = >DE.FG$HI>.?∙	J	
K.FGFL.?I∙J	 	[kg/kmole] (8) 

4. Weight fraction: 

))*+��,-� = ))*.�� ∙ M
NOP.QRSTUN.V∙	W	
X.QRQY.VU∙W	

 [ppm]  (9) 

As for the NOx-emissions, the PM-emissions also need to be converted. The PM-emissions 
are measured as a density. The converting is performed in the following way; 

1. Determine the molar volume at STP, since the density of the PM is normalized to STP. 
2. Determine the mole weight of the gas composition. 
3. Determine the density in the exhaust gases. 
4. Determine the volume flow of the exhaust gases 
5. Determine the mass flow of the PM-emissions 

 
By following the step-by-step description above the following result is obtained; 

1. Molar volume: Z[ = 22.4	�?/�]^ (at STP) 
2. Weight of exhaust gas composition: *�B- = 9170.8 + 2491.3 ∙ 	�) [kg/kmol] (10) 

3. Exhaust gas density: _�B- = M`ab
cd   [g/m3] (11) 

4. Volume flow: Z���+ = M`ab
	e`ab  [m

3/s] (12) 

5. Mass flow: * = 	_�B- ∙ Z���+  [g/s] (13) 
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4 Evaluation of Results 

4.1 Finding start and end points of each step 
During the test fuel flow, NOx-emissions and PM-emissions were measured among other 
parameters. The step responses of the fuel consumption and the emissions will have a shape 
like the trace shown in Figure 28. Three distinct step can be seen. To be able to evaluate the 
amount of fuel consumption and emissions during every step response, the steps need to be 
isolated. This procedure is explained below. 

 

Figure 28. Typical response of NOx-emissions during the transient cycle. 

4.1.1 Finding the start point of each step – NOx, PM and Fuel Consumption 

To be able to find the start of the fuel flow step or the emission step, a trig level needs to be 
determined. The trig level (TL) is determined in the following way; the average level of the 
emissions in the end of the step were calculated after which they were multiplied with a 
constant (f), see Equation 14 and Figure 29. The constant is set to be 2 % for both the 
emissions and the fuel consumption. As can be seen in Figure 28, the start of Step 3 is at the 
end of Step 2 (point I in the figure). The start of Step 3 and thereby the end of Step 2 was set 
to be at that point. 

gh = 	f ∙ i�jkkj]j��.���,� 
 

(14) 
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Figure 29

4.1.2 Finding the end point of each step

After studies of several cases of Step 1 for the NO
emissions of NOx reached a steady
seen that the NOx-emissions never reached a steady
end of Step 2 is set to be at the point when Step 3 starts, as mention before. Step 3  was 
found to end after 15 seconds plus the ramp time.

In the same way is the end of Step 1 for the PM set. It was found that the PM
12.5 seconds plus the ramp time. The end of Step 2 is set to be at the point when Step 3 
starts. Step 3 ends after 14 seconds plus the ramp time from the start of this step.

The length of Step 1 for the fuel consumption was found to be 12.5 seconds plus the ramp 
time as for the PM-emissions. As for the above parameters, is the end of Step 2 set at the 
point when Step 3 starts. Step 3 has the same length as Step 3 for PM
plus the ramp time. 

4.1.3 Determine the Steady

To be able to determine the transient emissions the emissions for steady
determined. Since the test consist o
the load cases 0 %, 25 %, 50 % and 75 %, see 
for 100 % load, one needs to utilize the step response. It was decided to utilize the Step 1 and 
Step 2, since these step showed the most stabilized level in the end of the step. The steady
state level is determined in the same way as the average is tak
even though they had some oscillations. The, more or less, stabilized part lasts for six 
seconds, over which the averaging is taken.

4.2 Determine the Transient NO
To be able to find the NOx-
steady-state for high load. This will divide the evaluation in two groups, one case where the 
NOx-emissions is higher than for steady
NOx-emissions is lower than for steady

 

29. Schematic view of how the average is made. 

point of each step – NOx, PM and Fuel Consumption

After studies of several cases of Step 1 for the NOx-emissions, it could be seen that the 
reached a steady-state after 17 seconds plus the ramp time. It could be 
emissions never reached a steady-state between Step 1 and Step 2. The 

end of Step 2 is set to be at the point when Step 3 starts, as mention before. Step 3  was 
d to end after 15 seconds plus the ramp time. 

In the same way is the end of Step 1 for the PM set. It was found that the PM
12.5 seconds plus the ramp time. The end of Step 2 is set to be at the point when Step 3 

seconds plus the ramp time from the start of this step.

The length of Step 1 for the fuel consumption was found to be 12.5 seconds plus the ramp 
emissions. As for the above parameters, is the end of Step 2 set at the 
tarts. Step 3 has the same length as Step 3 for PM-emissions, 

Determine the Steady-State Emissions 

To be able to determine the transient emissions the emissions for steady
determined. Since the test consist of a conditioning step it is possible to find the emissions for 
the load cases 0 %, 25 %, 50 % and 75 %, see Figure 28. To find the steady
for 100 % load, one needs to utilize the step response. It was decided to utilize the Step 1 and 
Step 2, since these step showed the most stabilized level in the end of the step. The steady
state level is determined in the same way as the average is taken for the trig level (

e oscillations. The, more or less, stabilized part lasts for six 
eraging is taken. 

Determine the Transient NOx-emissions 
-emissions every step is compared with the emissions during 

state for high load. This will divide the evaluation in two groups, one case where the 
is higher than for steady-state operation and one case where the 

emissions is lower than for steady-state operation, see Figure 30. 

 

(Emissions)Average 
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, PM and Fuel Consumption 

emissions, it could be seen that the 
state after 17 seconds plus the ramp time. It could be 

state between Step 1 and Step 2. The 
end of Step 2 is set to be at the point when Step 3 starts, as mention before. Step 3  was 

In the same way is the end of Step 1 for the PM set. It was found that the PM-step lasts for 
12.5 seconds plus the ramp time. The end of Step 2 is set to be at the point when Step 3 

seconds plus the ramp time from the start of this step. 

The length of Step 1 for the fuel consumption was found to be 12.5 seconds plus the ramp 
emissions. As for the above parameters, is the end of Step 2 set at the 

emissions, 14 seconds 

To be able to determine the transient emissions the emissions for steady-state need to be 
f a conditioning step it is possible to find the emissions for 

. To find the steady-state emissions 
for 100 % load, one needs to utilize the step response. It was decided to utilize the Step 1 and 
Step 2, since these step showed the most stabilized level in the end of the step. The steady-

en for the trig level (Figure 29), 
e oscillations. The, more or less, stabilized part lasts for six 

emissions every step is compared with the emissions during 
state for high load. This will divide the evaluation in two groups, one case where the 

state operation and one case where the 
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Figure 30. The left graph shows the case when 
emissions for the step, while the lower graph shows the opposite.

 

4.2.1 Case I – NOx-emissions Higher than for Steady

When the NOx-emissions is higher than the emissions for steady
be divided in three regions, see 
represents the negative transient and area C represents the emissions for steady
emissions are normalized to g/kWh.

Figure 31. This graph shows how the emissions can b
positive transient emissions, area B the negative transient 

4.2.2 Case II – NOx-emissions Lower than for Steady

For the case when the NOx-emissions is
five methods to compare the results has been proposed.

4.2.2.1 Method I 

Calculate the area of the curve, i.e. the 
see Figure 32. Take the ratio between this area and the corresponding area for the 
steady-state case (area C in the figure). The advantage with method is that it is simple, but it is 
not possible to make any com

 

 

 

 

left graph shows the case when the steady-state emissions is right
emissions for the step, while the lower graph shows the opposite. 

emissions Higher than for Steady-State Operation

emissions is higher than the emissions for steady-state operation the curve can 
be divided in three regions, see Figure 31. Area A represents the positive transient, area B 
represents the negative transient and area C represents the emissions for steady
emissions are normalized to g/kWh. 

 

. This graph shows how the emissions can be divided in different areas. Area A represents the 
positive transient emissions, area B the negative transient emissions and C the steady

emissions Lower than for Steady-State Operation

emissions is lower than the emissions for steady
five methods to compare the results has been proposed. 

Calculate the area of the curve, i.e. the amount of NOx-emissions during the step, area A in 
. Take the ratio between this area and the corresponding area for the 

state case (area C in the figure). The advantage with method is that it is simple, but it is 
not possible to make any comparison with case I. 

 

right than the maximum 

State Operation 

state operation the curve can 
. Area A represents the positive transient, area B 

represents the negative transient and area C represents the emissions for steady-state. The 

e divided in different areas. Area A represents the 
and C the steady-state emissions. 

State Operation 

lower than the emissions for steady-state operation, 

emissions during the step, area A in 
. Take the ratio between this area and the corresponding area for the 

state case (area C in the figure). The advantage with method is that it is simple, but it is 



 

 

 

Figure 32. The left graph shows how the emissions 
emissions for the steady-state case (area C).

 

4.2.2.2 Method II 

Cut the curve at t1 seconds from the start and t
Calculate the area between the steady
This method is simple, but it is hard to find a distinct time where to make the cut especially in 
the end of Step 2 and the beginning of Step 3. The steps at that point goes into each other and 
affects the amount of emissions. This will make it hard to co

Figure 33. By cutting the graph at two certain times a positive transient of emissions can be determined 
(area A). 

4.2.2.3 Method III 

Cut the curve, in the beginning and at the end, where the derivative reach a certain level, see 
Figure 34. With this method it is hard to find a “good” derivative to c
cases has different gradients. Due to noise in the measurement it is hard to calculate the 
derivative on the curve. This means that every different case has its own trig level of derivative 
when it should be cut. The advantage 
exact than for method I and II, and give a better comparison with case I.

 

 

graph shows how the emissions the transient step (area A). The right graph shows the 
state case (area C). 

seconds from the start and t2 seconds before the end, see 
Calculate the area between the steady-state level and the transient curve, area A in the figure.
This method is simple, but it is hard to find a distinct time where to make the cut especially in 
the end of Step 2 and the beginning of Step 3. The steps at that point goes into each other and 
affects the amount of emissions. This will make it hard to compare with case

. By cutting the graph at two certain times a positive transient of emissions can be determined 

Cut the curve, in the beginning and at the end, where the derivative reach a certain level, see 
. With this method it is hard to find a “good” derivative to cut the curve since different 

cases has different gradients. Due to noise in the measurement it is hard to calculate the 
derivative on the curve. This means that every different case has its own trig level of derivative 
when it should be cut. The advantage with this method would be that cuts would be more 
exact than for method I and II, and give a better comparison with case I. 
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The right graph shows the 

seconds before the end, see Figure 33. 
state level and the transient curve, area A in the figure. 

This method is simple, but it is hard to find a distinct time where to make the cut especially in 
the end of Step 2 and the beginning of Step 3. The steps at that point goes into each other and 

mpare with case I. 

 
. By cutting the graph at two certain times a positive transient of emissions can be determined 

Cut the curve, in the beginning and at the end, where the derivative reach a certain level, see 
ut the curve since different 

cases has different gradients. Due to noise in the measurement it is hard to calculate the 
derivative on the curve. This means that every different case has its own trig level of derivative 

with this method would be that cuts would be more 
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Figure 34. By cutting the curve when the gradient reach a certain level, a positive transient of 

4.2.2.4 Method IV 

Determine the area of the curve, i.e. the amount of NO
Figure 35. It is simple but it won’

Figure 35. Area A represents the total emissions during a step response.

4.2.2.5 Method V 

This method suggest that the negative transient starts at the same time and last with the same 
time at respectively engine speed. That means that the positive transient would have the same 
duration at respectively engine speed as well. If this is true it will be possible to find the points 
where the positive and negative transient should start and end for all the
investigated by comparing the length of the positive transient of all the test cases with the base 
line (ramp time zero seconds). The result is shown in 
of the positive transient deviates much from the base line. Due to this, this method is rejected. 
Otherwise, this method would give good comparisons with case I.

. By cutting the curve when the gradient reach a certain level, a positive transient of 
can be determined. 

Determine the area of the curve, i.e. the amount of NOx-emissions during the step, area A in 
. It is simple but it won’t be possible to compare with case I. 

. Area A represents the total emissions during a step response.

This method suggest that the negative transient starts at the same time and last with the same 
tively engine speed. That means that the positive transient would have the same 

duration at respectively engine speed as well. If this is true it will be possible to find the points 
where the positive and negative transient should start and end for all the
investigated by comparing the length of the positive transient of all the test cases with the base 
line (ramp time zero seconds). The result is shown in Figure 36. It can be seen that the length 
of the positive transient deviates much from the base line. Due to this, this method is rejected. 
Otherwise, this method would give good comparisons with case I. 

 
. By cutting the curve when the gradient reach a certain level, a positive transient of emissions 

emissions during the step, area A in 

 
. Area A represents the total emissions during a step response. 

This method suggest that the negative transient starts at the same time and last with the same 
tively engine speed. That means that the positive transient would have the same 

duration at respectively engine speed as well. If this is true it will be possible to find the points 
where the positive and negative transient should start and end for all the cases. This was 
investigated by comparing the length of the positive transient of all the test cases with the base 

. It can be seen that the length 
of the positive transient deviates much from the base line. Due to this, this method is rejected. 



 

 

Figure 36. The graph shows the comparison between the different lengths of the positive transient. 
be seen that it deviates a lot between the different cases.

4.2.2.6 Method VI 

The start of the negative transient can be determined by calculate how long the torque 
demand is, which is the start of the step plus ramp time (t
negative is set to be to the end of the step, t
represents the gain (as a negative number in the results) in emissions during the positive 
transient and are B represent emissions during the negative transient. The advantages with 
this method is that it is simple and it is pos
with the method could be that the gain gets bigger than it should be, since the gain is 
calculated from the start of the step to the start of the step and to the start of the negative 
transient. However, when comparing these results to each other it is possible to determine 
which test case that is the best. 

Figure 37. This is the method chosen to evalute the emissions, when the steady
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. The graph shows the comparison between the different lengths of the positive transient. 
be seen that it deviates a lot between the different cases. 

The start of the negative transient can be determined by calculate how long the torque 
mand is, which is the start of the step plus ramp time (t2 in the Figure 37

negative is set to be to the end of the step, t3 in the figure. This gives two regions, the area A 
represents the gain (as a negative number in the results) in emissions during the positive 
transient and are B represent emissions during the negative transient. The advantages with 
this method is that it is simple and it is possible to compare with case I. The disadvantages 
with the method could be that the gain gets bigger than it should be, since the gain is 
calculated from the start of the step to the start of the step and to the start of the negative 

comparing these results to each other it is possible to determine 
which test case that is the best. This method is chosen to evaluate case II.

. This is the method chosen to evalute the emissions, when the steady-state 
than the maximum emissions. 
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. The graph shows the comparison between the different lengths of the positive transient. It can 

The start of the negative transient can be determined by calculate how long the torque 
37). The length of the 

ves two regions, the area A 
represents the gain (as a negative number in the results) in emissions during the positive 
transient and are B represent emissions during the negative transient. The advantages with 

sible to compare with case I. The disadvantages 
with the method could be that the gain gets bigger than it should be, since the gain is 
calculated from the start of the step to the start of the step and to the start of the negative 

comparing these results to each other it is possible to determine 
This method is chosen to evaluate case II. 

 
state emissions is higher 
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4.3 Determine the Transient PM
As for the NOx-emissions,  every step of the PM
during steady-state for high load. In this case, the evaluation need to be divid
(see Figure 38); 

1. one case will be when the level of PM
high load 

2. one when the start of the PM
3. one when the end of the PM
4. and on when the steady-state level of PM is higher than the PM

For the case 2, the start of the positive transient is set to be when the step starts since it does 
give more emissions already from the beginning than the steady
For case 3, the positive transient is set to last as long as the throttling time plus the ramp time. 
Thereafter is the negative transient set to start and it will end when the step ends, see 
38. Case 1 and 4 determine the emissions for the positive and the negative transient
same way as for the NOx. The PM emissions are normalized to g/kWh.

 

Figure 38. The above graphs shows the different cases that can occur when evaluating the PM

shows case 1 (left) and case 2(right), and bottom graphs shows case 3 (left) and case 4 (right).

 

Determine the Transient PM-emissions 
emissions,  every step of the PM-emissions is compared with the emissions 

state for high load. In this case, the evaluation need to be divid

ne case will be when the level of PM-emissions is higher than for steady

one when the start of the PM-step is higher than the steady-state 
one when the end of the PM-step is lower than the steady-state 

state level of PM is higher than the PM-step 

For the case 2, the start of the positive transient is set to be when the step starts since it does 
give more emissions already from the beginning than the steady-state case, see 
For case 3, the positive transient is set to last as long as the throttling time plus the ramp time. 
Thereafter is the negative transient set to start and it will end when the step ends, see 

. Case 1 and 4 determine the emissions for the positive and the negative transient
. The PM emissions are normalized to g/kWh. 

 

 

The above graphs shows the different cases that can occur when evaluating the PM

shows case 1 (left) and case 2(right), and bottom graphs shows case 3 (left) and case 4 (right).

emissions is compared with the emissions 
state for high load. In this case, the evaluation need to be divided in four cases 

er than for steady-state at the 

For the case 2, the start of the positive transient is set to be when the step starts since it does 
state case, see Figure 38. 

For case 3, the positive transient is set to last as long as the throttling time plus the ramp time. 
Thereafter is the negative transient set to start and it will end when the step ends, see Figure 

. Case 1 and 4 determine the emissions for the positive and the negative transient in the 

 

 

The above graphs shows the different cases that can occur when evaluating the PM- emissions. The top graphs 

shows case 1 (left) and case 2(right), and bottom graphs shows case 3 (left) and case 4 (right). 



 

 

4.4 Determine the Fuel Consumption During the Transients
The fuel consumption is calculated by integrating the area of the fuel flow for all the 
steps (Figure 39), after which it is

Figure 

4.5 Phase Differences 
When comparing the results against the work done by the ICE, it is important to catch the step 
response for the different values. Due to
at different time. The start and end time for the above investigated factors does not fit for when 
the power is detected. So, the time when the steps starts and stops differs between the 
different variables. 

4.6 Determine the Exhaust Gas Temperature During the Transients
The temperature of the exhaust gases, during the test cycle, will have a shape as in 
To get a definite comparison of the temperature increase in each step, the partial differential of 

the temperature with respect to work is determined, i.e. 

the engine. This gives how much the temperature increase
that the temperature does not have time to decrease between the steps
between Step 2 and Step 3 (see 
than they are in reality.  

 

the Fuel Consumption During the Transients
The fuel consumption is calculated by integrating the area of the fuel flow for all the 

after which it is normalized to g/kWh.  

Figure 39. Fuel mass flow during the step response. 

 
When comparing the results against the work done by the ICE, it is important to catch the step 
response for the different values. Due to inertia in the system different variables are detected 
at different time. The start and end time for the above investigated factors does not fit for when 
the power is detected. So, the time when the steps starts and stops differs between the 

Determine the Exhaust Gas Temperature During the Transients
The temperature of the exhaust gases, during the test cycle, will have a shape as in 

get a definite comparison of the temperature increase in each step, the partial differential of 

the temperature with respect to work is determined, i.e. 
lm
ln, where op is the work performed by 

. This gives how much the temperature increases per joule. The reason for this is 
that the temperature does not have time to decrease between the steps

(see Figure 40), which will make the temperature increase larger 
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the Fuel Consumption During the Transients 
The fuel consumption is calculated by integrating the area of the fuel flow for all the 

 

When comparing the results against the work done by the ICE, it is important to catch the step 
inertia in the system different variables are detected 

at different time. The start and end time for the above investigated factors does not fit for when 
the power is detected. So, the time when the steps starts and stops differs between the 

Determine the Exhaust Gas Temperature During the Transients 
The temperature of the exhaust gases, during the test cycle, will have a shape as in Figure 40. 

get a definite comparison of the temperature increase in each step, the partial differential of 

is the work performed by 

. The reason for this is 
that the temperature does not have time to decrease between the steps, and especially 

), which will make the temperature increase larger 
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Figure 40. The temperature of the emissions during the transient cycle. 

 

Figure 41. The differentiated temperature of the case showed in Figure 40. 
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4.7 MATLAB 

4.7.1 Flow Chart for NOx- and PM-emission calculations 

To be able to calculate the NOx- and PM-emissions, seven inputs are needed (see Figure 42). 
In the main program, two functions are needed. The function “steg” separates the three steps. 
The “conv”-function converts the volume fraction to mass fraction after which it calculates the 
NOx and PM, respectively, mass flow. When the main program has the mass flow it calculates 
the emissions for each step normalized to g/kWh and it also divides the emissions in positive, 
negative and steady-state emissions. 

 

 

Figure 42. Flow chart for NOx- and PM-emisison calculations. * Is used for convetion of NOx-emissions is calculated and ** is 
used for covertion of PM-emissions. 

 

4.7.2 Flow Chart for Fuel Consumptions and the Temperature of the Exhaust Gases 

Figure 43 shows the way of calculating the fuel consumption and the temperature gradient. As 
can be seen in the figure five inputs is needed. As for the previous cases the “steg”-function 
separates the steps. The main program than calculates the consumption/gradient of the  
temperature. The fuel consumption is normalized to g/kWh and the temperature gradient is 
calculated as K/kWh. 

 

Figure 43. Flow chart for fuel calculations. 

 

 

  



 

42  
 

5 Analysis of Results

5.1 Positive Transient 
The analysis of the results will be based on the load buildup during the step and what 
that are achieved during the steps. 
response (solid line) and the response from the engine (dashed line). The lowest 
(λQWCP) is achieved during the “quantity without charged pressure” part. When the “smoke 
limiter” limits the injected fuel the 
even more when the lowest demanded load is reached. The highest 
when the ICE reaches the maximum load. The possible situations are described below.

5.1.1 Situation I: Low Initial Load a

Figure 44 shows how the response looks when the “quantity without charge pressure” is lower 
than lowest demanded load and t

5.1.1.1 Situation I a): Slow Load Buildup

The lowest demanded load is reached at different time for the ramp case in comparison to the 
step case. As soon as the lowest demanded load is reached the 
the turbo will have enough time to adjust the airflow during the ramp. In cases like this the 
NOx- and PM-emissions will be more or less the same as for the base line (with no ramp time).
Neither will this effect the temperature or the SFC, since the time where the 
not long enough. 

5.1.1.2 Situation I b): Quick Load Buildup

For higher engine speeds, around 1000
decrease in NOx-emissions can be seen
demanded load is reached sufficiently fast for some higher ramp times in comparison to the 
base line, which results in a higher 
the base line case to reach the demanded load
decreases as well due to the higher 

Figure 44. The graph shows how the load is developed during the step. The lambda for the different 
stages in the load builup is also marked. QWCP stands for "Quantity Without Charge Pressure”, T turbo 
(when the smoke limiter is engaged) and Y for the maximum demanded load.
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Emissions 

The analysis of the results will be based on the load buildup during the step and what 
that are achieved during the steps. Figure 44 to Figure 48 shows a schematic of the step 
response (solid line) and the response from the engine (dashed line). The lowest 

is achieved during the “quantity without charged pressure” part. When the “smoke 
limiter” limits the injected fuel the λ-value increases to a higher value, λT

even more when the lowest demanded load is reached. The highest λ-value 
maximum load. The possible situations are described below.

Situation I: Low Initial Load and Low Turbo Boost Pressure 

shows how the response looks when the “quantity without charge pressure” is lower 
and the smoke limiter needs to be engaged.  

Situation I a): Slow Load Buildup 

The lowest demanded load is reached at different time for the ramp case in comparison to the 
step case. As soon as the lowest demanded load is reached the λ-value might increase. Sinc
the turbo will have enough time to adjust the airflow during the ramp. In cases like this the 

will be more or less the same as for the base line (with no ramp time).
the temperature or the SFC, since the time where the 

Situation I b): Quick Load Buildup 

, around 1000 rpm and higher, when the ramp time gets longer a 
emissions can be seen for some cases. This is due to that the 

demanded load is reached sufficiently fast for some higher ramp times in comparison to the 
, which results in a higher λ-value. The turbo boost response in not quick enough for 

the demanded load, it takes too much time. 
decreases as well due to the higher λ-value. 

. The graph shows how the load is developed during the step. The lambda for the different 
is also marked. QWCP stands for "Quantity Without Charge Pressure”, T turbo 

(when the smoke limiter is engaged) and Y for the maximum demanded load. 

The analysis of the results will be based on the load buildup during the step and what λ-values 
shows a schematic of the step 

response (solid line) and the response from the engine (dashed line). The lowest λ-value 
is achieved during the “quantity without charged pressure” part. When the “smoke 

T, and it will increase 
value (λY) is achieved 

maximum load. The possible situations are described below. 

shows how the response looks when the “quantity without charge pressure” is lower 
 

The lowest demanded load is reached at different time for the ramp case in comparison to the 
value might increase. Since 

the turbo will have enough time to adjust the airflow during the ramp. In cases like this the 
will be more or less the same as for the base line (with no ramp time). 

the temperature or the SFC, since the time where the λ-value is higher is 

when the ramp time gets longer a 
. This is due to that the least 

demanded load is reached sufficiently fast for some higher ramp times in comparison to the 
. The turbo boost response in not quick enough for 

, it takes too much time. The PM-emissions 

 
. The graph shows how the load is developed during the step. The lambda for the different 

is also marked. QWCP stands for "Quantity Without Charge Pressure”, T turbo 



 

 

 

 

5.1.2 Situation II: High Initial Load and Low Turbo Boost Pressure

If the “quantity without charge pressure” results in a high load from the beginning, as in 
45 and Figure 46, the lowest demanded load is reached immediately. Depending on the 
inclination of the ramp, the λ-value will increase at different rates. A long ramp demands small 
changes for the turbo boost system to adjust for, while a shorter ramp demands quicker 
change in the turbo boost system. 

5.1.2.1 Situation II a): Bad Turbo Boost Adaption

For the case when the turbo boost system does not manage to adjust for the demanded 
airflow it will end up like in Figure 
slightly in comparison to the base line. This due to the higher 
emissions will decrease slightly as well, since a higher 
definition which inhibits the formation of soot and favors the oxidation.
from the part when the λ-value increases and t
soon as the load buildup deviates from the ramp, the SFC will increase and the temperature 
gradient will start to increase. 

5.1.2.2 Situation II b) Good Turbo Boost Adaption

For cases when the turbo boost system mana
time gets longer, it will look as in 
ramping and results in both lower NO
during the load buildup since the 
the whole load buildup. 

 

Figure 45. Load buildup for cases 
without charged pressure is high and the turbo 
boost pressure does not manage to adapt to the 
demanded air flow. The abbreviations is the same 
as in Figure 44. 

 

Situation II: High Initial Load and Low Turbo Boost Pressure 

If the “quantity without charge pressure” results in a high load from the beginning, as in 
, the lowest demanded load is reached immediately. Depending on the 

value will increase at different rates. A long ramp demands small 
boost system to adjust for, while a shorter ramp demands quicker 

change in the turbo boost system.  

Situation II a): Bad Turbo Boost Adaption 

For the case when the turbo boost system does not manage to adjust for the demanded 
Figure 45. For these situations the NOx-emissions will decrease 

slightly in comparison to the base line. This due to the higher λ-value during the step. The PM
emissions will decrease slightly as well, since a higher λ-value results in more oxygen, per 
definition which inhibits the formation of soot and favors the oxidation. 

value increases and the temperature gradient will start to decay. As 
soon as the load buildup deviates from the ramp, the SFC will increase and the temperature 

 

Situation II b) Good Turbo Boost Adaption 

For cases when the turbo boost system manage to adjust with the airflow and when the ramp 
time gets longer, it will look as in Figure 46. This will give highest possible 

in both lower NOx- and PM-emissions. The SFC will be as low as it can be 
during the load buildup since the λ-value is high. The temperature gradient will decay during 

 

 when the quantity 
and the turbo 

boost pressure does not manage to adapt to the 
The abbreviations is the same 

 

Figure 46. Load buildup for cases when the quantity 
without charged pressure is high
boost pressure manage to adapt to the demanded 
air flow. The abbreviations is the same as in 
44. 
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If the “quantity without charge pressure” results in a high load from the beginning, as in Figure 
, the lowest demanded load is reached immediately. Depending on the 

value will increase at different rates. A long ramp demands small 
boost system to adjust for, while a shorter ramp demands quicker 

For the case when the turbo boost system does not manage to adjust for the demanded 
emissions will decrease 

during the step. The PM-
value results in more oxygen, per 

 The SFC decreases 
he temperature gradient will start to decay. As 

soon as the load buildup deviates from the ramp, the SFC will increase and the temperature 

ge to adjust with the airflow and when the ramp 
. This will give highest possible λ-value during the 

The SFC will be as low as it can be 
value is high. The temperature gradient will decay during 

 

. Load buildup for cases when the quantity 
without charged pressure is high and the turbo 
boost pressure manage to adapt to the demanded 

eviations is the same as in Figure 
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5.1.3 Situation III: High Turbo Boost Pressure

High turbo boost pressure is achieved during Step 3 in the transient cycle. A high turbo boost 
pressure will result in that the smoke limiter does not engage at all. Even though the turbo 
boost pressure is high, two possible situation
The situation shown in Figure 
ramp and the situation in Figure 
the load ramp. The PM-emissions does not seem to be
emissions during Step 3. In Step 3 the air excess is high, which inhibits the formation and 
favors the oxidation of the soot.

5.1.3.1 Situation III a): Short Ramp Time

For some engine speeds (below
too short and the smoke limiter need to be engaged  (
emissions could be slightly lower than the base line. A longer ramp time will result in a 
decreased level of NOx-emissions. 
as the NOx-emissions during Step 3. In Step 3 the air excess is high, which inhibits the  
formations and favors the oxidation of the soot.
this situation. The temperature gradient will though show a large decrease since the ICE will 
operate with a leaner mixture.

5.1.3.2 Situation III b): Long Ramp Time

For step responses when the ramp time is longer and/or the boost pressure is relatively high, 
the engine load will follow the desired load well 
or PM-value will not differ much from the base line, since the higher 
immediately, more or less. The SFC will be higher than for 
but the temperature gradient will decrease during the ramp time due to the leaner air
mixture. 

Figure 47. This graph shows the development of the 
load when the turbo boost pressure is relatively 
high, but not high enough to follow the least 
demanded load. The abbreviations is the same as in 
Figure 44. 

 

 

  

Situation III: High Turbo Boost Pressure 

High turbo boost pressure is achieved during Step 3 in the transient cycle. A high turbo boost 
pressure will result in that the smoke limiter does not engage at all. Even though the turbo 
boost pressure is high, two possible situations can occur, shown in Figure 

Figure 47 occurs when the turbo boost pressure cannot follow 
Figure 48 occurs when the turbo boost pressure manage to follow 
emissions does not seem to be affected as much as the NO

3. In Step 3 the air excess is high, which inhibits the formation and 
favors the oxidation of the soot. 

Situation III a): Short Ramp Time 

below 1000 rpm) with high turbo pressure the ramp time could be 
smoke limiter need to be engaged  (Figure 47). This is the reason that the 
be slightly lower than the base line. A longer ramp time will result in a 

emissions. The PM-emissions does not seem to be e
emissions during Step 3. In Step 3 the air excess is high, which inhibits the  

mations and favors the oxidation of the soot. The SFC will not be effected as much during 
this situation. The temperature gradient will though show a large decrease since the ICE will 

mixture. 

Situation III b): Long Ramp Time 

responses when the ramp time is longer and/or the boost pressure is relatively high, 
the engine load will follow the desired load well (Figure 48). This means that 

value will not differ much from the base line, since the higher 
The SFC will be higher than for Situation III a): Short Ramp Time

but the temperature gradient will decrease during the ramp time due to the leaner air

 

. This graph shows the development of the 
load when the turbo boost pressure is relatively 
high, but not high enough to follow the least 

The abbreviations is the same as in 

Figure 48. This graph shows the development of the 

load when the turbo boost pressure is high enough 

to follow the least demanded load. The 

abbreviations is the same as in Figure 17.

 

High turbo boost pressure is achieved during Step 3 in the transient cycle. A high turbo boost 
pressure will result in that the smoke limiter does not engage at all. Even though the turbo 

Figure 47 and Figure 48. 
occurs when the turbo boost pressure cannot follow the load 

occurs when the turbo boost pressure manage to follow 
affected as much as the NOx-

3. In Step 3 the air excess is high, which inhibits the formation and 

e ramp time could be 
This is the reason that the 

be slightly lower than the base line. A longer ramp time will result in a 
emissions does not seem to be effected as much 

emissions during Step 3. In Step 3 the air excess is high, which inhibits the  
The SFC will not be effected as much during 

this situation. The temperature gradient will though show a large decrease since the ICE will 

responses when the ramp time is longer and/or the boost pressure is relatively high, 
his means that neither the NOx- 

value will not differ much from the base line, since the higher λ-value is reach 
Situation III a): Short Ramp Time, 

but the temperature gradient will decrease during the ramp time due to the leaner air-fuel 

 

. This graph shows the development of the 

load when the turbo boost pressure is high enough 

to follow the least demanded load. The 

abbreviations is the same as in Figure 17. 
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5.1.4 Situation IV: Others Factors 

Other factors that can affect the emissions is the start of injection (SOI) and the common rail 
pressure. A retarded SOI will result in lower engine-out NOx-emissions and a higher level of 
soot emissions, since the combustion temperature will be lower. The SFC will increase, since 
a retarded SOI will give a worse utilization of the combustion process. A higher common-rail 
pressure will result in higher NOx-emissions and lower soot emissions, since a higher 
common-rail pressure will result in a better (global) air-fuel mixture (due to higher turbulence), 
which means that the temperature will get higher and that the SFC will decrease. A higher 
common-rail pressure will also results in a higher exit velocity of the fuel, which gives a longer 
lift-off effect. This gives a decreased net soot formation. The lift-off effect is also affected of the 
λ-value. A high λ-value will give a longer lift-off effect. 

5.1.4.1 Situation IV a): Operating Modes 

Scania Eu V engine has different operating modes that engages at different operating 
condition. Two of them are the “Static- and Dynamic operating mode”. This means that during 
the condition step when the engine is operated at steady-state that the “static mode” is 
engaed. As soon as the step response initiates, it switches to “dynamic mode”. If the ramp 
time is long, it switches back to the “static mode” again, since the load has an constant 
increase. When the demanded load is reached, it switches to dynamic for a short time since a 
change occurs in the system. Then it switches to “static mode” again. Depending on the 
chosen mode the SOI changes, which will affect the emissions in the way described above. 

5.1.4.2 Situation IV b): Common-rail Pressure 

When the ramp time gets longer the common-rail pressure increases with the time up to the 
optimum pressure. During the ramp time, when the common-rail pressure is lower than the 
optimum pressure, the NOx-emissions per kWh are lower than when the demanded load is 
reached and the SFC is higher. This is due to that the NOx is not favored by a low common-rail 
pressure, see chapter 5.1.4.1. The level of PM-emissions will get higher, since the lift-off 
length starts from a short length and increases with the common-rail pressure. 

5.1.4.3 Situation IV c): Temperature 

The temperature of the engine gets higher with increasing ramp time. This will result in lower 
PM-emissions, since a raised temperature favors the oxidation of the soot. This factor effects 
the NOx-formation, but this factor is not strong enough to affect the net formation of the NOx. 

5.2 Negative Transient Emisisons 

Factors affecting the negative transient of NOx-emissions are: 

• EGR mixture composition at the high load 
• Engine speed (effects the time the NOx has to form and the heat conduction to/from the 

cylinder wall) 
• Temperature of the cylinder walls 

When the high load step is over it will take some cycles before the “high load-EGR mixture” is 
consumed. It will also take some time before the cylinder wall temperature will reach the new 
steady-state level. This means that the ramp time will not effect the negative transient 
NOx-emissions, the emissions would be more or less the same for all the ramp times. In some 
cases when the load step is high, long ramp times will result in a higher NOx-emissions, since 
a higher ramp time would give higher temperature of the engine in comparison to a the 
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temperature it would have at the low load. These factors are the reason to why the emissions 
of the negative transient differ from the different engine speeds.  

The PM-emissions during the negative transient will be affected by: 

• EGR mixture composition at the high load 

• Engine speed (effects the heat conduction to/from the cylinder wall) 

• Temperature of the cylinder walls 

• Post-injection strategies 

As mentioned above, the “high load-EGR” will be in the EGR-system for some cycles before it 
is consumed and it will thus not be effected by the ramp time. Thereby, the PM-emissions will 
not be effected during the negative transient of the EGR. The temperature increases with 
increasing ramp time, which favors the oxidation of the PM. Since the cylinder wall 
temperature will remain the same more or less for some cycles during the negative transient, 
the negative transient PM will be reduced for longer ramp times.  
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6 Results and Initial Discussion 
The results will be presented in this section followed by a discussion. The results of the test 
cases can be found in Error! Reference source not found. to Error! Reference source not 

found. in the Appendix. The results will be presented in the following order; 

• NOx-emissions 

• PM-emissions 

• Gradient of the exhaust gas temperature 

• Specific Fuel Consumption 

The results will be referred to the situations described in chapter 5. 

6.1 NOx-emissions 
The positive transient NOx-emissions will be presented and discussed first, followed by the 
negative transient NOx-emissions. A reduction of about 1 g/kWh is said to give a gain. The 
largest reduction is achieved at larger load steps and reaches a maximal reduction of 5 g/kWh. 

6.1.1 Positive Transient  

The results can be seen in Error! Reference source not found. and Error! Reference 

source not found. in Appendix and the cases where a gain is achieved are presented in 

Table 5 and Table 6. The table shows the outcome of the test. It will also refer to which of the 
above described explanations that are the cause of the outcome, see chapter 5. The typical 
behavior of the NOx-emissions during the positive transient can be seen in Figure 49, Figure 
50 and Figure 51. Some of the results deviates from the explanation and these results will be 
discussed in a separate section, see chapter 6.1.4. The  test cases are described the 
Appendix.  

6.1.1.1 General Behavior 

The load step does not have an effect on the time the EM needs to be engaged. According to 
the results, the time the EM needs to be engaged is in the same range for all the load steps. 
The time is though effected by the power of the EM, high power results in shorter engage time 
of the EM. This is due to that the least demanded load is reach faster with a high power EM, 
since the ramp gradient is higher. A faster reach of the least demanded load means that a 
higher λ-value will be achieved faster as well. 

6.1.1.2 Behavior in Step 

6.1.1.2.1 Step 1 and Step 2 
When studying how the NOx-emissions behaves at different engine speeds, it can be seen that 
Step 1 and Step 2 (Figure 49 and Figure 50) follows the same trend. The emissions increases 
up to an engine speed of 1000 rpm. In the range of 1000 rpm to 1900 rpm, the emissions are 
on the same level. 2200 rpm shows an decrease in emissions. The “quantity without charge 
pressure” results in a higher percent of the maximum load at lower engine speeds, which 
means that the least demanded load is reached faster at low engine speeds. This means, for 
engine speeds below 1000 rpm where the turbo boost system does not operate at its optimum, 
that the time with a lower λ-value is shorter in comparison to the operating point with higher 
engine speeds. This results in lower level of emissions. At higher engine speeds (1000 rpm to 
1900 rpm) the turbo boost system has its optimum operating points and the time with low 
λ-value is more or less equally long for all these engine speeds. The load buildup gradient is 
steeper at higher engine speeds, which results in a faster response of the ICE. The decrease 
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that can be seen at 2200 rpm is due to that the high turbo boost pressure have a cooling effect 
of the combustion temperature. 

It can clearly be seen that the emissions decreases for engine speeds of lower than 1000 rpm 
with increasing ramp times, already from short ramp times (two to five seconds). This effect 
was clear for load steps starting from 25 % load, see  
Situation II a): Bad Turbo Boost Adaption. The longer the ramp time is, the lower the emission 
becomes. This was also shown in “Experimental Investigation of Transient Emissions (HC and 
NOx) in a High Speed Direct Injection (HSDI) Diesel engine” [37]. The cause of this is that the 
“quantity without charge pressure” results in a high load of the total load demand from the 
beginning. 

For higher engine speeds (>1000 rpm), the emissions stays at roughly the same level as the 
base line due to Situation I a): Slow Load Buildup. 

For the test case with a load step between 25 % to 50 %,0 % to 75 % and 25 % to 75 % a 
decrease in emission could be seen up 1000 rpm, 1000 rpm and 1500 rpm, respectively. The 
cause for this is described in Situation I b): Quick Load Buildup. The test case with a load step 
between 25 % to 100 % and 50 % to 75 % showed a decrease in emissions for an engine 
speed of 600 rpm and 1000 rpm. These cases needed a ramp time of about five seconds to 
show a decrease in emissions. The decrease for 600 rpm can be explained by  
Situation II a): Bad Turbo Boost Adaption and the decrease at 1000 rpm by  
Situation I b): Quick Load Buildup. It is contradictive that a decrease is seen at 600 rpm and 
1000 rpm, and not at 800 rpm. No changes in whether SOI or common-rail pressure could be 
seen during the different ramp times.  

If looking on how much of the emissions that can be reduced, the largest reduction is achieved 
for larger load steps. This was also shown by Kang H. et al. [37] and Hagena et al. [38]. The 
higher power the power of the EM is, the lower torque needs to be delivered from the ICE 
during the initiating phase of the transient. It could also be seen that Hybrid load 1 gives a 
wider range over the different test cases where the emissions can be decreased. 

The results showed that the Hybrid load 2 results in a decrease of emissions for load step of 
0 % to 50 %, which Hybrid load 1 did not. The cause of the decrease seems to be due to 
Situation II a): Bad Turbo Boost Adaption and the cause for no decrease in Hybrid load 1 
seems to be due to Situation I a): Slow Load Buildup. This implies that lower hybrid load can 
result in a better turbo boost response, since more energy can be delivered to the turbine due 
to the higher ICE load. 

6.1.1.2.2 Step 3 
Step 3 shows the highest emissions the engine speeds of 600 rpm, while an engine speed of 
2200 rpm gives the lowest emissions. Engine speeds between 800 rpm to 1900 rpm has the 
same level of emissions. At low engine speeds the turbo boost system has a low influence and 
the engine operates as an natural aspirated engine, which is the cause of a higher NOx-
emissions at 600 rpm. The decrease that can be seen at 2200 rpm is due to the same reason 
described above. 

In Step 3, when the turbo boost response is fast, no decrease in emissions can be achieved, 
this due to Situation III b): Long Ramp Time. It is only for a few test cases where a reduction of 
emissions can be seen. This trend is seen for test cases involves engine speeds between 800 
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rpm to 1200 rpm and for load steps with maximum load of 50 % and 75 %. It is enough with 
half a second up to two seconds to get a decrease in emissions. It might be so that the turbo 
response and its possibility to adjust to the load ramp fits perfect to achieve optimal conditions 
in the combustion chamber.  

If studying Hybrid load 2 at Step 3, more test cases with emissions reduction could be seen. A 
common trend between these two Hybrid loads are that a decrease can be seen for engine 
speeds of 800 rpm to 1200 rpm. In these cases reduction for load cases with 50 %, 75 % and 
100 % as high loads. 

 

 

 

 

Figure 49. NOx-emissions for Step 1 for the load case 0 % - 75 % for engine speeds between 600 rpm and 
2200 rpm. 

 

Figure 50. NOx-emissions for Step 2 for the load case 0 % - 75 % for engine speeds between 600 rpm and 
2200 rpm. 
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Figure 51. NOx-emissions for Step 3 for the load case 0 % - 75 % for engine speeds between 600 rpm and 
2200 rpm. 
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Table 5. Test cases that gave a decrease in emissions for Hybrid Load 1. 

Engine 
speed 
[rpm] 

Load 
Step 
[%] 

Test 
Case- 
Step 
1 

Ramp 
Time 

Test 
Case - 
Step 2 

Ramp 
Time 

Test 
Case- 
Step 
3 

Ramp 
Time 

600 0-100  1 ≥ 5 1 ≥ 5   
1000 0-100 3 ≥ 2 3 ≥ 2   
1200 0-100 4 25 4 25   
        
600 25-100 8 ≥ 10     
1000 25-100 10 ≥ 2     
        
800 50-100 16 25 16 25   
        
600 0-75 29 ≥ 2 29 ≥ 2   
800 0-75 30 ≥ 1 30 ≥ 1   
1000 0-75 31 ≥ 5 31 ≥ 10 31 ≥ 2 
      32 ≥ 5 
        
600 25-75 36 ≥ 5 36 ≥ 5   
800 25-75 37 ≥ 5 37 ≥ 5   
1000 25-75 38 0.5-1 

10-25 
38 0.5-1 

10-25 
38 ≥ 0.5 

1200 25-75 39 ≥ 10 39 ≥ 10 39 ≥ 2 
1500 25-75 40 ≥ 10 40 ≥ 10   
        
600 50-75 43 ≥ 5     
1000 50-75 45 ≥ 0.5 45 ≥ 0.5 45 0.5-10 
        
600 25-50 50 ≥ 5 50 ≥ 5   
800 25-50 51 ≥ 5 51 ≥ 5   
1000 25-50 52 ≥ 5 52 ≥ 5   
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Table 6.Test cases that gave a gain for Hybrid Load 2. 

Engine 
Speed 
[rpm] 

Load 
Step 
[%] 

Test 
Case- 
Step 
1 

Ramp 
Time 

Test 
Case- 
Step 2 

Ramp 
Time 

Test 
Case- 
Step 3 

Ramp 
Time 

600 0-100 1 ≥ 5 1 ≥ 5   ≥ 5 
        25 
       1  
       2  
600 25-

100 
8 5-10 8  5-10   

         
         
600 50-

100 
15 ≥ 5 15  ≥ 5   

         
600 0-75 27 ≥ 2 27  ≥ 2   
800 0-75 28 ≥ 2 28  ≥ 2   
1000 0-75 29 ≥ 10     ≥ 10 
         
       29  
600 25-75 34 25 34  25   
800 25-75 36 ≥ 0.5 36    ≥ 0.5 
1000 25-75       2-5 
       36  
600 50-75 41 ≥ 1 41  ≥ 1 37  
         
1200 25-50      47 ≥ 5 
1500 25-50      48  
         
600 0-50 51 ≥ 5 51  ≥ 5   
800 0-50 52 ≥ 5 52  ≥ 0.5   
1000 0-50 53 ≥ 0.5 53  ≥ 2 53 1, 

5-25 
1200 0-50      54 ≥ 2 
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6.1.2 Negative Transient NOx-Emissions 

6.1.2.1 Negative Transient 

The result of the negative transient emissions can be seen in Error! Reference source not 

found. and Error! Reference source not found. in the Appendix. Error! Reference source 

not found. and Error! Reference source not found. shows the cases where a gain could 
be seen. Figure 52, Figure 53 and Figure 54 shows the typical look of the negative transient 
emissions. The results shows that the negative transient does not change much with the 
ramp time, due to the earlier discussed factors in chapter 5.2. Overall, the negative transient 
emissions for Step 1 and Step 2 increases with increasing engine speed, while in Step 3 the 
emissions stays at more or less the same level.  

6.1.3 Step 1, Step 2 and Step 3 

Some minor decrease could be seen for low engine speeds (<1000 rpm) with a step load of 
25 % to 75 %. The reason for this could be that the longer ramp time gives a better turbo 
boost adaption for the lower engine speeds, i.e.  higher cooling effects are given due to the 
higher air mass flow. At higher engine speeds it can be seen that the emissions increases 
slightly for higher ramp times. The cause of this could be, as mentioned before, a longer 
ramp time gives a higher temperature of the cylinder and that the air mass flow is high 
already from the beginning and will not have any additional cooling effect. 

Some of the cases resulted in an increase in emissions at longer ramp times. This could be 
due to that a longer ramp time results in a higher engine temperature. Some cases gave a 
decrease in emissions during the negative transients at the lower engine speeds. Since 
using the EM at lower engine speeds results in a decrease for the positive transient 
emissions it will also give a decrease for these cases when the negative transient emissions 
was reduced. By using the EM during low engine speed will reduce the positive transients 
and in some cases the negative transient as well. 

The test cases for Hybrid load 1 and 2 where a decrease in NOx-emissions is achieved, can 
be seen in Table 7 and Table 8. No large difference between the Hybrid load cases could be 
seen, since it will not effect the earlier described factors (in chapter 5.2). The slight difference 
between the two hybrid loads might be due to that in Hybrid load 2, the least demanded load 
is higher than for Hybrid load 1. This could result in higher engine temperature and more NOx 
can thus be formed during the negative transient. 
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Table 7. Cases when a decrease in negative emissions of NOx is achieved for Hybrid load 1. 

Engine 
Speed 
[rpm] 

Load 
Step 
[%] 

Test 
Case - 
Step 1 

 Ramp 
Time 

Test 
Case - 
Step 2 

Ramp Time Test 
Case - 
Step 3 

Ramp 
Time 

2200 25-100    14 ≥ 5    
          
800 50-100       16 ≥ 5 
          
600 75-100 22  ≥ 2 22 ≥ 5    
800 75-100 23  ≥ 2    23 ≥ 5 
1000 75-100 24  ≥ 2      
          
1900 25-75 41  2 41 2    
          
600 50-75       43 ≥ 10 
800 50-75       44 ≥ 10 
          
800 25-50       51 ≥ 1 
          
800 0-50       58 25 
 

Table 8. Cases when a decrease in negative emissions of NOx is achieved for Hybrid load 2. 

Engine 
Speed 
[rpm] 

Load Step [%] Test 
Case - 
Step 1 

Ramp 
Time 

Test Case - 
Step 2 

Ramp 
Time 

Test Case 
- Step 3 

Ramp 
Time 

600 50-100   15 ≥ 0.5   
800 50-100 16 ≥ 2 16 ≥ 2 16 ≥ 2 
        
1000 75-100 22 ≥ 2 22 ≥ 0.5   
1200 75-100 23 ≥ 2 23 ≥ 0.5 23 ≥ 2 
1500 75-100   24 0.5 - 2   
2200 75-100 26 ≥ 1 26 ≥ 2   
        
        
800 0-75 28 25     
        
800 50-75     42 ≥ 10 
        
800 0-50     52 ≥ 5 
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Figure 52. The graph shows a typical negative transient emissions of the NOx in Step 1. This results is for 
a step load of 0 % to 75 % at 600 rpm up to 2200 rpm. 

 

Figure 53.The graph shows a typical negative transient emissions of the NOx in Step 2. This results is for 
a step load of 0 % to 75 % at 600 rpm up to 2200 rpm. 
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Figure 54. The graph shows a typical negative transient emissions of the NOx in Step 2. This results is for 
a step load of 0 % to 75 % at 600 rpm up to 2200 rpm. 

6.1.4 NOx-emissions that Deviates 

In some test cases it could be seen that the NOx-emissions did not behave as the majority of 
the cases, some of the test cases shows a oscilating behavior and some shows an increase 
at mid high ramp times.  

The cases that showed an oscillating behavior can be explained by 
Situation IV a): Operating Modes. The cases with increase in emissions at mid high ramp 
times is due to Situation IV b): Common-rail Pressure or the SOI (chapter 5.1.4). 

6.2 PM-Emissions 
As for the NOx-emissions, the positive transient PM-emissions will be presented first than the 
negative transient emissions. A reduction of about 1 mg/kWh is said to give a gain. The 
maximum reduction is around 6 mg/kWh, which is achieved at larger load steps. 

Positive Transient Emissions 

Error! Reference source not found. the Appendix shows the results of how the PM-
emissions changes for different load cases and ramp times. Figure 55, Figure 56 and Figure 
57 shows typical results of the PM-emissions for the three steps.  

6.2.1 General Behavior 

If the engine speed of 1200 rpm is not considered, for slow turbo boost responses (Step 1 
and Step 2) the PM-emissions increases with engine speed up to 1500 rpm after which a 
decrease is seen. The cause of this behavior is that the EGR mixture increases up to around 
1500 rpm, after which it starts to decrease. This cools the combustion chamber and results in 
higher PM emissions, which explain the increase of PM and also the decrease after 1500 
rpm. The cause for the dip at 1200 rpm must be due to an additional factor; the SOI is more 
retarded for this engine speed in comparison to the other. 

The behavior in Step 3 differs from the behavior in Step1 and Step 2. Fast turbo boost 
responses results in increased PM-emissions with increasing engine speeds. This is due to 
that higher engine speeds results in higher turbo boost pressure, which gives a cooling effect 
of the gas in the combustion chamber and the net formation of PM increases. 

22
23

24
25

26
27

28 0

0.5

1

2

5

10

25

0

2

4

6

8

10

Ramp Time [s]

Test Case [-]

N
O

x E
m

is
si

on
 [

g/
kW

h]



 

57  
 

When comparing the outcome for Hybrid load 1 and Hybrid load 2, the Hybrid load 1 showed 
the best results. This load gave more test cases where the PM-emissions could be reduced, 
due to that a higher λ-value is reached faster for the case with a lower initial load of the ICE. 

6.2.2 Behavior in the Step 1 and Step 2 

A common trend for all the steps is that the PM-emissions decreases for increasing ramp 
time, independent of the step, i.e. turbo boost response. The cause of the decrease in the 
PM-emissions with increasing ramp time is due to Situation IV c): Temperature. This seems 
to have the largest impact on the net formation of the PM. The other situation (described in 
chapter 5) does not seem to effect the PM emissions as much as it does for the 
NOx-emissions. 

The PM-emissions are reduced for all test cases, except for engine speeds of 600 rpm. The 
cause might be that the charge air pressure and that the amount of air is lower than for the 
higher engine speeds. This results in that the formation of soot is higher than the oxidation 
and will not be effected by the ramp time.  

It can be seen that shorter ramp time is needed for higher engine speeds to achieve 
reduction in the emissions. This trend cannot be seen for all cases. The difference between 
Step 1 and Step 2 is relatively small. In a few test cases, Step 2 results in a shorter ramp 
time to reduce the PM-emissions. 

6.2.3 Behavior in Step 3 

It can be seen that the level of emissions are decreasing with increasing ramp time in the 
majority of the cases. A fast turbo response results in a shorter usage of the EM to achieve a 
reduction of the PM-emissions, due to Situation III a): Short Ramp Time. When the ramp time 
gets longer the major cause of the reduction is due to Situation IV c): Temperature. It could 
be seen that at load step of 0 % to 100 % or  0 % to 75 % , hybrid support will not result in a 
reduction of PM emissions. 

It can be seen that the majority of the test cases need ten seconds or more to show a 
reduction in PM-emissions. But, at one certain load step, 50 % to 100 % result in a decrease 
of the PM-emissions at short ramp times (a half second up to five seconds). Otherwise, it 
cannot be seen that a load ramp at fast turbo responses will have a major effect of the PM-
emissions. This is due to that a high λ-value is reached fast regardless ramp time, which 
gives a reduction of PM-emissions. 
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Figure 55. The graph shows a typical view of PM emissions for the positive transient, in Step 1. The 
results is from a test case with a step load of 50 % to 75 % at 600 rpm up to 2200 rpm. 

 

 

Figure 56. The graph shows a typical view of PM emissions for the positive transient, in Step 2. The 
results is from a test case with a step load of 50 % to 75 % at 600 rpm up to 2200 rpm. 
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Figure 57. The graph shows a typical view of PM emissions for the positive transient, in Step 3. The 
results is from a test case with a step load of 50 % to 75 % at 600 rpm up to 2200 rpm. 
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6.3 Negative Transient PM-Emissions 
The results of negative transient emissions can be seen in Error! Reference source not 

found. in the Appendix. Figure 58, Figure 59 and Figure 60 shows some typical results of the 
negative transient emissions of the PM. 

It can be seen in Step 1 and Step 2 that the emissions decreases or stays at a constant level 
through the different ramp times. The ramp time should not have a big impact on the 
negative emissions, since the ICE has ten seconds of constant load after the ramp. It has 
been seen that the temperature increases with increasing ramp time, which might has some 
influence on the negative transient. A higher temperature gives a increased reaction speed. 
The λ-value increases during the negative transient. This together with the a higher 
temperature results in a decreased net soot formation. 

In Step 3, the PM-emissions increases with increasing ramp times in most of the cases. The 
increase of PM-emissions is lower for the higher engine speeds for all ramp times. When the 
negative transient begins in Step 3, the common rail pressure decreases and the lift-off 
length decreases, which results in a higher soot formation. Locally, the air-fuel mixture is rich, 
which enhance the soot formation. The turbo boost pressure is still high and the temperature 
of the cylinder walls is more or less the same as for the high load. Since a higher air flow is 
led into the cylinder a higher mass needs to be heated by a lower amount of fuel. This might 
affect the oxidation. The duration of injection gets shorter, which means that the time for sot 
formation gets shorter and the time for soot oxidation is increased. This should enhance the 
soot oxidation and the net soot formation should be reduced.  

 

 

 

Figure 58 .The graph is a good representaion of how the negative transient PM emissions in Step 1. This 
results is from a step load of 0 % to 100 % at 600 rpm up to 2200 rpm. 
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Figure 59.The graph is a good representaion of how the negative transient PM emissions in Step 2. This 
results is from a step load of 0 % to 100 % at 600 rpm up to 2200 rpm. 

 

 

 

Figure 60. The graph is a good representation of how the negative transient PM emissions in Step 3. This 
results is from a step load of 0 % to 100 % at 600 rpm up to 2200 rpm. 
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6.4 Exhaust Gas Temperature 

Error! Reference source not found. and Error! Reference source not found. in 
Appendix shows the maximum and the minimum change of the temperature. Figure 61, 
Figure 62 and Figure 63 shows the typical behavior of the exhaust gas temperature 
differential.  

6.4.1 General behavior 

When studying the temperature gradient 
lm
ln, it can be seen that the gradient is lower for the 

cases where the load step is low. The reason for this is that the steady-state temperature 
between the low load and the high load does not differ as much as it does for the larger load 
step. 

If looking on how the temperature gradient changes as function of engine speed, it is higher 
for the low engine speeds and gets lower for the higher engine speeds. At 2200 rpm the 
gradient is increased. The gradient peaks at 800 rpm and are lowest at 1900 rpm. This could 
be explained by the way the heat energy dissipates; conduction through the wall, work 
applied on the piston and with the exhaust gases. How much energy that dissipates in each 
case depends on the following factors; 

• Engine speed and engine load, which effects the conduction through the walls. 

• EGR and λ-value, which effects how much energy that remains in the exhaust gases. 

The cause that the temperature peaks at an engine speeds of 800 rpm, is that the ICE is 
operated with a lower λ-value for the first third or even for the whole step. This results in 
more heat that can be dissipated with exhaust gases, since it has been less air to warm.  

The more EGR and the higher the λ-value is, the more energy will be required to heat the 
EGR and the air, which will result in a lower temperature gradient. This explains why the 
temperature gradient decreases with increasing engine speed, since the EGR mixture 
increases with increasing engine speed up to 1900 rpm. At 2200 rpm the EGR composition 
decreases, which can be seen by that the gradient increases. This is the major factor to that 
the gradient is higher at the lower engine speeds. 

When studying how the temperature gradient behave for the different hybrid loads, it can be 
seen that the temperature gradient does not change much. The major difference is how 
much load that the EM assist the ICE with, which means that the initial temperature will be 
higher. This will not affect the temperature gradient for each test case. 

 

6.4.2 Behavior in the Steps 

The general behavior is that the temperature gradient decreases with increasing ramp time 
after a certain ramp time, two to ten seconds depending on the test case and the step. A long 
ramp time implies that the maximum load is reached later than for a shorter ramp time. This 
means that the temperature increase is limited by the least load demand and that the 
gradient is lower for those cases when the ramp time is long. 

6.4.3 Step 1 and Step 2 

A behavior that can be seen is that the gradient becomes higher for ramp times over two 
seconds in Step 1 and over one second ramp time in Step 2. The gradient will not reach the 
temperature gradient for zero ramp time until 2 to 25 seconds ramp time depending on the 
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case. For the cases in Step 1 and Step 2 where the gradient is higher than for the base line 
case, the ICE never reach the “ramp load” , i.e. the least demanded load during the ramp 
time, and therefore more time with highest possible fuel injection each time step. This will 
result in a higher gradient. The temperature gradient is lower in Step 2 than in Step 1, which 
might be due to a roughly faster turbo response in Step 2 and the ICE will operate with a 
leaner mixture during a longer time. 

6.4.4 Step 3 

In Step 3 the temperature gradient decreases  in the majority of the cases. The temperature 
gradient is lower in Step 3, than Step 1 and Step 2. The optimum turbo boost pressure is 
reached faster, which means that the optimum λ-value is reached faster as well. During the 
step, as for Step 2 the ICE will operated with an even leaner mixture during a longer time in 
Step 3. 

 

 

 

Figure 61. The graph shows how the exhaust gas temperature gradient changes with the ramp time and 
the engine speed in Step 1. This is from the results from a step load of 0 % - 100 % at 600 rpm to 2200 
rpm. 
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Figure 62. The graph shows how the exhaust gas temperature gradient changes with the ramp time and 
the engine speed in Step 2. This is from the results from a step load of 0 % - 100 % at 600 rpm to 2200 
rpm. 

 

Figure 63. The graph shows how the exhaust gas temperature gradient changes with the ramp time and 
the engine speed in Step 3. This is from the results from a step load of 0 % - 100 % at 600 rpm to 2200 
rpm. 
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6.5 Specific Fuel Consumption 
Error! Reference source not found. and Error! Reference source not found., in the 
Appendix, sums up the behavior of the Specific Fuel Consumption (SFC) for the different test 
cases. The typical behavior of the SFC can be seen in Figure 64, Figure 65 and Figure 66. 

6.5.1 General Behavior 

Step 1 and Step 2 shows a decrease of SFC with increasing engine speeds. The larges 
decrease is seen up to an engine speed up 1000 rpm. For engine speed between 1000 rpm 
and 2200 rpm, the SFC shows a slight decrease. This is due to that the efficiency of the ICE 
changes with engine speed and load. The highest efficiency is achieved around engine 
speeds around 1500 rpm to 1900 rpm. The reason for the higher SFC at lower engine 
speeds is that the common rail pressure is lower and that the turbo boost pressure is low, 
which leads to a deteriorated mixture of air and fuel. This results in a higher fuel 
consumption, since more fuel needs to be injected to compensate for the bad mixing. The 
reason for that the SFC is flatten out at higher engine speeds, even though the common-rail 
pressure gets higher, is due to that the pumping losses gets higher at higher engine speeds.  

Step 3 shows a decrease from 600 rpm to 800 rpm, after which the SFC results in more or 
less the same level as for the case with an engine speed of 800 for increasing engine 
speeds.  

When comparing the two hybrid loads, the SFC shows similar results. This is due to that the 
time when the least demanded load is reached does not differ much between the two cases. 

6.5.2 Response on the Load Ramp 

Step 1 and Step 2 shows the same behavior and are therefore presented together. Step 3 is 
presented afterwards. 

6.5.2.1 Step 1 and Step 2 

The SFC during the transient does not deviate much due to  
Situation II a): Bad Turbo Boost Adaption. The deviation that can be seen is up to 
four g/kWh. Step 1 and Step 2 shows the same behavior. 

6.5.2.2 Step 3 

In Step 3 when the turbo boost pressure is reach instantaneous, the SFC is increases longer 
ramp times. If looking at Situation III b): Long Ramp Time, the least demanded load is 
reached instantaneous. The longer the ramp time is, the longer is the load buildup and the 
turbo boost response gets slower. This gives a higher SFC. 

If looking on ramp times up to one second, the SFC shows the same SFC as for the base 
line case. This can be explained by Situation III a): Short Ramp Time. 
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Figure 64. The graph shows how the SFC is effected by different ramp times and engine speeds in Step 1. 
This results are from test cases with step load of 25 % - 100 % at 600 rpm to 2200 rpm. 

 

Figure 65.The graph shows how the SFC is effected by different ramp times and engine speeds in Step 2. 
This results are from test cases with step load of 25 % - 100 % at 600 rpm to 2200 rpm. 
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Figure 66. The graph shows how the SFC is effected by different ramp times and engine speeds in Step 3. 
This results are from test cases with step load of 25 % - 100 % at 600 rpm to 2200 rpm. 
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7 Discussion 
In this part, the results are put together and discussed as a whole. Some extra focus will be 
for engine speeds of 600 rpm and 800 rpm, since a reduction can be made for NOx, PM and 
SFC in this region. The result will be presented and discussed in the same way as in 
chapter 6; Step 1 together with Step 2 and then Step 3. 

7.1 Step 1 and Step 2 
Step 1 and Step 2 shows similar behavior regarding the emissions, temperature gradient and 
SFC, whereof the same discussion holds for both steps. The discussion will treat the positive 
transient emissions since neither the NOx and PM showed any increase in the negative 
transient when using the EM. 

It has been showed that the NOx-emissions are reduced mainly for engine speeds of 
600 - 800 rpm at slow turbo boost responses. Rakopoulos, C. D et al. [33], Samulski M. J. et 
al [34] and Stoffels H. et al. [35] showed the same results, that slow turbo boost responses 
cause higher NOx-emissions.  Situations where the low turbo boost pressure occurs would be 
during irregular driving with a lot of start and stops, as in city driving (as mentioned 
previously). During these situations the turbo boost pressure is low and all the stops implies 
starts from low engine speeds, which will favor the above described case. 

As can be seen in Table 9 to Table 14, the NOx-emissions are reduced at ramp time of two to 
ten seconds depending on the load step while the PM-emissions are on the same level 
(more or less) for all ramp times in Step 1 and decreases with increasing ramp time in 
Step 2. Samulski M. J [34] showed that PM is easily effected by the transient, which is also 
showed in this study. The PM showed a decrease in all test cases. 

Increasing ramp times results in a larger reduction of NOx- and PM-emissions. If the situation 
allows, long ramp is favored to reduce the emissions even more, Kang H. [37] discovered the 
same results 

It can also been seen that the SFC can deviates from the base case, when the ramp time is 
increasing. At long ramp times it can result deviates up to 10 g /kWh. The temperature 
gradient varies between the load step. In the majority of the load steps it increases for ramp 
times up five seconds. This means if the ramp time is longer than five seconds, a lower 
temperature gradient will be achieved and a reduced temperature increase of the after 
treatment system is achieved. This might results in a decreased reduction rate of the 
NOx-emissions.  

However, the NOx sets the limit of the beneficial  ramp time for all load steps.  
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Table 9. Summary of the emission and SFC gain and the temperature gradient at 600 rpm in Step 1 and 
Step 2. The table describes at what ramp times a gain can be achieved for the NOx-emissions, 
PM-emissions and SFC, and at what ramp times a gradient increase can be seen of the temperature. The 
“-“ means that no ramp time results in a gain. 

600 rpm          

Load Step 
[%] 

0-100 25-100 50-100 75-100 0-75 25-75 50-75 0-50 25-50 

NOx gain 
Step 1 

≥5 s ≥10 s ≥2 s ≥10 s ≥2 s ≥5 s ≥5 s - ≥5 s 

PM gain 
Step 1 

- - - - - - - - - 

Temperature 
gradient gain 
Step 1 

≥0.5 s 0.5-5 s 0.5-2 s 0.5-2 s ≥0.5 s 0.5-1 s 0.5 s 0.5-5 s 0.5-5 s 

SFC 
Step 1 

≥1 s ≥1 s ≥2 s ≥2 s ≥1 s ≥1 s ≥1 s ≥10 s ≥2 s 

NOx gain 
Step 2 

≥5 s ≥10 s - ≥10 s ≥2 s ≥5 s ≥5 s ≥5 s - 

PM gain 
Step 2 

- - - - - - - - - 

Temperature 
gradient gain 
Step 2 

≥0.5 s 0.5-2 s 0.5-1 s 0.5-1 s 0.5-2 s 0.5-1 s 0.5-1 
s 0.5-5 s 0.5-1 s 

SFC 
Step 2 

Const. Const. Const. Const. Const. Const. Const. Const. Const. 

 

Table 10. The table shows the result Step 1. The least needed ramp time is plotted to achieve a gain in 
NOx.  For the cases with where no ramp time is shown, no reduction could be seen. 

 

Table 11. The table shows the result Step 1. The least needed ramp time is plotted to achieve a gain in 
PM.  For the cases with where no ramp time is shown, no reduction could be seen. 

 

  

75-100 - - - - - - -
50-100 - 25 - - - - -
25-100 10 - 2 - - - -
0-100 5 - 2 25 - - -
50-75 5 0.5 - - - - -
25-75 5 5 10 10 10 - -
0-75 2 1 5 - - - -
25-50 5 5 5 - - - -
0-50 - - - - - - -

600 800 1000 1200 1500 1900 2200

Load Step [%]

Time [s]

75-100 - 10 5 2 5 0.5 0.5
50-100 - 5 12 5 5 10 10
25-100 - 20 25 5 5 10 10
0-100 25 25 25 25 25 20 5
50-75 - 2 0.5 2 5 2 2
25-75 2 0.5 5 2 - 25 1
0-75 - 25 25 2 2 2 10
25-50 10 5 2 10 0.5 2 5
0-50 10 25 25 25 - 25 25

600 800 1000 1200 1500 1900 2200

Load Step [%]

Time [s]

Load Step [%] 

Load Step [%] 
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Table 12. Summary of the emission and SFC gain and the temperature gradient at 800 rpm in Step 1 and 
Step 2. The table describes at what ramp times a gain can be achieved for the NOx-emissions, PM 
emissions and SFC, and at what ramp times a gradient increase can be seen of the temperature. The “-“ 
means that no ramp time results in a gain. 

800 rpm          

Load Step [%] 0-100 25-100 50-100 75-100 0-75 25-75 50-75 0-50 25-50 
NOx gain 
Step 1 

- - 25 s ≥2 s ≥1 s ≥5 s - - ≥5 s 

PM gain 
Step 1 

25 s ≥10 s ≥5 s ≥10 s 25 s ≥5 s - ≥2 s - 

Temperature 
gradient gain 
Step 1 

≥0.5 s 0.5-2 s 0.5-2 s 0.5 s ≥0.5 s 0.5-2 s 0.5-2 s ≥0.5 s 0.5-2 s 

SFC 
Step 1 

Const. Const. Const. Const. Const. Const. Const. Const. Const. 

NOx gain 
Step 2 

Const. ≥10 s 25 25 ≥1 s ≥10 s ≥0.5 s ≥5 s ≥0.5 s 

PM gain 
Step 2 

25 s ≥5 s ≥10 s ≥10 s ≥5 s 25 s ≥ 1 s ≥ 10 s ≥ 10 s 

Temperature 
gradient gain 
Step2 

0.5-5 s 0.5 s 0.5-2 s 0.5 s ≥0.5 s 0.5-1 s 0.5-2 s 0.5-5 s 0.5-2 s 

SFC 
Step 2 

Const. Const. Const. Const. Const. Const. Const. Const. Const. 

 

 

Table 13. The above table shows the result Step 2. The least needed ramp time is plotted to achieve a gain 
in NOx.  For the cases with where no ramp time is shown, no reduction could be seen. 

 

 

Table 14. The table shows the result Step 2. The least needed ramp time is plotted to achieve a gain in 
PM.  For the cases with where no ramp time is shown, no reduction could be seen. 

 

 

75-100 - - - - - - -
50-100 25 - - - - - -
25-100 - - - - - - -
0-100 5 - 2 25 - - -
50-75 - - 0.5 - - - -
25-75 5 5 10 10 10 - -
0-75 2 1 10 - - - -
25-50 5 5 5 - - - -
0-50 - - - - - - -

600 800 1000 1200 1500 1900 2200

Load Step [%]

Time [s]

75-100 10 - 10 10 5 5 2
50-100 - 5 - 10 5 1 1
25-100 - 5 5 10 5 5 10
0-100 - 25 5 10 10 1 5
50-75 0.5 1 5 5 2 0.5 0.5
25-75 10 5 - 5 25 25 1
0-75 25 25 2 2 5 5 10
25-50 10 10 5 10 2 2 -
0-50 10 10 - 25 - 25 25

600 800 1000 1200 1500 1900 2200

Load Step [%]

Time [s]

Load Step [%] 

Load Step [%] 
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At engine speeds higher than 800 rpm, no trend of gain or loss could be seen for the 
NOx-emissions. The PM-emissions and the SFC showed a reduction for ramp times longer 
than two or five seconds and one seconds, respectively. As for the lower engine speed cases 
the temperature gradient varies between the ramp times. 

For higher engine speeds, the engine-out emissions of the PM and SFC can be reduced, but 
the after treatment system might be effected negatively. Altogether, this way of controlling 
the ICE and the EM will results in a higher NOx-emissions than the way it is controlled now.  

7.2 Step 3 
From the results it could be seen that the negative transient emissions was increased for the 
PM-emissions and more or less constant for the NOx-emissions. 

Table 15 to Table 17 shows the behavior of the positive transient emissions, temperature 
gradient and SFC for the engine speeds 600 rpm and 800 rpm. It is only for a few load cases 
where a decrease can be seen for the NOx. Otherwise, the NOx-emissions stays on the same 
level as for the base case. This was shown in Rakopoulos, C. D et al. [33], 
Samulski M. J. et al [34] and Stoffels H. et al. [35] as well. The same applies for the PM-
emissions. In the cases where a decrease can be seen a long ramp time is needed. The 
temperature gradient gives an increase up to ramp times of one second in the majority of the 
cases, after which the gradient decreases. An increase can be seen for the SFC as well. For 
low engine speeds, it will not in total give any gain in reduced emissions or SFC and the after 
treatment system will not achieve a faster temperature increase. 
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Table 15. Summary of the emission and SFC gain and the temperature gradient at 600 rpm and 80 rpm. 
The table describes at what ramp times a gain can be achieved for the NOx-emissions, PM-emissions and 
SFC, and at what ramp times a gradient increase can be seen of the temperature. The “-“ means that no 
ramp time results in a gain. 

Step 3 
600 rpm 

         

Load Step 
[%] 

0-100 25-100 50-100 75-100 0-75 25-75 50-75 0-50 25-50 

NOx gain ≥10 s - ≥10 s ≥10 s - ≥5 s - - - 

PM gain - - - -  ≥0.5 s - - ≥10 s 

Temperatu
re gradient 
gain 

0.5 s 0.5 s 0.5 s 0.5-1 s 0.5-2 s 0.5-1 s 0.5-1 s 0.5-5 s 0.5-2 s 

SFC ≥1 s Increase
d SFC 

Increase
d SFC 

Increased 
SFC 

Increase
d SFC 

Increase
d SFC 

Increased 
SFC 

≥10 s Increased 
SFC 

 

Step 3  
800 rpm 

         

Load Step 
[%] 

0-100 25-100 50-100 75-
100 

0-75 25-75 50-75 0-50 25-50 

NOx gain 25 s - - - - ≥2 s - - - 

PM gain - - ≥2 s - 25 s ≥10 s - 25 s 25 s 
Temperature 
gradient 
gain 

0.5 s ≥0.5 s 0.5 s 0.5-5 
s 

0.5-1 s Decreases 0.5 s 0.5 s 0.5-1 s 

SFC ≥0.5 s Increased 
SFC 

Increased 
SFC 

≥0.5 s Increased 
SFC 

Increased 
SFC 

≥0.5 s Increased 
SFC 

≥1 s 
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Table 16. The table shows the result Step 3.The least needed ramp time is plotted to achieve a gain in 
NOx.  For the cases with where no ramp time is shown, no reduction could be seen. 

 

Table 17. The table shows the result Step 3.The least needed ramp time is plotted to achieve a gain in PM.  
For the cases with where no ramp time is shown, no reduction could be seen. 

 

Studying higher engine speeds, gains can be seen for PM-emissions. The NOx-emissions will 
be constant or higher and the SFC will get higher. The temperature, varies for these 
situations. A decrease in the temperature gradient will be achieved after a relatively short 
ramp time. For high turbo boost responses it will not be an advantages to use this way of 
controlling the ICE and the EM.  

7.3 The EM and its Effect on the Diveability  
By using the EM a faster load buildup is achieved, which gives a positive response to the 
driver. The EM will not be engaged for all load changes that occur. This might be confusing 
for the driver, to have a fast response some times and a normal response other times. By 
controlling the load of the EM in a way so the reach of the maximum total load is retarded, it 
will give the same feel as an ordinary vehicle without an EM. 

  

75-100 - - - - - - -
50-100 - - - - - - -
25-100 - - - - - - -
0-100 - - - - - - -
50-75 - - 0.5-10 - - - -
25-75 - - 0.5 2 - - -
0-75 - - 2 2 - - -
25-50 - - - - - - -
0-50 - - - - - - -

600 800 1000 1200 1500 1900 2200

Load Step [%]

Time [s]

75-100 - - 10 10 2 0.5 25
50-100 - 2 2 2 5 1 0.5
25-100 - - - - 25 25 25
0-100 - - - 10 - -
50-75 - - - 10 5 0.5 1
25-75 10 10 25 0.5 10 5 2
0-75 - 25 - - - - 10
25-50 10 25 10 10 1 2 -
0-50 25 10 10 - 25 2 25

600 800 1000 1200 1500 1900 2200 Time [s]

Load Step [%] 

Load Step [%] 
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8 Conclusions 
The conclusions will be presented one by one, i.e. each part by itself, after which a final 
discussion follows of all parts from further conclusions will be drawn. 

8.1 NOx 
To get a reduction of NOx-emissions, the following can be concluded: 

• EM with high power, since a high power EM gives a wider range of load steps where 
the emissions can be decreased. 

• The lower the load buildup gradient is, the less emissions are achieved, i.e. the longer 
ramp time, the larger is the reduction of emissions. 

• A reduction of NOx-emissions is achieved for cases with slow turbo responses. Two 
to five seconds, depending on the case, is enough to get a reduction. 

• For slow turbo responses gain could be seen for ramp times and engine speeds 
below 1000 rpm. Load changes at this engine speed the EM should be engaged. The 
five seconds ramp time results in a gradient low enough to reach the least demanded 
load quick enough. 

• For fast turbo responses, a decrease in emission can be seen at engine speed 
between 800 rpm to 1200 rpm for all load step where the maximum load is 50 % and 
75 %, for Hybrid load 1. For Hybrid load 2, a decrease is seen also for load step with 
a maximum load of 100 %. 

• In the majority of the test cases the negative the emissions showed the same level as 
the base line case. 
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8.2 PM 
The following can be stated from the results: 

• To get the widest range of reduction, the highest possible power of the EM should be 
used. 

• Reduction of the emissions is achieved from engine speeds of 800 rpm for relatively 
slow turbo responses (Step 1 and Step 2). A reduction can be seen at five seconds 
for the most of the cases, except for the load step from 0 % to 100 % where 25 
seconds is needed. 

• A decrease in PM-emissions can be achieved for slow driving as well, since a gain is 
seen from 800 rpm. 

• The longer the ramp time is, the higher reduction can be achieved of the PM-
emissions. 

• Fast turbo responses (Step 3) gives a shorter ramp time to reduce the PM-emissions.  

• The negative transient emissions in Step 1 and Step 2 decreases or stays on a 
constant level. 

• In Step 3 the negative transient emissions increases when the ramp time increases 

• The increase that are achieved in Step 3 together with the decrease during the 
positive transient, is in total smaller than for the corresponding situation for the base 
line case. 

8.3 Temperature 
From the results the following conclusions can be stated; 

• The Hybrid load will not effect the temperature gradient. The gradient will be the same 
in both hybrid load cases. 

• The higher the initial turbo boost pressure is the lower will the temperature gradient 
be 

• The temperature gradient decreases with increasing engine speed for engine speed 
in the range of 800 rpm to 1900 rpm. 

o The temperature gradient increases up to a certain ramp time, ten seconds 
ramp time for Step 1 and Step 2 and two seconds ramp time for Step 3. 

• Long ramp times results in a decreased gradient gain. Fast turbo responses also 
results in a decreased gradient gain already at short ramp times. 

8.4 SFC 
The results showed that: 

• The Hybrid load does not effect the SFC. 

• SFC shows the same level as the base line case for slow turbo responses for 
increasing ramp time.  

• Fast turbo responses will result in an increased SFC when the ramp time increases. 
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8.5 Final Conclusions  
When taking all factors into consideration, the following could be seen; 

• The PM-emissions showed a decrease for almost all test cases, while the 
NOx-emissions showed a decrease for engine speeds below 1000 rpm. Since the 
NOx-emissions needs more time in the majority of the cases to show a reduction, its 
ramp time limits sets the limit for the ramp time. 

• Gains can be achieved for NOx, PM and SFC at slow turbo boost response and for 
engine speeds below 1000 rpm for ramp times of two to ten seconds. Reduction in 
emissions can be achieved for city driving where a large amount of start and stops 
occurs. This will have an effect the SFC, a slight increase can be achieved. 

• Longer ramp times results in lower NOx- and PM-emissions. 

• An usage of EM at higher engine speeds (≥1000 rpm) will result in a longer time to 
heat the after treatment system, which in total will give a negative effect on the 
concept. 

• The negative transient emissions will not be effected by using the EM. 

• Higher power of the EM results in a wider range of load steps that results in a 
decrease of emissions and at shorter ramp times. 

• No gain can be seen by using the EM during transient for cases with fast turbo 
responses. 

• By engaging the EM, a fast response in total load buildup is achieved.  

The focus when reducing the transient emissions and the SFC during the transient should be 
at engine speeds below 1000 rpm and at slow turbo responses, since a gain can be seen for 
all aspects except for the exhaust gas temperature.  
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9 Nomenclature 
 

Abbreviations 

AFR Air to Fuel Ratio 
AMT Automated Manual Transmission 
ASI After Start of Injection 
AT Automatic Transmission 
BD Bottom Dead 
BDC Bottom Dead Center 
CI Compression-Ignition 
Condition Step ICE operates at 30 % load and 1200 rpm during 

30 seconds 
CVT Continuous Variable Transmission 
CR Common-Rail 
DI Direct-Injected 
DOC Diesel Oxidation Catalyst 
DPF Diesel Particulate Filter 
EGR Exhaust Gas Recirculation 
EM Electric Motor 
EOI End Of Injection 
HC Hydrocarbon 
HEV Hybrid Electric Vehicle 
Hybrid Load The load taken by the electric motor 
ICE Internal Combustion Engine 
Load Step The load increase the ICE is demanded to 

achieve during the step response 
MT Manual Transmission 
NOx Generic term for nitric oxide and nitrogen dioxide 
PAH Poly-Aromatic Hydrocarbons 
PE Power Electronics 
PM Particulate Matter 
PPC Partially Premixed Combustion 
QWCP Quantity Without Charge Pressure 
rpm revolutions per minute 
SCR Selective Catalytict Reduction 
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Ramp Load Load during the ramp 
SFC Specific Fuel Consumption 
SI Spark-Ignition 
SOI Start Of Injection 
SOC State Of Charge 
STP Standard Temperature and Pressure 
Step The step response (1, 2 or 3) during the test 

cycle, where the turbo response increases with 
the steps 

TD Top Dead 
TDC Top Dead Center 
Test Case A test case with a certain engine speed and initial 

load and target load 
VGT Variable Geometry Turbo 
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Notation 

Symbol Description 

inj. Injection Frequency 
n Engine Speed 
k Number of Cylinders 
Throttling Regulation of the fuel 

injection 
Φ Fuel-Air Equivalence Ratio 
λ Air-Fuel Equivalence Ratio 
�� ��� Air-Mass Flow 
�� ���� Fuel-Mass Flow 
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