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Preface 
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Jorrit Walenbergh, January 2003. 



Symbols 

Symbol 
AegG 
Cd: 
Cfs: 
cp: 
c,: 
F1: 
F2: 
Fez: 
Hc: 
Je: 
Jt: 
mfuel: 

I m]: 

m2: 
N: , 

I Nt : 
ncyl: 
Pmb: 

I pc,out: 
PI : 
p2: 

I PC: 
pi: 
P,: 
pt,out: 
4 2 :  
R: 
TI : 

I T2: 
TSP,, 
TSP,, 

I Tmb: 
Tc,out: 
Tecoo~: 
Ticool 
Te,out: 
Tic,& 

1 Tegr: 
Tload: 
Tt,out: 
u: 
UIC : 
UEGR: 
UVTG: 
v,: 
v*: 
v,: 
vd: 
w: 
We,ii: 
We*: 
Wt,out: 

Description 
Effective area of EGR valve [m2] 
Discharge coefficient [-I 
Specific fuel consumption [gkwh] 
Specific heat at constant pressure [kJ/kgK] 
Specific heat at constant volume [kJ/kgK] 
Fraction of air gas in intake manifold gases 1-1 
Fraction of air gas in exhaust manifold gases [-I 
Fraction of air gas in gases into exhaust manifold [-I 
Heat of combustion [kJ/kg] 
Moment of inertia of the crank shaft and associated components [kgm2] 
Moment of inertia of the turbo [kgm2] 
Injected fuel [mg/stroke] 
Gas mass in intake manifold Fg] 
Gas mass in exhaust manifold [kg] 
Engine speed [rpm] 
Turbo speed [rpm] 
Number of cylinders (=6) 
Ambient pressure [Pa] 
Pressure after the compressor 
Pressure of the gas in the intake manifold [Pa] 
Pressure of the gas in the exhaust manifold [Pa] 
Power consumed by the compressor [w 
Indicated power [Wl 
Power generated by the turbine [WJ 
Pressure after the turbine [Pa] 
Heat loss to exhaust manifold [WJ 
Difference of specific heats [kJ/kgK] 
Temperature of the gas in intake manifold [K] 
Temperature of the gas in exhaust manifold [K] 
Turbo speed parameter of turbine [(min&)-'1 
Turbo speed parameter of compressor  m mind^)-'1 
Ambient temperature [K] 
Temperature of the flow through compressor [K] 
EGR-cooler coolant temperature [K] 
Intercooler coolant temperature w] 
Temperature of mass flow out of engine [K] 
Temperature of the flow out of the intercooler [K] 
Temperature of the flow out of the EGR-cooler [K] 
Load torque mm] 
Temperature after the turbine [K] 
Control signals 
Blade-speed ratio [-7 
Input to the EGR valve 
Input to the VTG actuator 
Intake manifold volume [m3] 
Exhaust manifold volume [m3] 
Clearance volume [m3] 
Engine displacement volume [m3] 
System disturbances 
Total engine intake mass flow rate [kg/s] 
EGR mass flow rate [kg/s] 
Mass flow rate through the turbine [kg/s] 



Mass flow rate through the compressor [kg/s] 
Mass flow rate out of engine cylinders into the exhaust manifold [kg/s] 
Fuel massflow [kg/s] 
Engine operating variables 
Measured variables of the system 
Engine performance variables 
System performance variables 
Setpoint values for the (engine) performance variables 
Ratio of specific heats [-I 
Isentropic efficiency of the compressor [-I 
EGR-cooler efficiency [-I 
Intercooler efficiency [-I 
Mechanical efficiency of the turbine [-I 
Isentropic efficiency of the turbine [-I 
Volumetric efficiency [-I 
AFWAFRS [-I 
Mass flow parameter of the compressor [ms&] 

Mass flow parameter of the turbine [msTE ] 
Engine rotational speed [radls] 
Turbo rotational speed [radk] 

Abbreviations 

Abbreviation 
AFR: 
AFK: 
BDC: 
ECU: 
EGR: 
EMS: 
ESC: 
ETC: 
FB: 
MAF : 
NOx: 
PM: 
TDC: 
VTG: 

Description 
Airlfuel ratio [-I 
Stoichiometric airlfuel ratio (= 14.6) 
Bottom Dead Centre: most downward position of the piston 
Electronic Control Unit 
Exhaust Gas Recirculation 
Engine Management System 
European Steady-state Cycle 
European Transient Cycie 
Forder Beginn, start of injection 
Mass Air Flow (airflow through the compressor) 
Nitrogen Oxides 
Particulate Matter 
Top Dead Centre: most upward position of the piston 
Variable Turbine Geometry 



Summary 

Because of the ever stricter emission legislation for heavy duty diesel engines various technologies have been 
developed to decrease engine-out emissions. One of this technologies is exhaust gas recirculation (EGR), which 
is applied to decrease emissions of nitrogen oxides (NOx). A part of the exhaust gases is diverted back into the 
engine cylinders. With the use of a Variable Geometry Turbine (VTG) the amount of EGR can be regulated. 
The effective flow area of the VTG can be modified with variable vanes located on the turbine stator. The non- 
reactive gases in the EGR flow lower the combustion temperature and decrease the NOx emission. However, the 
emission of small particles (PM) is increased by EGR. Another way to reduce emissions is by using advanced 
fuel injection systems. 
DAF Trucks wanted to develop a (improved) control system to minimise emissions of both NOx and PM. In this 
study a first attempt is made to set up such a controller. 

On a truck no emissions are measured, so no direct feedback on emissions is possible. The emissions are 
therefore indirectly controlled with the engine performance variables: the EGR percentage (EGRYo) , air-fuel 
ratio (AFR) and start of injection (FB). Setpoints for these variables are generated that correspond to optimal 
emissions. A "mean value" engine model is developed for the EGRNTG engine for simulation purposes. 
Relative accuracies (in steady state) of 18% and 7% are obtained for EGRYo and AFR respectively, over quite a 

, large operating range. Emissions are calculated with these variables as inputs, with errors of 9% and 20% for 
NOx and PM respectively. 
In the report, steady state and transient conditions are distinguished when designing the controller: 

In steady state, an optimal state of the engine is searched with respect to NOx, PM emission and torque. 
I The corresponding inputs are used as open loop inputs to bring the engine into its desired state. 

Furthermore a feedback controller on the engine performance variables will be used to cope with 
disturbances. 
The VTG and EGR systems cause an internal coupling between intake and exhaust manifold. This results 
in a strongly non-linear system, which makes the control of EGR and AFR difficult. For a robust control 
system a good characterisation of the plant is therefore required. 
During heavy transients a good estimation of the EGR massflow (and the emissions) is difficult to obtain. 
The resulting control strategy therefore has a strong qualitative character: to avoid very small values of 
AFR, that lead to high smoke (and PM) emissions. 

The resulting control system is implemented and validated on the engine model. Real-time measurements of 
emissions could not yet be performed at DAF Trucks. Conclusions are difficult to draw from the simulations, 
because during transients the accuracy of the emission model is limited. 



1 Introduction 

In the future lower emissions are required for heavy duty (HD) diesel engines, as regulated by European 
legislation. For the engine manufacturing industry a great effort is required to meet these standards. Various 
technologies have been developed to decrease engine-out emissions. This study, which is performed at DAF 
Trucks NV in Eindhoven, involves one of these technologies. 

1.1 Emission legislation 

There are two important emission standards in Europe, being the European Steady-state Cycle (ESC) and the 
European Transient Cycle (ETC) (see also Appendix A. 1). The ESC is a test in which the engine is brought 
consecutively in 13 specified steady-state operating points, i.e. 13 combinations of engine speed and load 
torque, the so-called 13 modes. Table 1-1 gives the cumulative emission values that have to be met for the ESC 
test. The ETC consists of a prescribed engine speed and torque over a period of time, for which the maximal 
emission levels are also defined (Appendix A.2). 
Compared to the current Euro I11 ESC values, for the NOx emission a reduction of 30% and for particulate 
matter (PM) a reduction of 80% is required in 2005. 

1 
EU Emission Standards for HD Diesel Engines, g/kWh (smoke in m-') 

I I I 1 I I 

Table 1-1: ESC Emission Standards 

Euro I1 1 1996 1 4.0 1 1.1 

Euro I11 

1.2 Emission reduction concepts 

7.0 1 0.25 1 

The existing technologies for emission reduction can be divided into two groups [Desantes]: 
Aftertreatment. The aftertreatment technologies consist of passive filters or active catalyzers (deNOx) and 
seem very promising regarding Euro V. Currently, the NOx catalyzers still have some important 
drawbacks such as logistics for the urea-water solution for the catalyzers and the required in-vehicle space. 
An example of a passive device to decrease PM emissions is the particle filter. 
In-cylinder reduction. One of the most common in-cylinder reduction strategies is exhaust gas recirculation 
(EGR). A part of the exhaust gases is diverted back into the engine cylinders to decrease the NOx 
emission. The EGR system is mostly used in combination with a variable geometry turbine (VTG), which 
acts as the true EGR driver. Furthermore, advanced fuel injection systems with variable injection timing 
and pressure are applied to obtain a cleaner combustion. 

- 

1998 
2000 

1:: this thesis, m e  ~f these techno!ogies is censidcred, 4.e. the ap!mp!ic&in~? nf EGP, in cnmbinzitinn with a VTG. 
At DAF Trucks NV, the current diesel engines are equipped with EGRNTG and flexible injection timing. 
However, the current Engine Management System (EMS) is not a true emission controller. The primary goal of 
this EMS is to control the engine torque. It consists of PID controllers, that can result in bad transient behaviour 
for the emissions. 

Regarding the stricter emission standards the design of an emission controller is desired, to decrease the 
emissions without an unacceptable loss of performance. The following approach is chosen: to model the main 
engine variables and emissions over (part of) the operating range of the engine and subsequently derive a (local) 
controller that regulates the engine to an optimal state. This state should be optimal with respect to the NOx and 

4.0 
2.1 

1.1 
0.66 

7.0 
5.0 

0.15 
0.10 0.8 



PM emissions and also fuel consumption. Especially the operating points corresponding to the ESC test are 
considered. 

In the next chapter the global engine functions and some often used definitions regarding EGRNTG are 
introduced. Also the sensors and actuators that are available on a truck will be presented. Then, some of the 
problems encountered in emission control are explained. In Chapter 4 the background of both NOx and PM 
emission is discussed in detail, in order to find variables that can be used to control the emissions. Setpoints for 
these variables are found by minimizing a cost function and are used by a feedback controller. After that a 
"mean value" model is developed for the main variables of the EGRNTG engine and additionally (local) 
emission models are developed for NOx and PM. In the following chapter the chosen control strategy is 
presented, including the setpoint generation. Using the mean value model, simulations are performed to validate 
the controller. Finally, conclusions are drawn and some recommendations are given. 



2 Description of an E G W T G  engine 

In this chapter the main components of a DI diesel engine with EGR and VTG are described. 

The engine of interest in this thesis is the new MX 
engine from DAF Trucks NV (Figure 2-1). It is a six 
cyIinder engine with a swevt volume of 12.9 litres and a 
maximal power of 425 kW. 

2.2 Diesel engine principles 

Figure 2-2 gives a schematical representation of a 
direct-injection (DI) diesel engine. In this engine the 
fuel is injected directly into each cylinder under very 
high pressure. With the current advanced fuel injection 
systems the amount of injected fuel per cylinder (m@el) 
and the start of in-jection (Eorder Beginn, FB ) can be 
controlled. The FB influences the efficiency of the 
combustion process. When the fuel is injected earlier in Figure MX engine 

the cycle, more fuel is burned before the piston reaches 
its top position (TDC) and a higher pressure develops in the cylinder. When fuel injection is retarded, 
energy is put in the exhaust flow and as a consequence the efficiency is decreased. 

more 

Variable Gebinebg 

Turbocharger 

Figure 2-2: The EGRNTG engine 

The torque response in DI engines depends mostly on the amount of injected fuel and engine speed N. The 
amount of fuel to be injected is determined in the Electronic Control Unit (ECU) based on the driver's pedal 
position and engine speed. This fuel map is considered to be fixed in this thesis. 
In the cylinders the fuel is mixed with fresh air from the intake manifold. An important parameter for the 
combustion process is the ratio of air to fuel (AFR). The air-fuel mixture can be: 

e Stoichiometric: there is just enough air for all the carbon and hydrogen in the fuel to be converted into 
AFR 

C02 and H20. It corresponds to 1 = 1 with: A = - in which AFR,, the stolchiometric AFR, equals 
A FRs 

14.6. 
Rich (A 4): there is not enough oxygen to enable complete combustion. This situation should never 
occur in diesel engines. 
Lean (1 >I): there is more oxygen than required for complete combustion. 

Diesel engines always operate with lean mixtures. The fuel is self-ignited when the ignition temperature is 
reached during the compression stroke of the piston. The resulting combustion energy is partly transferred into 
mechanical energy at the crankshaft and partly converted into heat. 
During the exhaust stroke the burned gases are pumped out of the cylinders into the exhaust manifold. 



2.3 The EGR system 

Part of the exhaust gases can be diverted back into the intake manifold, if the pressure in the exhaust is larger 
than that in the intake manifold. If the EGR valve (see Figure 2-2) is opened, an EGR flow will occur. The EGR 

Wegr massflow is often given as a percentage of the total massflow We,;, into the cylinders: EGR% = - - 100% 
We,in 

The pressure drop over the engine is strongly influenced by the VTG opening. 
The (water-cooled) EGR cooler decreases the temperature of the hot EGR gases. This has two main reasons: 

a !ewer ternperatwe of the air ir, the cylinders means a lower combustion temperature and less NOx 
production 
and secondly, because of the higher density of cold air, a larger massflow can be obtained. 

After the EGR cooler an (optional) EGR throttle (reed valve) prevents that the fresh air can flow directly from 
the intake into the exhaust manifold. 

2.4 Variable Geometry Turbocharger (VTG) 

The majority of the exhaust gases, that are not used for EGR, flow through the turbine into the exhaust pipe. The 
energy of these gases drives the turbine, which is mechanically coupled to the compressor by the turbo shaft. 
The VTG turbine has inlet guide vanes (located on the turbine stator, see in Figure 2-3) to modify its effective 
flow area and to provide a variable range of output flows through the turbine (Figure 2-4). 
Closing the VTG (vanes) for example results in a smaller effective flow area and a smaller turbine flow. 
Consequently a higher exhaust manifold pressure arises, resulting in a larger EGR flow. Therefore, the VTG can 
be considered as the main driving force for EGR. 
Closing the VTG vanes can also increase the speed of the turbo shaft and hence the boost pressure or intake 

Turbine flow map for wrious opening percentages 

Figure 2-3: W G  with adjustable vanes 

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 
Pressure ratio [-I 

Figure 2-4: Turbine flow map for constant turbospeed 

manifold pressure, resulting in a larger airflow into the cylinders. Then more fuel can be burnt, giving a higher 
engine torque. The intercooler cools the air, heated dcle to ths compression, with ambient air, for the same 
reasoiij 2s the EGR coo!er. 

2.5 Engine Performance 

The performance of the engine is characterised by the available power at the crankshaft. This power depends 
mainly on the amount of injected fuel. The six cylinder heavy-duty truck engines from DAF Trucks NV produce 
about 420 kW. This corresponds to a fuel amount of 3 10 mg/stroke/cylinder. 
The specific fuel consumption, the fuel consumption per unit power at the crankshaft is denoted by Cfs. 
The fuel consumption is a measure for the (thermal and mechanical) efficiency of the engine, defined as the 
ratio of the net power at the crankshaft (brake power) and the chemical power of the fuel. Efficiencies typically 
lie in the range from 30%-50%. 



The efficiency depends on the start of the fuel injection (FB), which determines the timing of the combustion 
process. When the fuel injection starts later more energy is put in the exhaust flow, lowering the efficiency. 

2.6 Sensor Layout 

Various measurements at the engine are available to the ECU in order for the EMS to function properly as can 
be seen in Figure 2-5 : 

Temperatures: 
- air in intake manifold: Tl 
- EGR-flow: 1T,, 
- before particulate filter: T,,, 
- ambient: Tomb 

The temperature sensors use a temperature- 
dependent resistance. Rise times are up to 
10 seconds and the accuracy is *3K. 
Pressures: 
- in intake manifold: pl 
- before particulate filter: p , , ,  
- ambient: panlb 
Sensors are of the absolute or relative type 
and rise times are *l ms. 
Massflows: 
- airflow to compressor: M F  
The airflow is determined from the loss of 
heat of a hot wire to the surrounding 
airflow (hot-film massflow meter). Its rise 
time is 20 ms and its accuracy is *3%. 
Rotational speeds o: 
- engine: we Figure 2-5: Sensor and actuator layout 
- turbocharger: of 
The engine speed sensor consists of a slitted disc mounted on the crankshaft combined with a magnetic 
pick-up device. Because of the much higher rotational speed of the turbo shaft an inductive speed sensor is 
used here, which can detect frequencies up to 2900 Hz (174000 rpm). 

2.7 Actuators 

The actuators that are used for engine operation are: 
Amount of fuel: mfuel 
The amount of fuel is controlled by the total time the injector is opened. 
Start of injection: FB 
The start of injection is initiated by the moment the needle is lifted inside the injector. The FB is given in 
degrees crankangle relative to the top dead centre (TDC) of the piston. 
VTG vane position: UVTG 
The vanes are actuated using an electro-pneumatic proportional control valve. Maximal opening of the 
vanes coxespoxds to UVTG =I and maxirnal!~ closed to LIm =O. 
EGR valve epening: C%Gx 
The valve consists of a mechanical actuator: that will try to achieve the requested valve position, 
independent of the pressure on the valve. A fully opened valve corresponds to an angle of 90" and UEGR 
=loo%. Fully closed corresponds to a valve angle of 26" (UEGR =O%). 



3 Problem definition 

The introduction of EGR gives a possibility to decrease NOx emissions in DI diesel engines. On the other hand 
it can lead to an increased PM emission and fuel consumption (Figure 3-1) compared to engines without EGR. 
Diesel exhaust NOx and PM emissions are linked by the nature of diesel combustion. Efforts to reduce PM by 
increasing the combustion efficiency lead to higher combustion temperatures and, thus, higher NOx emissions. 

I:: 

Figure 3-1: NOx versus fuel consumption (Cfs) trade-off 

Lowering the NOx formation by lowering the combustion temperature leads to a less complete combustion and, 
thus, higher PM emissions and increased specific fkel consumption Cfs. 
Hence, optimising one of the performance variables NO& PM or Cfs has a negative effect on the other(s). 
Therefore, it will never be possible to find an operating point such that all three performance variables are 
optimal. Furthermore, the in -and outputs of the system are internally coupled by the turbo and the EGR system. 
This results in a strongly non-linear system with internal feedback, which complicates the control of emissions. 

DAF Trucks wanted to deal with this problem by looking at it from a control perspective hoping that this 
approach makes it possible to: 
e develop a real emission controller instead of only a torque controller, without an unacceptable increase of 

the fuel consumption 
e such that especially transient emissions will be reduced, compared to the current controller, without an 

unacceptable decrease of the torque response 

3.1 Control Problem Formulation 

The system of interest is the DI diesel engine with EGRNTG. The outputs of interest, or system performance 
variables, are the NOx and PM emissions and the fuel consumption. 



A distinction must be made between adjustable inputs and disturbances. In Figure 3-2 the engine and the 
interactions with its surroundings are shown. The surroundings exert influence on the engine by means of the 
ambient conditions and the load torque. The latter depends on the road conditions and the load of the tmck and 
is transferred through the wheels and the gearbox to the engine crankshaft. It can be regarded as a disturbance, 
because it can not be influenced. 

Surroundings 

pedal ............. - ....................................................... 

..................................................................................... 

Sensors 
i-.." ......-... "..".." : 

I"..""".... ...-̂ .. ""..""."." ..... ...-. ̂  1 ... -...-...̂ .. .......... ".""." ....... " ........ "- 

speed 

_, emissions 

+ torque 

System 
boundary 

I + 
inputs measurements 

Figure 3-2: System boundary 

When the driver adjusts the pedal position a, he desires a change in engine torque. This has to be realised by 
adjusting the amount of fuel, which is determined from a fuel map in the EMS. The pedal position can be 
considered as a demanded engine torque. 
The ambient conditions can be quite relevant for emissions or torque but are left out of consideration here. The 
engine speed is taken as a disturbance, because it determines the operating state of the engine to a large extent. 
The outputs that are measured on a truck are those described in paragraph 2.6. 

Summarising, according to the standard plant definition, the following variables are recognised: 

* control inputs: u =[uEGn UoG FB mfiel]T 

external disturbances: w=[a N]T 

system performance variables: z, = [NOX PM c']T 
* measurements: y = [ N  N, P, T, MAF] 

This formulation demonstrates one of the main difficulties for emission control: on-line measurement of 
emissions is not possible. It would therefore be beneficial to search for physical engine variables that quantify 
the emissions to a large extent and that can be used for control: the engine performance variables 2,. 

3.2 Approach 

In this report steady state and transient situations are distinguished. Optimal operating points for the 
performance variables are searched, using a certain optimisation criterion. An operating point is defined as a 
(steady state) operating state of the engine given by a combination of inputs (u, w) and corresponding outputs 
hz) .  Initially we will focus especially on the 13 modes (i.e. combinations of engine speed and load torque) of 
the ESC test. In these modes the load torque is prescribed and can be considered as a constraint. Then setpoints 
for the engine performance variables ze will be derived, that are used by a feedback controller to direct the 
engine to its optimal state. 



A transient occurs if the pedal position is changed. Consequently, a change in the amount of injected fuel is 
obtained, which can lead to increased emissions, especially during large and fast transients. This has to be 
avoided by adjusting the EGR valve, the VTG and/or injection timing accordingly. We restrict ourselves here to 
the transitions fiom one stationaw 13-mode point to another. 
On the test benches at DAF Trucks, emissions can only be measured in steady state conditions, due to the 
character of the emission sensors. They are large gas composition analysers in which the emissions are collected 
and sampled. Also the EGR%, which is computed from the composition of exhaust and intake gases, can not be 
measured on-line. A new, transient test bench is expected to be operational at the end of this year. For this study 
it will not be possible to perform transient measurements.. 

As a result, validation of the transient controller on the test bench will not be possible. Therefore it is chosen to 
develop a simulation model that can predict the emission relevant variables with sufficient accuracy over a large 
operating range. This "mean value" model will then be used to validate the transient controller. 

The main problem and subquestions are now summarised as: 

In steady state situations: 
1. Find optimal operating points z,* in each of the 13 modes, that correspond to a minimal amount of 

emissions and fuel consumption. 
a) Derive setpoints for the engine performance variables z,* that can be related to the emissions. 
b) How can these variables be brought to their setpoint values by adjusting the actuators? 

e In transient situations: 
2. Limit undesired excursions of emissions when switching from one mode to another, while maintaining a 

good torque response. Because the emissions cannot be measured, the engine performance variables z, 
1 

are considered during transients: 
l 

a) In what cases do excursions occur? 
b) How can they be reduced using the actuators? 



4 Emission theory 

In this chapter the background of emission formation is analysed in more detail, especially for the NOx -and PM 
emissions. The emissions mainly depend on the conditions in the combustion chamber, where the chemical 
reactions take place. These conditions are determined by several operating variables and fuel injection 
characteristics. With the current state of the art these emissions cannot be measured on a truck. Therefore, 
engine performance variables have to be found that are representative for the emissions and that can be used for 
emission reduction. 

4.1 NOx formation 

NOx is defined as the sum of NO and other nitrogen oxides. It is formed from the oxygen and nitrogen in the 
air, during and after combustion. Three main factors can be found that primarily influence the formation of NOx 
to a large extent [Heywood]: 

The combustion temperature. The chemical reactions that form NOx are initiated at temperatures above 
l9OOK. The formation of NOx increases rapidly for higher combustion temperatures. 
The combustion duration. A longer combustion time gives more time for the nitrogen to react with the 
oxygen and thus to form NOx. 
The remaining amount of oxygen after combustion. When the residual oxygen concentration is lower, less 
oxygen is available to form NOx. 

These three variables cannot be measured directly and are difficult to obtain from physical relations. Therefore, 
we search for engine operating variables that have a strong influence on the three phenomena and can be used to 
reduce emissions. 

1. The combustion temperature and the amount of oxygen are dependent of the AFR in the cylinders. At 
stoichiometric conditions (A = 1) the highest temperatures occur. This may suggest that for stoichiometric 
mixtures the highest amount of NOx is produced. This is not quite true, since leaner mixtures (A > 1) have 
higher oxygen concentrations and lower combustion speeds, which gives more time for the NOx to form. 
At stoichiometric conditions, maximal power is generated with the minimal amount of fuel. From the point 
of view of NOx emissions however, stoichiometric mixtures are undesirable. Diesel engines never operate 
with stoichiometric mixtures so the effect of the AFR on the combustion temperature is small. 

An effective method of iowering the combustion temperature is to feed some of the exhaust gas back into 
the cylinders (Figure 4-1). The effect of this EGR, a reduction in NOx production, is actually based on two 
principles: 

FB=4.25 * The C02 in the exhaust gas is an inert gas that 4 

increases the heat capacity and, hence, lowers the 
combustion temperature. 3.5 I 
The EGR gas replaces an amount of fresh air in the 

I 
g 3 .  

cylinders, leading to a lower oxygen concentration r CD - 
I 

and a smaller amount of NOx to be formed. d 2.5. z 

The composition of the EGR gas is another important 
issue. When for example a very lean mixture is burned, 2l 

1.5 \I I some oxygen wiii remain in the exhaust gas. -w"IIen this s 10 15 20 

gas is recirculated back into the cylinders, an extra EGR% 

amount of oxygen is available for NOx formation. Figure 4-1: NOx emission versus EGR% 
Because the non-reactive gases in the exhaust gas lower 
the combustion temperature, the efficiency of the combustion process is decreased. So large amounts of 
EGR are not favourable for fuel consumption. 

3. Another important variable is the injection timing (FB). When advancing the injection timing, combustion 
takes place earlier in the cycle and peak pressures increase. This leads to higher combustion temperatures 
and increased NOx formation. However, higher in-cylinder pressures give more power and a better specific 
fuel consumption (see in paragraph 2.5). 



The injection timing can be controlled and can be used for NOx reduction. 

4. At lower engine speeds generally a higher concentration of NOx is produced due to the longer time 
available for the reactions to take place. So it would be beneficial to drive at high engine speeds, if not then 
the fuel consumption increases. 
With the recently introduced automated gearboxes, it is possible to control the gear ratio and thereby the 
engine speed. 

5. The temperature of the air in the intake manifold influences the mixture temperature in the cylinders and 
hence the combustion temperature. A lower intake manifold temperature is obtained by cooling the air 
before entering the intake. The amount of cooling however can not be manipulated, so the intake air 
temperature will not be regarded as an input for NOx reduction. 
The humidity of the air in the intake also influences the NOx formation. It influences the heat capacity of 
the air and also the combustion temperature and is considered as a disturbance. 

4.2 PM formation 

Particulate Matter (PM) emissions from diesel engines consist of small particles in the exhaust gases. PM 
emissions mainly result from the heterogeneous nature of diesel combustion. When fuel is injected into hot 
compressed air in the cylinder, regions develop that are fuel-rich and oxygen deficient. Because of the high 
temperature and pressure in the cylinder, the fuel may start to break down before it has a chance to mix with air 

I and bum normally. These high temperature cracking reactions (pyrolysis) lead to the formation of carbonaceous 
soot particles. Unburned or partially burned fuel can condense on these particles, increasing their size and mass. 
Finally, these particles can stick together (agglomerate) to create visible smoke. The total PM emission has three 

I main components: 
I clusters of hydrocarbon (HC or white smoke), from the unburned fuel and lubrication, 

the inorganic compounds in the fuel, such as sulphur, which form small clumps 
the (visible) black smoke, resulting from incomplete combustion, which is the largest contribution in the 
total PM emission. , 

The PM formation depends on the composition and presence of the fuel and oil in the cylinder and on the local 
I 

conditions within the combustion zones, such as temperature and amount of mixing. Many of these parameters 
depend on geometrical properties of the engine such as the amount of swirl in the piston and the oil flow along 
the pistons (blowby). 

I Many factors influence the formation of PM, but only the most important are mentioned here: 

1. The degree of mixing in the cylinders. After the fuel is 

I injected, the air mixes with the outer edges of the fuel 
spray. Here, very lean zones occur. However, in the 
centre of the droplets overly rich mixtures remain, that 
seldom oxidise completely, resulting in unburned 
hydrocarbons. These in-cylinder conditions can to some 
extent be characterised by the (local) AFR. For very low 
AFR7s the PM formation increases exponentially, as 
many fuel rich zones occur (see in Figure 4-2). 

0.04 

2. The injection pressure. At higher pressures the fuel 
0.03 

3 3 5 4 4.5 
I 

droplets are smaller, leading to better mixing and a 2.5 Lambda 5 

smaller PM formation. In future engines the injection 
pressure can be manipulated (SMART injectors). Figure 4-2: PM formation versus 2 

3. The start of injection (FB). This can be explained by the fact that the FB influences the time available for 
the fuel to mix with the air before the combustion starts. When the fuel is injected later in the cycle a shorter 
time is available, resulting in an increased PM production. 



4. The amount of recirculated exhaust gases (EGR%). The non-reactive products in this flow increase the 
particulate production, as they "pollute" the combustion. 

From this overview the most important variables with respect to the formation of emissions, the engine 
performance variables z, are chosen: 

for NOx: [EGR%, FBI 
for PM: [A, FB, EGR%]. 

Instead of controlling NOx and PM emissions directly, they are replaced by these performance variables. By 
establishing these variables for a given combination of speed and fuel, the emissions are assumed to be fixed 
also. Neglecting the influence of the other variables can bring about errors in the obtained emissions. For low 
EGR percentages for example, the intake temperature can influence the NOx emission more strongly than for 
large EGR percentages. 



I 

5 Engine modelling 

For simulation purposes a "mean value" model for the EGRNTG engine will be developed. To validate the 
emission controller also an emission model is derived. Sufficient measurement data is required to validate these 
models. At first the approach of the experiment is described, of which the data is used throughout this study. 

5.1 Data generation 

In the ideal situation the emissions are known over the whole operating range of the engine. This would include 
a large number of combinations of engine speed, injected fuel, start of injection, VTG position and EGR valve 
position. No such measurement data was available initially. Therefore it was decided to perform a new 
experiment, over a self-defined range of input values. To limit the number of data points, only 3 different speeds 

I are chosen, corresponding to the 13 mode definition. At these speeds it is desired to generate the torque 
I specified by the ESC values (Table A-1). In each point a fixed fueI amount is chosen that approximately 

corresponds to the specified load torque. The idle speed point is left out of consideration so only 12 operating 
points remain. 
In these 12 modes the FB, VTG opening and EGR valve opening are divided into an equally spaced grid of 5 
values. The range of the inputs is chosen rather large, so also a large range of emission data will be obtained. 

I The EGR valve position is chosen in the range from fully opened to fully closed and the VTG opening in the 
I 
, range from 10% opened to 90% opened. The FB is chosen in the range from 25 to 0 degrees before TDC. This 

would result in (513=125 measurements in each of the 12 modes, i.e. in total 12x125=1500 measurements. 
Considering a stabilisation time of at least 2 minutes per measurement point, it would cost one operator at least 

I one week of full time work. To limit the measuring time we proposed to design an automated test bench. On this 
test bench the actuators are adjusted automatically by the setpoint generator and the data acquisition is 

I automated [Wantenaar]. 

Especially at high loads many points are not safe, as a result of too extreme inputs. Here the turbo speed, turbine 
inlet temperature or in-cylinder pressure can become critically high. In the end only 694 data points remain that 
are suEciently safe to be used for fully automated testing. In future projects in each mode a specific range of 
inputs should be defined. 
It appeared the amount of injected fuel was not held constant in each point but depended on FB, with deviations 
up to 10%. 
The NOx and PM emissions can not be measured directly in g/kWh but are calculated from exhaust massflow 
(in gh) and power (in kw. Tne NOx emission is measured in parts per miilion (pprnj and the PM emission is 
calculated fi-om the amount of smoke produced. The accuracy of the emission measurement equipment is about 
0.5%. 

EGR opening [%] VTG opening [%I 

Figure 5-1: Results of emission measurements 

FB [deg. CAI 



The measurement of the EGR% has an accuracy of 1-2 %. It is computed from the difference in C02% between 
intake and exhaust manifold. 

The influence of the three input variables on the NOx and PM emissions can be seen clearly in Figure 5-1. Both 
the EGR valve opening and FB have an opposite effect on the two emissions. Closing the EGR valve always 
results in an increased NOx and decreased PM emission, because a smaller EGR% results. For the VTG valve 
the influence on the emissions is not so obvious. 

5.2 System behaviour 

From the measurements and the discussion in chapter 2 it is clear that there exist multiple internal feedback 
loops that result in strong interactions. The in- and outputs of the system are internally coupled by the turbo and 
the EGR system. The steady state values of some variables show large changes over the operating range, as can 

I be seen in Figure 5-2. In this figure four different operating variables are plotted as a function of EGR and VTG 

VTG opening [%I VTG opening [%I 

Figure 5-2 A-D: Measured engine variables (N=1325 rpm, mfuel=8lmg/stroke/cy1) 

actuator positions: torque, turbo speed, EGR% and AFR. The relation between the AFR and VTG actuator 
setting for example is non-linear and non-monotonic. For fully opened EGR valve the AFR increases initially 
when opening the VTG, but then decreases when opening the VTG further (see in Figure 5-2D). For a closed 
VTG the airflow is decreased because of the smaller turbine flow area, whereas for opened VTG the airflow is 
decreased because of the smaller turbine pressure difference (and hence lower turbo speed (Figure 5-2B)). When 
closing the VTG also a larger pzrt of the fresh air is replaced by EGR, thereby decreasing the AFR. 

5.3 Mean value description 

During engine operation, the state of the engine can be characterised by physical quantities such as pressures, 
temperatures and massflows. These engine operating variables show high frequent behaviour, because of the 
pumping effects of the separate cylinders. Their behaviour can be described by physical relations, that together 
form an engine model. When only the average values of the variables are described the resulting model is called 
mean value model. In literature quite some research is reported on in the development of mean-value models 
[Stefanopoulou et al., Sturm et al.]. In this study a mean value approach is chosen to model the EGRNTG 
engine. Additionally an emission model is developed to predict the NOx and PM emissions. 



In Appendix B a mean value model for a DI diesel engine is described. Various components of the engine are 
modelled separately. For the considered engine these components are: 

the combustion part 
intake manifold 
exhaust manifold 
variable geometry turbine 
compressor 
EGR-valve 
EGR-cooler 
intercooler 

Massflows are represented by W, temperatures by T ,  pressures by p, masses by m and air fractions by F. The 
subscripts 1 and 2 correspond to the intake and exhaust manifold respectively. In total nine states are used: 

~ = [ m 1  PI Fi m2 PP F2 ~e Wr TexhIT. 
They are derived from mass -and energy conservation laws and the ideal gas law [van Essen]. The parameters in 
the equations are fitted to the measured engine data. 
All the components are modelled as separate subsystems. Finally, all the subsystems are connected together by 
their mutual in -and outputs (Appendix E). 

5.3.1 Erroranalysis 
The obtained model for the EGRNTG engine is validated by comparing various output variables to their 
measurements. The root mean square (RMS) errors for these variables (as in Figure 5-3) are given in Table 5-1. 
The absolute RMS errors are scaled with the average values of those variables, to obtain relative errors. Some 

Table 5-1: Mean value model errors Figure 5-3: Definition of variables 

remarks can be made about the source of the errors: 
Especially the exhrwt varizbks have rather large errm.  This =ems thzt the xode! is not accurate there, 
but it is emphasized that the conditions in the exhaust are harsh and (highly) fluctuating. The measured 
temperature can therefore have quite a large uncertainty. 
The temperature in the exhaust is computed from a (simplified) combustion cycle (see in Appendix B. 1.2). 
The temperature at the end of this cycle is assumed to be equal to the exhaust gas temperature. Here an 
error is introduced, also because the FB, which has a great influence on the exhaust temperature, is not 
incorporated in the combustion cycle. An inaccurate exhaust temperature will often imply a bad exhaust 
pressure prediction. 
The errors in the computation of the exhaust variables can result in an inaccurate EGR massflow 
prediction, as it mainly depends on the exhaust pressure (Appendix B.6). 



Another source of errors are the compressor and turbine (massflow) maps. In the turbine maps, which 
consist of five maps for five different VTG openings, the output (massflow) has to be interpolated from 
these five maps (Appendix B.4). The "real" VTG positions have been linked to the opening percentages of 
the maps, by fitting the corresponding massflows to the measured data. 

The resulting mean value model will be used for simulation purposes and to globally validate any control 
strategy, in combination with the emission model derived in the next section. 

5.4 Emission models 

To estimate the NOx and PM emissions is not an easy task, as their formation depends on many engine 
variables. Furthermore, this dependence is highly non-linear. Often black box models are used, such as neural 
networks [Krijnsen, Traver et all. 
Here also a more or less black box model structure is used, based on the relations found in Chapter 4: an 
exponential-polynomial function (see Appendix C). To limit the complexity only the most relevant emission 
variables are used as inputs: the engine performance variables derived in Chapter 4. 
The raw NOx emission is estimated, in parts per million (ppm). The PM emission is modelled in grams per hour 
[glh], in which the exhaust massflow (in g k )  is incorporated. 
The NOx emission can be calculated in [gk] as follows: 

m,,, (g  I h)  = 0.001507 - ~ 0 x ( p p r n ) .  W,,,,, ( g  I h)  corr - factor 

The correction factor in this equation is a function of the air humidity, ambient temperature and pressure. The 
variation in emissions due to these ambient conditions can be up to 5%. Dividing by the power in [kW] will give 
the emissions in [glkwh], which is needed for comparison to Euro N target values. 

The emission model is validated by computing the RMS errors with the available emission measurements. The 
errors are scaled by the average values to obtain relative errors. The accuracy of the emission measurement 
equipment is 0.5% which is negligible compared to the model errors. 

1 I 

Average I 8.9%( 19.5% 

TaW 5-2: Erission I?MS errers 

Table 5-2 shows that the (relative) error in PM emission is larger than in the NOx emission. This demonstrates 
the fact that the PM formation is more difficult to describe with the three chosen variables. 

The resulting emission model consists of local models in the 12 modes. They are stored in lookup tables and 
implemented in Sirnulink. For a global model more measurements are necessary. For now however, a "global" 
model is formed by interpolation between the separate local models. Extrapolation will hardly be possible 
because not enough information is available outside the "trained" area. 



From the emission measurements also the sensitivity of the NOx and PM emissions to changes in EGR%, h and 
FB can be determined. In Figure 5-4 the sensitivity of NOx to changes in FB in mode B25 is shown. 

21 ' ' I 
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Figure 5-4: NOx sensitivity to FB changes Table 5-3: Numerical values for dNOx1dFB 
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Although the relation shows an exponential behaviour, the corresponding sensitivity dNOxIdFI3 is assumed to 
be linear. In Table 5-3 the numerical values of these sensitivities are given for varying EGR%. 
This can also be done for the influence of the EGR% and h on PM emission. 

[gIkW hldegree CAI 
-0.51 
-0.37 
-0.35 
-0.28 
-0.33 



6 Control strategy 

The current EGRNTG engine sensor configuration can provide no feedback on the emissions. The engine 
performance variables have been derived which determine the amount of produced emissions to a large extent. 
By regulating these variables to those values that correspond to an optimal amount of emissions, they are 
controlled indirectly. The engine will then be directed to this optimal state by means ofthe inputs u. 
This has led to the following approach: 

Steady state operating points (for 2,) have to be derived over the entire operating range of the engine. They 
are found through optimization of a performance criterion. Xere focus is put on the 13 modes of the E X  
test only. 
The resulting optimal settings for the actuators (u*) are then used to direct the engine to its optimal state 
and are stored in the feedforward map Su. In theory, in a situation with no disturbances and manufacturing 
tolerances, this open loop approach would suffice. However in practice, a feedback controller C is needed 
to correct for these disturbances (see Figure 6- 1). 
This closed loop controller should regulate the system to setpoints for the engine performance variables z,* 
and consequently to the desired emissions. These setpoints are stored in the setpoint map Sz, which 

Figure 6-1: Controller overview 

depends on the operating point w. In a real-time environment an estimator (Ez) for EGR'Xo and 3L is 
necessary. 

I During transients a controller will be developed that prevents the undesired phenomena. Because no 
feedback is possible during transients, an open loop strategy is applied. 

Further in this chapter attention is paid to the setpoint generation and the transient controller. The design of a 
feedback controller will need further research. 

6.1 Setpoint generation 

In each of the 13 modes an "optimal" steady-state operating point zs* with the most optimal values for the 
system performance variables zs has to be determined. Not all three variables z, will be minimal at the same 
time, which brings on the need for a optimization criterion to minimise the combination of the three variables. 
As a result, combined optimal setpoints will be obtained. 
In the optimal situation the NOx and PM emissions do not exceed the Euro IV targets of 3.5 gkWh and 0.02 
gkWh respectively, averaged over all 13 modes of the ESC test. Ideally, the following cost function should be 
used: 

JOp, = ~ ( w ,  - iVQx2 + w, - PM' + w, - (torque - t o r p e - ~ ~ ) ~  + w, . cfs2) 
i=1..13 

Instead of this global optimisation here a optimisation is performed, in only 12 of the 13 modes separately. 
An optimal point is searched with respect to a modified version of the previous cost function: 

J = wl . ( N o x - ~ . ~ ) +  w2 -(PM-0.02)+ w, -1torque-torque-spl 

This cost function is computed using interpolation of a 3-dimensional grid of NOx, PM and torque values as a 
function of the three inputs UEGR, Um and FB. The amount of fuel is fixed in each mode, such that the fuel 
consumption cannot be optimised. Using the Matlab function "jkinsearch" the cost function J is minimised by 
adapting the three inputs UEGR, Um and FB. The corresponding input values u* are used as open loop inputs in 



each mode and the engine performance variables as setpoints z,* for the feedback controller (see Appendix D). 
In Figure 6-2 the NOx and PM emissions (in g/kWh) are visualised with "iso-curves" on a two-dimensional grid 
of inputs. 

UVTG=0.5 

NOx [g/kWh] 
100, I 

The following weighting factors wi* result after 
scaling: w3*=2-wl*; w1*=5.w 2 * 3 

where wi* = (target value)/ q . 
This means that relative errors of 5%, 10% and 
50% are equally heavy weighted for torque, NOx 
and PM respectively. 
The resulting (cumulative) values for the NOx and 
PM emissions are shown in Table 6-1. It 
demonstrates that the Euro IV target values cannot 
be met for both I>IW and NOx emissions, without 
aftertreatment. 
Although the NOx target is met, the PM setpoint is 
exceeded by over 200%. The torque values have an 
average deviation of 4% compared to the specified 
ESC values, where only deviations of 2% are 
allowed. Also, the overall fuel consumption is 
increased by 7% compared to the 13 modes 
setpoints used by D M .  Compared to these 
setpoints however, a reduction in PM of 40% is 
obtained. 
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PM lakwh1 

Figure 6-2: Emissions in mode A25: N=1325 rpm, mf=Slmg 
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Table 6-1: Emission values compared to Euro IV targets 
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Due to manufacturing tolerances in engine components and variations in the ambient conditions the actual 
emissions can vary up to 5%. This can be compensated by adapting the closed loop setpoints. The influence of 
the disturbances could not be determined from the available measurements and no correction factors are derived 
therefore. 
Furthermore, estimation errors in the setpoints for EGR% will result in different emission levels than those in 
Table 6-1. The accuracy of the current EGR% calculation used by DAF is 4.6% [van der Meer]. This can result 
in a maximal deviation in NOx of 0.41 [g/kWh] when the sensitivity of -0.09 [g/kWh/%] is considered (see 
Table 5-3). Thus, the accuracy of the emission controller will be limited due to the current sensor layout. A 
direct measurement of the EGR massflow could avoid this to a large extent. 

It can be concluded that with the setpoints derived here the emission targets are not met, especially for the PM 
emission. Choosing other weighting factors or cost functions can improve this, at the expense of an increased 
NOx emission. However, the setpoints found here will be used further in this report. 

6.2 Transient strategy 

When the driver wants to accelerate, to decelerate or to change gear, a transient situation occurs. Then the 
- 

engine variables can vary strongly, which will inevitably have an influence on the emissions. In Figure 6.3 a 
part of the transient ETC cycle is shown, based on measurements performed at TNO. Although it is not taken 
from a MX engine, the most important phenomena are visible. Large increases in fuel flow lead to peaks in 
smoke and, to a lesser degree, peaks in NOx. 
Clearly, it is desirable to limit the excursions of those variables that involve emissions, thereby decreasing the 

I emissions. Especially 1 should not exceed a certain minimal level, to avoid undesired smoke peaks (and 
particles). In Figure 6-3 we see that smoke peaks in particular occur when 1 is less than 1.5. 

ETC cycle 

Figure 6-3: Transient emissions 

Transient estimation of both h and EGR% is difficult. 
The 2. inside the combustion chamber is computed from measured airflow (MAF) and fuel flow. Since 
the airflow is measured before it enters the compressor, it takes time to reach the combustion chambers. 
In steady state the both airflows are equal, whereas during transients the dynamical effect brings about 
errors in the computation of 2.. 
The EGR-flow is not measured on the truck, but computed from the difference between engine 
massflow and the airflow (MAF). The computed engine flow depends on the volumetric eff'iciency and 



can be determined with reasonable accuracy in steady state conditions. In non-stationary conditions 
(transients) however, this steady state relation will not hold giving an error in the estimation of the EGR 
flow. And exactly in transient conditions an accurate estimation is required, because then the emissions 
can increase significantly. No feedback on the EGRYo can be applied then. 

This has led to a more or less qualitative transient control strategy that uses open loop control during transients 
It consists of two main components: 

Fuel limiter: limits the amount of fuel to be injected, in order to keep 2 above 1.5, since otherwise the 
smoke emission increases exponentially. This is of course unfavourable for a fast torque response. 
Transient controller: increases the airflow into the engine when transients occur, in order to be able to 
inject more fuel before 1 decreases to an unacceptable level. The EGR valve is closed momentarily, so 
more fresh air is obtained. Also the VTG is closed, depending on the size of the transient T, which is 
computed from the difference of the actual airflow and a desired value. This desired value is obtained from 
a lookup table containing the steady state 13-mode values. Finally the fuel injection is advanced to 
decrease PM emission and improve torque response. In Figure 6-3 this concept is schematically shown. 

actual MAF 

detecbon I 

desired MAF T 

Figure 6-3: Transient controller 

In Figure 6-4 simulation results with this controller are shown, compared to a situation where only open loop 
control is applied. A tmnsient at constant speed (Figure 6-4A) is performed with an increase in fuel from 78 to 
289 mg (Figure 6-4D) (i.e. mode B25 to B 100). The simulations demonstrate that the torque response (Figure 6- 
4B) is improved by the closing of the EGR valve (Figure 6-4H) and the (further) closing of the VTG (Figure 6- 
4G). The increased airflow results in a higher 3c (Figure 6-4F), which has a positive influence on the PM 
emission (Figure 6-4K). On the other hand the decreased EGR% will result in a higher NOx emission (Figure 6- 
4J). So here an improved PM emission again has a negative effect on NOx emission. 



4.5 0.24 

0.22 
4 

0.2 

3.5 0.18 
F - 
Z 0.16 
a, 3 a 

P 
2.5 

$ O.I4 
0.12 

0.1 
2 

0.08 

1.5 0.06 
0 1 2 3 4 5 6  

Xme [s] Tlme [s] 

Figure 6-4: Transient results of two different controllers 

It is however difficult to give a quantitative judgement of the performance ofthe controller, especially for the 
emissions. Validation and tuning of the controller on a (transient) test bench would therefore be beneficial. It 
would give a more accurate view of the behaviour of the emissions in time. But these simulations results 
demonstrate that improving one of the emissions will increase the other. So here again a performance criterion 
can be used to minimize both emissions (and torque) over a certain period of time: 

T2 

J T  ( t )  = J{No&) [ g l k ~ h ]  + P M ( ~ )  [g/kwh]+ torque(t) [Nm]}dt 
=I 

and find optima1 actuator settings by minimizing JT. 



Conclusions and recommendations 

A simulation model for the EGRNTG engine has been developed and validated with steady state engine 
measurement data. The resulting model has errors of 18% for the EGR flow and 4% for the torque. Errors 
are mainly caused by uncertainties in compressor and turbine maps and by the inaccuracies in the model of 
the combustion process. 
Because no dynamical measurements could be done, it was not possible to perform a good dynamical model 
validation. The simulation model will be used to validate the control system. 
An emission modei for NOx and PM is developed and consists of maps of steady state emission data, in a 
number of operating points. Accuracies for NOx and PM of respectively 9% and 20% are obtained in a 
small operating area. Outside these operating points interpolation or extrapolation has to be performed, 
which will decrease the accuracy considerably. The emission model could not be validated for transients. 
A possibility to model transients would be to develop a model based on combustion related variables. 
Changes of these in-cylinder variables are relatively fast which makes them useful for transient emission 
estimation. 

Steady-state setpoint generation in 12 operating points is performed with the use of a cost function of NOx, 
PM and torque. The results show that the Euro IV values cannot be met regarding PM emission, without 
considerable loss of performance or without aftertreatment. On the automated test bench an online 
optimisation can be performed in the future by calculating the cost function real-time. 
The engine is directed open loop to its setpoints by using the corresponding actuator settings. A feedback 
controller is needed to correct for disturbances. Closed loop setpoints for EGR% and AFR are derived. 
Further attention has to be paid to the design of this MIMO controller. It requires a good knowledge of the 
(local) system behaviour to VTG and EGR actuator changes, which can be rather non-linear. 
During (heavy) transients the amount of injected fuel must be limited to avoid very low AFR7s and large 
PM emissions. Furthermore, a strategy is developed to increase the airflow during such transients. 
Simulations show that a decreased PM emission and a better torque response is obtained, at the expense of 
an increased NOx emission. 
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FIGE Institute developed the cycle in two variants: as a chassis and an engine dynamometer test. For the 
purpose of engine certification, the ETC cycle is performed on an engine dynamometer. 
Emission values are given in Table A-2. 

Emission Standards for HD Diesel Engines, ETC Test, g/kWh 

Table A-2: ETC emission standards 
1 



B Mean value equations 

A mean value engine model consists of equations that describe the main physical quantities of the engine, 
averaged over a number of cycles. Together they form a model that can be used for engine simulation. In this 
appendix the most important equations are given and, if possible, compared to measured data of the MX engine. 
The structure used is derived from the TNO DynaMo engine model [Verkiel]. Parameter values are summed up 
in Appendix F. 

The combustion part consists of the combustion cylinders and the crankshaft. The mean value model describes 
this component with only one massflow, its temperature and composition. The total massflow out of the engine 
We,,,, is the sum of the total massflow from the intake into the engine (cylinders) We,i, and the total fuel mass 
flow Wf: 

%or : volumetric efficiency [-I 
P1 

PI =- : density of gas in intake manifold [kg/m3] 
RT, 

vd : total swept volume of engine [m3] 
N/6012 : number of intake cycles per second [s-'1 
mfiel : mass of injected fuel per cylinder per cycle [mg] 
%I : number of cylinders (=6) 

The volumetric efficiency is an overall measure of the effectiveness of the intake and exhaust systems as an air 
pumping device. The timing of the valve opening and closing is of importance here (valve overlap). In a four- 
stroke engine one combustion cycle per two revolutions of the crankshaft takes place, which explains the factor 
'/Z in both equations. 

B. I .  I Air pactions 

In order to keep track of the EGR-flow through the 
engine, air fractions F are introduced. They represent 
the relative amount of air in the total massflows. In 
Figure B-1 it can be seen that during combustion the 
(fresh) airflow is partly converted into burned gas. The 
part of unburned air in the exhaust flow (Fez) is given 
by: 

AFR, : stoichiometric AFR 
Fl : air fraction in intake manifold [-I 

In this component also the total AFR is computed, 
including the air in the EGR; the total fresh airflow 
from the intake equals the total gas flow (We,in) times 
the fi-action of air in the intake manifold Fl. This 

Combustion 

Figure B-1: Massflows during combustion 



airflow is divided by the total fuel flow to obtain the AFR: 

a= 4 . We,in 

Wr - AFR, 

B. 1.2 Combustion cycle 

A simplified description of the ideal combustion cycle is used for the in-cylinder pressure and temperature 
computation. The description is based upon an ideal, combined Otto-Diesel cycle (Seiliger process), as shown in 
Figure B-2. Each point in the cycle represents a distinct thermodynamic state for the working fluid. It is based 
upon algebraic relationships and requires no mathematical integration steps. Hence, the routine is 
computationally efficient. 
The real combustion cycle does not consist solely of straight lines (see in Figure B-4, for two different start of 
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Figure B-2: Simplified combustion cycle Figure B-3: Correction factors for torque 

injections). The generated torque is calculated from the total work during a cycle, which equals the surface 

nc,, encompassed by the p V  curve: T, = -- jP dv . For FB=O this surface is smaller than for FB=25, so less 
4n 

torque is generated. In the simplified cycle, FB is not taken into account and therefore a correction factor is 
introduced to compensate the loss in torque (see in Figure B-3). 

Finally, the engine rotational speed is calculated using the power balance on the engine shaft: 

T, = Co + c, (N) + c2 (PC,, ) 
J : Inertia of crankshaft [~rns~l rad]  
o : Rotational speed of the crankshaft [rads] 

T,,, : Net generated torque [Nm] 
Goad : Load torque [Nm] 
TfiC : Friction torque [Nm] 

The load torque on the crankshaft is generated by the Eddy Current Dyno of the test bench, which adjusts the 
torque to keep a constant specified engine speed. The friction torque is calculated from the maximal cylinder 
pressure and engine speed. 
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1 Figure B-4: Combustion cycles for mode A25 

B.2 Intake manifold 

, The equations for the gas filling dynamics in the intake manifold are derived on the basis of the total gas mass 
balances, ideal gas law and energy balance, in which the heat loss to the wall is neglected: 

I 
dm1 - 
- - Wc,our Wegr - We,in 
dt 

ml : mass of gas in intake manifoid [kg] 
Wc,out : compressor massflow [kg/s] 
Wegr : EGR massflow [kgls] 
W e  : total massflow into cylinders [kg/s] 

I 

And the pressure in the intake: 

PI : pressure in intake manifold [Fa] 

Y : ratio of specific heats [-I 
R : gas constant [JkgK] 
VI : volume of intake manifold [m3] 
T i c 0  : temperature after intercooler [K] 
Teg, : temperature after EGR-cooler [K] 
TI : temperature of gas in intake manifold [K] 

Finally, the air fraction in the intake Fl is computed from the sum of all air flows into the intake (Wair): 

dFl - 411, = WC,mt + '2 ' Wegr - ' I  We,. 
-- 
dt m ,  m1 



Here Wc,ou, is the mass flow rate through the compressor, which equals the measured mass airflow MAF in 
steady state. 

Finally, the temperature of the gas in the intake manifold is computed from energy conservation (x mc,T = 0 ), 

where c, depends on the temperature of the gases. 

8 3  Exhaust manifold 

Similarly, for the exhaust manifold three states are introduced to represent the gas filling dynamics in the 
exhaust manifold: mass m2, pressurep2 and air fraction F2. The evolution of the gas properties is represented by 
the following equations: 

W,,,,, : massflow through the turbine [kg/s] 

Because of the high temperatures of the exhaust gas the heat loss to the manifold wall is not neglected: 

v2 : volume in the exhaust manifold [m3] 
Q2 : heat loss to the exhaust wall [w 
c~ : specific heat constant [JIkgK] 
T, , ,  : temperature of the combustion gas [K] 
T2 : temperature of the exhaust gas [K] 

This heat loss is also taken into account in the computation of the exhaust gas temperature: 

'2 = Te,our - Q2 , where Q equals the heat loss to the exhaust wall: 
cpWe,out 

Q2 = h . A, ( ~ ~ , ~ ~ t  - T d  ) 
h : heat transfer coefficient [ w / m 2 ~ ]  

I Aexh : heat transfer area of the exhaust manifold [m2] 
I 

Texh : temperature of the exhaust wall [K] 

The heat transfer rate Q2 will also increase the temperature of the exhaust wall, which is computed from: 

dTe~h - - Q2 

dt mexh . Cexh 
I ~ mah : mass of the exhaust manifold [kg] 

Cexh : heat capacity of the exhaust manifold [JkgK] 
Eventually the temperatures of the exhaust gas and manifold wall will become equal and Q2 will decrease to 
zero. 
The fraction of air Fz in the exhaust follows from: 

dF2 - Fe2  . We,ou~ - '2 (wep + ) - 
dt m2 

With the exhaust mass and heat capacity one can adapt the thermodynamic behaviour of the exhaust gas and the 
response of the exhaust pressure. 

B.4 Variable Geometry Turbine 

The equations for the VTG and the compressor are derived from the orifice flow equation, which can be applied 
for a constant turbo speed and flow area. For the turbine (VTG) this means that the massflow parameter p, not 
only depends on the pressure ratio, but also on the VTG opening and the turbo speed parameter (TSPJ (lower 
picture to the left in Figure B-5): 



($4 : massflow parameter of the turbine [ k g d ~  /Paas] 
TSP, : turbo speed parameter with respect to the turbine [min-'ld~] 
pt,our : pressure after the turbine [Pa] 

The pressure after the turbine is equal to the ambient pressure plus a pressure loss over the exhaust pipe. The 
VTG opening Urn ranges from 0 tol, where 0 is fully closed and 1 is fully opened (against the physical 

1 boundaries of the actuator). 
The power generated by the turbine is computed from the temperature after the turbine: 

PI = ~ , o u t ~ p T t , o u r  

pt : power generated by the turbine [W] 
T,,,, : temperature after the turbine [K] 

actual power output 
V t  : isentropic efficiency of the turbine = reversible power output [-I 

%I : mechanical efficiency of the turbine [-I 

1 Friction on the shaft is (partly) accounted for in the mechanical efficiency 7, and the turbine isentropic 
efficiency that is determined from the vane position UnG, the blade speed ratio (U/C) and turbo speed parameter 

I U 
I TSPl (see in Figure B-4 (right below)): q, = r), 

The blade speed ratio is defined as the ratio of the velocities of the turbine blades U and of the gas C. 
The resulting data for the turbine massflow parameter and efficiency is stored in maps. To validate the maps the 
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Figure B-5: Theoretical turbine maps, compared to measurements 

measured values of 12 operating points are compared to the theoretical (map)values for qjr and T,,,, (see in 
Figure B-5, lower pictures). In these points the pressure ratio, TSP and VTG position are computed and fed into 



the maps. With the resulting MFP and eEciency the turbine massflow and output temperature are computed and 
compared to the measured ones. By adjusting the values in the maps, the map outputs are fitted to the measured 
values. 

63.5 Compressor 

For the compressor identical equations are used as for the turbine, although the flow area of the compressor is 
1 fixed. The massflow is computed from the massflow parameter 4, and the temperature after the compressor 

) from the efficiency: 
im 

> 
: compressor massflow [kg/s] - 

qc : massflow parameter of compressor [ms-JK ] 
PC : power consumed by compressor [W] 
Tc,out : temperature after compressor [K] 

PC, O U ~ / P O ~ Z ~  : pressure ratio of compressor [-I 
reversible power requirement 

4' c : compressor efficiency = 
actual power requirement 

[-I 

The efficiency represents the part of the power used to increase the pressure. Again, maps are used to compute 
, 

the massflow parameter 4c = $c and the compressor efficiency 17, = qc ( 4  , P C  ) (see in Figure 
I 
I N, 

B-6), in which the compressor turbo speed parameter equals: TSP, = - -G 
i When the massflow reaches the speed of sound, choking occurs and a further increase of N, will not increase the 
I 
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Figure B-6: Theoretical compressor maps, compared to measurements 

massflow. In some operating points the compressor flow is unstable which may cause reverse flow. This 
phenomenon is called surge and has to be prevented. 



The pressure ratio and temperature after the compressor computed with these maps are compared to the 
measured values in the pictures at the bottom in Figure B-6, in 12 different points. 

The rotational speed of the turbocharger shaft is obtained from a power balance equation: 

d P1 -PC 
- 0, = - -  

dt J I  ~t 

at : turbo shaft rotational speed [radls] 
Pt : generated power of the turbine [Wj 
PC : consumed power of the compressor [WJ 
Jt : turbo shaft inertia [~ms~ l rad ]  

The massflow W, through the EGR-valve is modelled with the orifice flow equation for gases. The massflow 
can be sonic or subsonic, but in practice only subsonic flow will occur: 

wfw : EGR massflow [kgls] 
c d  : discharge coefficient [-I 
47 : area of EGR valve [m2] 
u& : EGR valve angle [-I 

The discharge coefficient is determined from the geometry of the orifice. The pressure ratio at the valve is 
assumed to be equal to the pressure ratio of the engine: p21pI- The temperature at the valve is assumed to be 

7112 equal to the exhaust gas temperature T2. The computed EGR-flow parameter (W, - ) is compared to the 
P2 

"measured" flow (see in Figure B-8), for five valve angles, ranging from fully opened (90 degrees) to (almost) 
hlly closed (26 degrees). The effective valve area Aegr(UEGR/ in Figire 8-7 is adapted to obtain a good 
correspondence. 
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Figure B-7: EGR valve area vs. valve angle 

B. 7 EGR-cooler 
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Figure B-8: Measured and computed EGR-flow parameter 

The temperature difference over the EGR-cooler is modelled by the EGR-cooler efficiency q, (see in Figure B- 
9). The EGR-coolant temperature varies in practice, but is assumed to be constant. 



Tec,oui = Tec& (1 - %c ) + Tmolv, 

Tecool = 3 53 K 

L , i n  = 7'2 
The temperature of the massflow into the cooler is assumed to equal 
the exhaust gas temperature. The pressure drop over the cooler is 
neglected. 

B.8 Intercooler 
EGR-flow Fgk] 

Figure B-9: EGR-cooler efficiency 
To compute the temperature after the intercooler the efficiency qic is 
used: 

Tc,out = Tc,in (1 - Tic ) + Tcoo\qic 

viC = 0.93 5, ~ C o o l  = Tmb 

G , i n  = Tc,oui 

T~c,ou~ : Temperature after the intercooler [K] 
TC,OUI : Temperature after the compressor [K] 
ll ic : Intercooler efficiency [-I 
Tic001 : Coolant temperature [K] 

The temperature of the coolant air equals the ambient temperature. The pressure drop over the cooler is used to 
compute the pressure after the compressor, which equals the pressure in the intake manifold: 

Pic,oui = Pic& - &ic 

2 
wc,Oui Tc,out Apic = Cd, , Cdic=2 .3- lo7  

Pic,out 

p . .  = p  Pic,out = PI 7 rc,m c,oui 

The pressure drop is strongly dependent on the massflow through the intercooler, which is assumed to equal the 
compressor massflow. 

The dynamical behaviour of the system could only be validated with (limited) engine data fiom a different 
engine. Its transient behaviour is assumed be equal, although in steady state some differences may occur. 
The transient considered here consists of a large increase in fuel and changes in VTG and EGR setting, at a 
constant engine speed (see upper pictures in Figure B-10). The VTG opening has to be adjusted to correspond to 
our definition and the FB is unknown. Nevertheless, the simulated transient response shows quite a good 
correspondence with the measurement one (see lower pictures in Figure B-10). The measured response of the 
exhaust pressure is very fluctuating, but the mean behaviour is described well by the mean value model. 
The transient response is improved by the introduction of two (first order) transfer functions, which model the 
delay times of the following massflows: 

from compressor to intake (time delay of 0.87 s) 
e EGR-flow, fiom exhaust to intake (time delay of 1 s) 

The time constants are estimated using the pipe lengths and flow velocities and are assumed to be constant. The 
actuators dynamics (of the EGR valve and VTG) are not known exactly but are relatively fast (compared to the 
system dynamics). The sensor characteristics are not yet implemented. 



I Simulated 
ured 

450 

400 - 
{ 350 - - 

300 
s ' 250 
5 
a 200 
E 
a 

I 
I I 

150 
I 

100 100 
0 5 10 15 20 0 5 10 15 

I 
20 

Time [s] Time [s] 

Figure B-10: Transient validation results 

! B.10 Total model 

All in -and outputs of the separate components are connected and together they form the mean value EGRNTG 
I engine model (see Appendix E). In the relations for massflows the transfer fimctions are taken into account. 

With the total model the operating points from the measurements are simulated and the steady state values of the 
main variables compared with each other. The numerical results are given in Table 5-1. 



C Emission models 

For estimating the NOx and PM emissions black box models are used, using the emission related variables, as 
determined in chapter 4. From the available measurements local models are developed in the 12 operating 
points. In these points the estimations are rather accurate. In between these operating points the emissions are 
interpolated and the accuracy will decrease. In combination with the mean value model this emission model is 
used to predict the NOx and PM emissions. 

C.1 NOx model 

For the NOx model, FB and EGR% are chosen as input variables. The model structure is chosen by looking at 
the influence of the separate variables on NOx, which has an exponential shape. It consists of a polynomial 
equation including exponentials. The exponents are scaled to obtain reasonable values: 

= a, + a, FB + a,  e x p ( ~ ~ / 2 0 )  + a, EGR% + a, exp(- EGR%/~O) in ppm. 
The constants ai are parameterized by Nand mfuel: in 
each operating pointhifferent values are obtained. NOX [pprn], mode c75 

900 
The resulting NOx values are stored in lookup tables 
and implemented in MatlabISimulink. 

- 
800 

For mode C75 a Root Mean Square (RMS) error of 
700 5.4 % is obtained. Averaged over all the modes a 

relative error of 8.9% results. The measurement 600 
-a 

accuracy is about 0.5%. With the turbine massflow g! 

and the generated power the NOx emission in g 500 .- - 
[gkWh] can be computed. w" 400 
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regarding extrapolation is limited. It contains the 300 
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Figure C-1: Estimated vs. measured NOx emission 

C.2 PM model 

For PM (in [gk]) the same model structure is used as for NOx, only the variable 1 is added: - 
PM = a, + a, FB + a,  e x p ( ~ ~ / 2 0 )  + a& + a, exp(- ~ / 3 )  + a, exp(- EGR%/~O) in glh. 
Computing the emission in glh means that the exhaust flow is also incorporated in the fit. The exhaust flow is 
the sum of airflow and fuel flow, and is therefore 
determined by 1 and infuel. 
The relative RMS error for all the modes is 19.5% 
(see in Table 5-2). Here larger errors are obtained 
than for NOx, because of the highly non-linear 
character of formation, which cannot be described 
accurately with only three variables. 

C.3 Emission analysis 

Simulating the total model including the emission 
models, the errors in EGR% and I will create a larger 
error in the emission values. Comparing the graphical 
results in Figure C-3 to the ones in Figure C-1 and 
Figure C-2 shows that the RMS errors are increased 
with a factor 2.4 for NOx and 3.6 for PM respectively 
(in mode C75). 

Figure C-2: Estimated vs. measured PM emission 



Calculated emissions have FWS errors of 0.432 [g/kWh] for NOx and 0.048 [g/kWh] for PM (in mode C75). 
Compared to the Euro VI value for NOx of 3.5 g/kWh this means an uncertainty of 12%. Compared to the Euro 
VI value for PM of 0.02 g/kWh this means an uncertainty of 240%. Obviously, the model cannot be used for 
off-line optimisation with respect to emissions. Outside these areas interpolation or extrapolation has to be 
performed, which will decrease the accuracy considerably. 
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Figure C-3: Simulated emissions 

- 0 

The model could not be validated for transients. A possibility would be to develop a neural network-based 
emission model using combustion related variables. Changes of these in-cylinder variables are relatively fast 
which makes them useful for transient emission estimation [Traverj. 



From the optimization performed in chapter 6.1 here the resulting setpoints are given. 

Open loop setpoints u*: Closed loop setpoints z,*: 



The separate components are implemented in Matlab/Simulink and together form the total mean value model. 
Three versions are developed: 
For steady state simulation and data saving: egr vtg-engine-no-hil4-rnod2.mdl 
For transient simulation and data saving: efvtg_engineno-hil4-mod-tr. - mdl 
For simulation and data saving with controller: egr-vtg-engine-tr_contr.mdl 



F Engine parameters 

The numerical values of the parameters used in the mean value model are defined here: 

Engine geometry: 
ncyl=6 number of cylinders 
1=0.262 connecting rod length (m) 
L=0.162 stroke (m) 
d / 2  throw radim (m) 
B=0.13 bore (m) 

VTDC=2.4127e-004 volume at top dead centre (mA3) 
Vd 1 =(pi*BA2*L/4) displacement per cylinder (mA3) 
Vd=Vd 1 *ncyl total engine displacement (mA3) 
VBDC=VTDC+Vdl volume at bottom dead centre (mA3) 

rc=17 compression ratio (=VBDCNTDC) 
IVC=200.0 intake valve closing time (degrees after TDC) 

Physical properties of fluids: 
intake: 
R=287 
Cv=700 
Cp=987 
gamma=1 A 
exhaust: 
Re=287 
Cpe=1146 
gammae=1.34 
hF2e3 

universal gas constant (JkgIdegK) 
constant volume specific heat for air (Jkg/degK) 
constant pressure specific heat for air (J/kg/degK) 
ratio of specific heats for air 

convective heat transfer coefficient for exhaust 

Combustion values 
AFsFl4.7 
X=0.9 diesel cycle and timing factor 
SOI=O start of injection (degrees before TDC) 
etacomb34=0.75 
etacomb45=0.75 
LHV=42e6 lower heating value of fuel (Jkg) 

Ie=5.0 engine + flywheel inertia (kg mY) 
Itc=0.00025 turbocharger rotor inertia (kg mY) 

etavolumetric=0.935 Volumetric efficiency 

Efficiency intercooler 
tabx=[O:O. 1 : 1] massflow [kg/s] 
tabt-1.10-0.267*[0:0.1:1] efficiency 

viman=16e-3 volume intercooler + intake manifold (mA3) 
c-dpaftc=2.3038e7 constant to calculate dp intercooler 

vexhrnan=1.85e-3 volume exhaust manifold (mA3) 
vexhman=5*vexhman to avoid too fast dynamics which could result in instability of calculation 
lexh=1.5 length exhaust manifold [m] (estimated) 
dexh=0.03; diameter exhaust manifold [m] (estimated) 



lambdaair-24e-3 conductivity coefficient of air [W/m*K] 
netaair=17.1 e-6 dynamical viscosity of air [Pa*s] 

(last two parameters needed to compute heat transfer coefficient) 
cpexhman=400 specific heat coefficient of exhaust manifold (casting steel) [JkgIK] 
mexhman= 1 0 mass exhaust manifold (casting steel) [kg] 

dwheel=8.4e-2 diameter turbine wheel (m) 

loss-factorexhqipe=28093 * 101 0001700 , to compute pressure drop in exhaust pipe 

EGR-cooler efficiency: 
tabx=[O 0.05 0.1 0.15 0.2 0.31 EGR flow [kgls] 
tabt=[1.0238 0.9073 0.7909 0.6745 0.5580 0.55801 efficiency 

EGR-valve characteristics: 
tabx=[O:O. 1 : l]*90 valve angle [degrees] 
tabt-[O 0 0 0.0137 0.1592 0.2332 0.3416 0.4223 0.4591 0.4804 0.4779]*1e-3 Area [mA3] 
egr-fac=l.3 factor for EGR-valve area 
Cd=0.7 EGR-valve discharge coefficient 

Extra parameters: 
Correction for torque as f(FB,N), additional to SWRI combustion cycle 
fb-tab=[-25 -18.75 -12.5 -6.25 01 
speed_tab=[l325 1650 19751 
torque-fac-tab=[l.02 1 0.97 0.9 0.83;1 0.95 0.9 0.8 0.7;l 0.93 0.85 0.73 0.651 

, Emissions: 
gen-NOx-map.m generates NOx [ppm] maps from Excel file: NOx-maps-xls 
gen-PM-map .m generates PM [glh] maps from mat-files: PM-mapbA25.mat, PM-map-ASO.mat, etc. 

Transient varameters: 
tau-T 1 =O. 1 [s] dynamical timeconstant of intake temperature 
tau-T2=0.5 [s] dynamical timeconstant of exhaust temperature 
tat!-egr=l.O [s] dynamical timeconstant of EGR flow 
tau-intake=0.87 [s] dynamical timeconstant of compressor flow 

I 


