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Sammanfattning 

The combustion process happening in the Diesel engine is naturally 

producing soot. These soot emissions have been known for being harmful 

for both our environment and especially our health. Aware of this 

situation, the governments worldwide have defined emission limits for 

our vehicles. These emission regulations are continuously revised and 

have become harder and harder for the car manufacturers to reach. In 

that context, PSA has introduced in 2000 the Diesel Particulate Filter 

in the automotive industry (on a large scale). 

 The DPF technology chosen by PSA requires a constant monitoring of 

the soot load in the filter. This monitoring is done by a module which 

estimates in real time the soot amount emitted by the engine and the 

self-regenerated part at the same time. In order to work properly, 

this module needs to be previously calibrated on an engine test bench. 

This solution has shown great results so far but the time needed in 

the test cell for the calibration is very long. 

An idea is then to use an engine model obtained by means of a Design 

of Experiment. This kind of model is able to provide us with data such as fuel 

consumption or pollutant emissions in a certain range of operating points. Nowadays, 

DoE engine models are used in the engine tuning phase which 

occurs before the soot load estimator is calibrated. The available 

engine model was consequently utilized to simulate the tests originally 

done in the test cell and results of the simulations used to calibrate the soot load 

estimator of the DPF. A potential problem of this method was that the engine 

operating points asked to the model would be close to its border of accuracy or even 

outside.  
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The results given by the model have first been compared to those provided by a real 

engine. Being close enough, data collected by the model have been used to calibrate 

the soot load estimator. This estimator was finally tested on real driving cycles. The 

accuracy of its load estimation was compared to the DPF weight (before/after) and 

promising enough for PSA to keep working in that direction after this thesis. 
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The results given by the model have first been compared to those provided by a real 

engine. Being close enough, data collected by the model have been used to calibrate 

the soot load estimator. This estimator was finally tested on real driving cycles. The 

accuracy of its load estimation was compared to the DPF weight (before/after) and 

promising enough for PSA to keep working in that direction after this thesis.  
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the soot load estimator. This estimator was finally tested on real driving cycles. The 

accuracy of its load estimation was compared to the DPF weight (before/after) and 

promising enough for PSA to keep working in that direction after this thesis. 

  



8 

 

Nomenclature 

Abbreviations 

PSA Peugeot Citroën 

DI Direct Injection 

IOF Insoluble Oil Fraction 

PM Particulate Matter 

NOx Nitrogen Oxide 

VGT Variable Geometry Turbine 

EGR Exhaust Gas Recirculation 

DPF Diesel Particulate Filter 

ECU Engine Control Unit 

DoE Design of Experiments 

FSN Filter Smoke Number  

NEDC New European Driving Cycle 
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1 Introduction 

1.1 Soot emissions and related consequences  

The common image that can be given when asked to describe the Diesel engine is the 

black smoke you can observe at the tail of the exhaust pipe as illustrated in Figure 1. 

This black color is actually due to large soot particulate emissions and the process 

leading to their emission is described in §2.2. 

 
Figure 1 Black smoke produced by a Diesel engine 

This Diesel soot particles can have some serious adverse effects on both our health 

and environment [5]. 

A series of toxicological studies have been carried out and point out that particulate 

matter could be responsible (or at least an aggravating factor) of several serious 

conditions such as headache, shortness of breath, irritation of the eyes, bronchitis. 

They could ultimately lead to lung cancer and cause death. Exhaust gases have 

subsequently been classified as “potential” carcinogens for humans. 

It is also clear that particulate matter affects our environment. Water and soil are 

contaminated and the ecological system suffers from acid rain (sulfuric acid). 

Moreover, soot deteriorates buildings as a thin layer covers them throughout time. 

1.2 Emission standards 

After being related to automotive pollution in the 40s, smog started to be taken 

seriously in the 60s with the state of California which introduced the first emission 

standard. Today, every market has its own standard and some still remain quite 

permissive. However, we can also notice that both the US and European Union are 

putting effort to reduce the emissions. In the UE, the first emission standard was 

introduced in 1992. Euro VI legislation is to appear in 2014. For light duty vehicles, 

in comparison with the initial standard (European standard), the reduction in NOx 

emission reaches 84% (comparison done with Euro 3 since there was no limitation 

before) while the one for particulate matter is more than 96%.  
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These reductions in engines’ emissions have been possible through a combination of 

several improvements. First, components such as the injection system or the gas 

exchange system have greatly progressed. Usages of new technologies like EGR 

(Exhaust Gas Recirculation) have been implemented. Many efforts have also been 

put onto the control system which is today highly sophisticated. In addition, exhaust 

after-treatment system are today in common usage. 

1.3 The Diesel Particulate filter 

As mentioned in §2.3, it is possible to restrain the amount of soot emitted by an 

engine but only to some extent and with consequences on driveability. The stringent 

emission regulations have forced car manufacturers to introduce new technologies 

such as the Diesel particulate filter which is an after-treatment system. This solution 

offers the advantage of reducing greatly soot emissions while the driveability 

remains the same since the engine tuning is unaffected (except during regeneration). 

PSA Peugeot Citroën was the first car manufacturer to introduce this technology in 

2000, in anticipation of the future Euro5 standard which makes compulsory the use 

of DPF. 

The general idea of a Diesel particulate filter is to trap the particulates in a porous 

wall-flow filter looking like a honeycomb structure. To do so, the adjacent channels 

are alternatively closed at their front or end to force the gas flow going through the 

porous wall (Figure 2). The porosity of the wall is of serious importance. It must 

indeed allow gases to flow without much restriction but in the meantime, it has to be 

sufficient enough to trap the particulates.  

 

Figure 2 Illustration of a wall-flow filter 
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As particulates accumulate in the filter, backpressure builds-in upstream the filter. 

This will result in an increase in the fuel consumption due to higher pumping losses 

and could even lead to an engine failure. This must be absolutely avoided thus 

rendering necessary the filter regeneration. Regeneration consists in oxidizing the 

accumulated soot in the filter. Two main types of regenerations have been used so 

far: active and passive regenerations. 

Active regeneration consists in a periodic oxidation made possible by a heat increase. 

As mentioned above, the backpressure should not exceed a certain limit. 

Consequently, the pressure drop trough the filter is controlled by 2 pressure sensors 

and regeneration is triggered at some point. Soot oxidation is possible when the 

temperature rises above 600°C upstream the particulate filter, which is hardly 

reachable. Outside heat sources such as electric heater or flame-based burner may be 

used but they are highly energy consuming and could even melt the filter. It is 

preferable to use catalyst deposits on the filter or fuel borne catalyst which will lower 

the oxidation temperature. PSA has chosen to use the latter solution combined with 

an adequate engine tuning (such as late injections) to regenerate its filters. 

Passive regeneration occurs without any input from the driver or the ECU and no 

additional fuel is required. It lies in the use of a sufficient amount of catalysts within 

the filter itself which enable a lower oxidation temperature of soot (typical exhaust 

temperature range: between 150 and 400°C). The catalysts used in the filter are noble 

metals which turn out to be very rare thus expensive.  
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1.4 Objective and motivation 

The soot loading of a Diesel Particulate Filter has turned out to be an important 

behavior for filters using active regeneration and must be monitored seriously. In that 

field PSA has been working for more than 10 years to ensure good reliability for its 

DPF which is now installed on every new car.  

As seen in §3.2, PSA’s DPF soot estimation is based on a data-based emission 

model. Building this data-based model requires quite a lot of time in the engine test 

cell to collect sufficient data in order to create a reliable soot estimator. 

Consequently, it is quite obvious that this long time spent running the engine on the 

test bench costs a lot of money (~1500€/day). 

The purpose of this thesis is to investigate the use of engine models created by means 

of Design of Experiment (DoE) to replace the large time required in the test cell for 

collecting the data needed for the soot estimator. Actually, the multiplication of 

tuning parameters for an engine and time constrains in engine development have 

emphasized the need of engine models created through DoE campaigns to perform 

the engine calibration. When it comes to collect the data for the DPF’s soot 

estimator, the engine calibration is finished and the engine model already created. 

The idea is then to use this already existing model to simulate the engine response 

(soot emissions) that we would obtain in the test cell. If this solution was to show 

reliable results, this would save a lot of time spent in the test cell thus a lot of money 

for PSA. At first sight, this solution seems quite straight forward. Indeed, the engine 

model is already used to calibrate the engine and its utilization has shown great 

results so it should be the same for our purpose. However, the tests normally carried 

out on the engine test bench for the soot estimator calibration are quite extreme in 

terms of engine tuning. This means that when using the engine model, we have to ask 

for unusual settings. The goal of the thesis is then to evaluate the reliability of such a 

model to calibrate the soot estimator. 

In addition to the obvious gain for PSA, this thesis was a real personal opportunity. 

Working for such a big company is a great way to learn a lot. Indeed, the skilled 

people working with and around me were a huge source of knowledge. I was also 

lucky to benefit from state of the art equipment. Moreover, even if I was working on 

a particular subject, it was possible to meet and discuss with a wide range of people 

working on various fields which was again a great source of inspiration. 
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2 Background/Theory to the Diesel engine 

2.1 The Diesel engine 

In the late 19
th

 century, Rudolf Diesel, a German engineer, decided to develop an 

engine based on the Carnot cycle. He was granted a patent in 1893 for the so called 

Diesel Engine. Soon after that, he started to license his engine and made quite a lot of 

money. At the time, the engine had a tremendous benefit over its competitors since 

its efficiency was deeply increased. Throughout the years, the engine has spread in 

different market such as power plants, automobiles, trucks and marine industry. 

Nowadays, it is predominant in heavy applications such as passengers and goods 

transportation. It is also noticeable that its share in the passenger cars has increased 

over the two last decades. This can be explained by several reasons. The fuel 

economy due to a better efficiency can compensate its higher price. Drivers can also 

find some comfort with the high available torque that offers a Diesel engine. Finally, 

the Diesel engine has managed to reduce consequently its high pollutant emissions 

which represented at first a serious drawback. 

In addition, the introduction of electric vehicle does not represent a real threat to 

Diesel vehicles since the energy density of batteries is far beyond the one of gas-oil. 

Still, hybrid vehicles have become a reality and PSA was the first car manufacturer 

to launch a production Diesel hybrid car [1]. 

 

Figure 3. Diesel's original 1897 engine on display at the Deutsches Museum in Munich, Germany 
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2.2 Diesel engine combustion and emissions 

The Diesel DI (Direct Injected) engine works as the following. Fuel is directly 

injected in the combustion chamber near the top dead center (either late in the 

compression stroke or at the beginning of the expansion one). Fuel will soon self-

ignite after mixing with compressed air in a high both temperature and pressure 

environment. The period between the start of injection and the mixture’s ignition is 

called ignition delay. The amount of fuel injected during the ignition delay will then 

burn rapidly in an uncontrolled process called “Premixed combustion” causing a 

peak in temperature and pressure. The fuel that is subsequently injected will ignite 

much faster as soon as it has evaporated and mixed with the surrounding air since the 

“burning process” has already started. This phase is called the mixing-controlled 

combustion. Figure 4 illustrates the previous description of Diesel combustion. 

 

Figure 4. Typical DI engine heat-release-rate diagram identifying different Diesel combustion phases [2] 

One of the main Diesel engine’s differences with a conventional SI (Spark Ignited) 

engine is that the fuel/air mixture is not homogeneous trough the cylinder. This 

means that some regions will be lacking oxygen (rich mixture) resulting in soot 

formation. Although a large part of the formed soot will be oxidized as the fuel keeps 

on mixing with the surrounding oxygen, a non-negligible part remains to be expelled 

through the exhaust port. This phenomenon is described in Figure 5. Particles of soot 

will then adsorb water and hydrocarbons while the exhaust gases cool down in the 

exhaust. Soot in addition with sulphate form the so called Insoluble Oil Fraction 

(IOF) of the Particulate Matter (PM). 

Another pollutant released in the exhaust gases is NOx. As we can see on Figure 5, 

NOx is mostly formed in stoichiometric region with extreme temperature. Again, it is 

not possible to handle the NOx after-treatment with a three-way catalytic converter 

(used with SI engine) since the mixture is lean. 
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Figure 5. Mixing line and emissions formation [3] (left) - Soot formation and oxidation processes [4] (right) 

On the other hand, because of this lean combustion, the Diesel engine is expected to 

release far less unburned hydrocarbon and carbon monoxide than a typical exhaust 

from petrol engines. 

2.3 Transient behavior of a turbocharged Direct Injected Diesel 

Engine 

When an engine is run in steady state conditions, cycle averaged values such as gas 

flow and the different components and fluid temperatures have reached constant 

values. The engine’s responses are then perfectly defined for every combination of 

speed and load thus making it possible to tune the engine in order to meet the 

demands regarding consumption and emissions. 

However, if the engine has to reach another load and speed, the gas flow and 

temperatures won’t be in steady state conditions right away so the engine’s responses 

such as emissions won’t be the same as well. This behavior is what is called 

transient. The biggest issue with a turbocharged engine regarding transient effect is 

the so called turbo lag.  Turbo lag is the time needed by the turbine and compressor 

to reach their steady state speed matching the air flow demand. This means that air 

supply for the engine could not be sufficient. 

Here again, Diesel engine differs from an Otto engine. Indeed, the Otto engine has to 

run around a stoichiometric mixture to let the three-way catalyst be efficient. The 

power is then controlled by the throttle which governs the amount of air supply then 

matched with the corresponding amount of fuel injected. On the other hand, the 

power increase with a Diesel engine comes from an increase in the fuel injection. 

During the transient period, the excess of air is then minimized until the turbine has 

reached its steady state speed. 

This power increase period is consequently characterized by a rich mixture which 

leads to higher soot emissions as seen in §2.2. These soot peaks can be significant 
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and strategies are put into order to reduce them. VGT (Variable Geometry Turbine) 

can be of good help to reduce the turbo lag. It is also possible to shut down EGR 

during transient operation to grant the turbine with a higher energy. However, one 

needs to be aware that EGR is of great importance for NOx reduction so a trade-off 

must be found. Finally, it is also possible to limit the maximum fuel/air ratio with the 

help of the control system but the acceleration capacity will then be diminished.  
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3 Frame of the thesis 

The distinction between active and passive regeneration mentioned in §1.31.1 has 

pointed out a great difference between these two methods. Indeed, the clogging of 

filters using active regeneration needs to be monitored by some means to trigger 

regeneration at the right moment. This thesis is related to the filter clogging 

monitoring. In this section, different methods found in a literature survey are first 

detailed briefly before presenting how it is done by PSA. 

3.1 Review of known methods for filter clogging monitoring 

 Measurement of the pressure drop  

This solution is certainly the simplest available on the market. The DPF needs 

to be equipped with two pressure sensors, one upstream and one downstream. 

The pressure drop across the filter will increase as the particulates accumulate 

inside thus drawing an image of the filter clogging. Experimental 

measurements can be done to calibrate this response. One needs to be aware 

that backpressure created by the filter slightly increases along the filter’s life 

even for a filter just regenerated. This must be taken into account when the 

soot amount in the filter is calibrated as a function of the pressure drop. 

Although this solution seems simple, it appears to be limited. Indeed, 

pressure sensors available for mass production at a reasonable price don’t 

offer enough precision thus making the soot measurement quite hazardous 

and unreliable. This is especially true for low volumetric flow where the 

difference between a clean and loaded filter produces a small differential 

pressure as seen in Figure 6. A model based on this method is presented in 

[8]. 

 

Figure 6 Calibration of the soot emission model in [8]. Soot load is given by the delta pressure 

 Estimation of the soot amount by means of a complete model. 

A way to estimate the emissions of an engine would be to model it 

completely. An important aspect of this modeling is the computation time. 
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Indeed, the model should be able to provide the soot estimator of the ECU 

with real-time values to get a proper estimation of particulates emitted by the 

engine at steady-state as well as during transient. Such a model has been 

developed through a doctoral thesis [6]. One of their main constrain was to 

develop a code suitable for engineering purposes and aiming at real-time 

computation. Because of these constrains, the code needs to remain simple 

enough to allow fast computation and they have therefore compared two 

solutions: 0-D and 1-D multizone models. The 0-D multizone model appears 

to be close to real-time performance and results seem fair although less 

accurate for low load (low load is to be considered seriously since an engine 

is used most of the time at part load). In addition, the multiplication of tuning 

parameters enabling the model to suit real engines makes this model 

unpractical for industrial purposes. The 1-D multizone model is on the other 

hand simpler to use and has shown promising results. However, its 

computation time is already way too long for this application (3s per engine 

cycle on a regular computer much powerful than an ECU) 

 

 Estimation of the soot amount by means of a data-based emission model. 

Even though a crank angle based model for emissions could provide us with 

precise results, it has turned out to be too long to solve for this application. 

Thus, a mean value emission model is to be investigated. Such a model will 

use data already available in the engine control unit and compute the 

emissions with the help of a function defined previously. This solution, if 

efficient, would be pretty convenient since it minimizes the hardware 

modifications hence quite cheap and suitable for production engines.  

A first model is presented in [7]. Data selected from the ECU are: engine 

speed (N), quantity of total injected fuel mass per stroke (qtot) as well as the 

manifold absolute pressure (MAP) and the O2 concentration in the exhaust 

(O2ext). Through a design of experiment, soot emissions have been measured 

on a test bench. The four inputs (N, qtot, MAP and O2ext) and the matching 

output (soot emissions) have then been used to build the model based on a 

polynomial function. It has then been tested on part of a standard driving 

cycle and the results appear satisfying. 

Another model is detailed in [8]. This model has chosen a different approach. 

Instead of focusing on the engine operating point, it studies the state of the 

vehicle. Basically, according to the vehicle’s speed and exhaust temperature 

upstream the DPF, a loading profile is chosen. The idea is that transient 

behaviors of the engine (associated to more soot emissions) will decrease 

with the vehicle speed. In addition, the exhaust temperature gives information 

about the possible auto-regeneration of the filter. This model, developed on 

Matlab/Simulink has been tested on different types of roads and the 

correlation with the measurements was promising.  
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3.2 Method currently used by PSA 

The soot monitoring that PSA has chosen to develop is done by two parallel 

processes. This ensures the best reliability for its DPF regeneration command and 

avoids a DPF to end up totally clogged making the car impossible to use with a 

possible breakdown of the engine. This is absolutely unacceptable for the customer 

and would result in a bad opinion of car users toward PSA. 

Note that the following explanation of PSA’s methodology for monitoring the 

filter clogging is greatly simplified to respect confidentiality and intellectual 

property. 

The first solution to monitor the filter clogging is achieved by two pressure sensors 

measuring the pressure drop through the DPF. Using this solution detailed in §3.1 

involves some risks. Indeed, since the pressure drop is limited (even for a loaded 

filter) when the gas flow is low, it is quite difficult to estimate the soot amount in the 

filter. Consequently, it is necessary to command the filter regeneration quite early in 

order to avoid the filter clogging. This implies a multiplication of the regeneration 

processes which will often be done even if the filter does not need it. Such a control 

of the filter regeneration is not suitable regarding fuel consumption as seen in Figure 

7. It appears that a trade-off must be found between early and late regenerations to 

minimize the fuel penalty resulting from the regeneration. Hence, the delta pressure 

measurement cannot be used alone to command regeneration. 

 

Figure 7 Minimization of fuel penalty depending on vehicle operating conditions and DPF system 

characteristics [9] 

Since the pressure drop measurement shows insufficient precision to estimate the 

soot load, another solution must be used. PSA has chosen to base the filter soot 

loading on an open loop estimation. Basically, the engine running point is monitored 
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and the information transmitted to the soot emission model included in the ECU. 

This emission model is a data-based model meaning that it was filled with previously 

done emission measurements at different engine running points. A comparison done 

between the data base and the model will simply predict soot emissions recorded for 

the matching point. In case of failure of the open loop soot estimator, the delta 

pressure measurement will detect at some point an abnormal pressure drop through 

the filter and command regeneration. 

The  DPF soot load  estimator sketched in Figure 8  works  as  following:    the  ECU  

considers  the  soot  emitted  by  the  engine  and subtracts the soot which are self-

regenerated in the DPF. This project is only focused on the soot emission module 

highlighted in red. 

 

Figure 8 Soot estimator structure used by PSA 

The soot estimator has to be efficient for every engine load points. Typically, during 

transient operations,  the  mixture  will  be  richer  mostly  because  the  air  flow  

takes  some  time  to  speed  up. Consequently, in order to provide an accurate value, 

the estimator will have to take this effect into account. The idea behind the soot 

estimation is the following: they are highly dependent on the equivalence ratio.  

Two steps are required to build the estimator. We first make a picture of the engine 

emissions for every load point to get the amount of soot emitted at these points. This 

is the so called static part of the emissions. However, when the engine is used, the 

equivalence ratio could differ from the static one due to transient effect. This 

transient effect is mapped by varying the fuel/air ratio on the test bench with the help 

of EGR throttling. Indeed, when varying the EGR (from no EGR to maximum 

possible) at every  load  point,  we  get  a  picture  of  the  variation  in  the  soot  

emissions, depending on EGR rate,  which  looks  like  an exponential. Hence, when 

the car is driven, the fuel/air ratio is constantly measured (with a lambda sensor)  and  

compared  to  the  nominal  one  which  corresponds  to  a  static  use  of  the  engine.  

The difference between the ratios will let us know the transient effect and thus, the 

real amount of soot emitted.   
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4 Method 

To ensure the best results for this thesis, it is important to follow a right path which 

has been though in advance with my industrial supervisor. This path is described in 

the following paragraphs. 

4.1 Planning the project 

This phase of the thesis needs to be done carefully. Actually, special attention must 

be given to the time needed for the different tasks. Indeed, the thesis has a limited 

time frame and results need to be delivered at the end. With the help of my industrial 

supervisor, the thesis has been split in several steps expressed bellow. My 

supervisor’s experience shows all it sense there. He was able to foresee problems that 

may occur and therefore delay my work. In that way, the work load must not be 

underestimated and the thesis frame well defined. The planning report can be seen in 

Appendix 1. 

4.2 Getting familiar with the working environment 

A huge company such as PSA has a complex structure and well defined way for the 

work to be done. Being new in that structure implies some time for getting used to its 

rules, technical vocabulary, engine control strategies, software and so on. This was 

possible through reports reading, following and helping co-worker and training 

sessions. Although time consuming, this part is absolutely necessary to ensure that 

the student will produce good results and show autonomy. 

4.3 Application of the current methodology 

The current methodology for building the soot estimator consisting in engine testing 

has been followed. This marks the first part of the project briefly detailed in this 

report. Following the original methodology was a real requirement since it is 

extremely important to understand a process before trying to improve it. In addition 

to that, I was in charge of updating the methodology to make it more systematic and 

allow automatic tests in the cell. This is again an attempt to reduce the time needed 

for the engine to be tested on the test bench. In the eventuality that the thesis project 

was to show unsatisfying results, the work carried out would keep some benefits. 

4.4 Discovering the DoE process 

The second main part of the thesis is dedicated to studying the Design of Experiment 

process. Again, I was entitle to use a technique that I didn’t know before so it is 

important to gain some knowledge about it in order to be able to explain the results I 

get later on when using it. In that way, a part of this thesis is dedicated to explaining 

the basic concepts of DoE. This ensures the reader a better comprehension of the 

tools used and avoids him to look for DoE explanations in books. 
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4.5 Utilization of DoE-based model to build the soot estimator 

The most interesting part of the project (regarding the answers that need to be 

delivered) begins here. This part holds the use of an engine model for calibrating a 

soot estimator. The model, provided by my industrial supervisor, has been previously 

used to build the engine calibration during the engine tuning phase and has show 

good reliability. The process followed here to build the soot estimator calibration is 

actually exactly the same than before. The only difference is that we don’t use data 

coming from a real engine run on the test bench but a simulated one thanks to a DoE-

based model. 

4.6 Results comparison 

The designed calibration of the soot estimator being complete, it needs to be tested in 

order to verify its reliability. This is possible by comparing the results from the 

original soot load estimator to the new one on a vehicle driving cycle. Depending on 

the results, PSA will decide if further studies need to be conducted to develop this 

calibration technique.  
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5 Engine testing campaign 

This part of the work is dedicated to carrying out an engine testing campaign in order 

to collect data for the open loop soot estimation module included in the ECU. The 

way the ECU estimates the soot load in the DPF is detailed in §3.2.  

As being the original source of data to build the soot estimator calibration, it is 

natural to carry out these experiments to understand the data that will be required to 

produce later on when using the DoE model. It is also a convenient way for me to 

figure out how long it takes to collect all the data on the test bench. 

5.1 Engine characteristics 

The engine which has been tested during this project is a PSA DV6C STT. It is a 1.6 

liter displacement Diesel engine equipped with a common rail injection system, 

variable geometry turbine (VGT) with air-air intercooler, EGR with air-liquid 

intercooler and Stop and Start system. This engine is suitable for Euro5 application 

and the calibration is developed for PSA’s future vehicle platform. Engine 

characteristics are summed up in Table 1. 

Table 1 DV6C engine characteristics 

Bore 75 mm 

Stroke  88,3 mm 

Connecting rod length 136,8 mm 

Piston offset 0,4 mm 

Displacement 1560 cm3 

Cylinder disposition 4 in-line cylinders 

Nb valve/cylinder 2 valves 

Compression Ratio 16 :1 

Maximum Power 82 kW at 3600 rpm 

Maximum Torque 270 Nm at 2000 rpm 

5.2 Test cell equipments 

The tests have been carried out in a last generation test cell fully capable to evaluate 

Euro6 engines behavior. Equipments useful for our study are the 5-gas analyzer 

(Horiba Mexa 7100) and the AVL 415S smoke meter. The latter is of course the one 

which provides here the most important results since we are mostly interested in the 

soot emissions produced by our engine. The engine tests are managed by AVL 

PUMA Open which provides the user a good flexibility as well as engine test 

automation (essential regarding the amount of tests that need to be done). 

The smoke meter provides us with a value called Filter Smoke Number (FSN). This 

value is used to get the soot emissions with the following formulas: 

    [   ⁄ ]  
                  

     
      [  ⁄ ]      [   ⁄ ]          [ 

  ⁄ ] 
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5.3 Static soot emissions 

The first part of the soot emission module called “static emissions” is quite fast and 

simple to map. It consists in sweeping all the ECU key points (Engine 

speed/Indicated Torque) and measuring the soot emissions by means of the smoke 

meter. The result is a contour plot of soot emissions illustrated in Figure 9. 

 
Figure 9 Contour plot of soot emissions giving the static emissions in PSA’s soot emission model 

5.4 Dynamic correction 

The dynamic correction is based on the following principle: soot emissions are 

highly dependent on the equivalence ratio. The tests done to map the dynamic 

correction aim at drawing the soot emission evolution as a function of the 

equivalence ratio for every ECU key points. 

The equivalence ratio sweep is achieved by varying the air mass inducted per 

cylinder and per stroke. Actually, the air mass is a control parameter of the ECU. A 

close loop structure in the ECU monitors the air flow in the intake which is adjusted 

thanks to the EGR throttle position. When the engine is driven out of the EGR 

region, it is possible to use the air throttle which is now fitted all every new Diesel 

engine for safety reasons. 

Soot emissions are measured with the AVL smoke meter and the equivalence ratio 

computed from the O2 sensor mounted on the exhaust pipe. For this kind of test, it is 

not possible to get the equivalence ratio from the 5-gas analysis. Indeed, the 5-gas 

analyzer is turned off to avoid fouling due to the high smoke level reached during the 

tests. Consequently, the O2 sensor will be the only source of information (regarding 

equivalence ratio) used to build the whole dynamic correction. This is the reason 

why it is important to check its accuracy before doing any further measurements. 

Accuracy of the O2 sensor is evaluated with the static test recorded previously. Since 

the 5-gas analyzer which offers good precision was used during this test, it is 
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possible to check the correlation between the equivalence ratios computed from the 

5-gas analysis and the O2 sensor. Correlation can be seen in Figure 10. It appears 

that the O2 sensor has a good enough precision. Some points are wrong but their 

large deviations from the right values will be easily noticeable in the final results and 

theses tests will be removed.  

 

Figure 10 Correlation between 5gas analysis and O2 sensor 

The O2 sensor response being nominal, it is finally possible to start the air flow 

sweep. As mentioned above, this air sweeping is done for every ECU key points. The 

result of such a test can be seen in Figure 11. The trend is pretty clear; we can 

observe an exponential increase of the soot emissions when the air flow is reduced. 

Of course, the sweep must only be done till some extent. Actually, there is no point 

trying to reach FSN value around 10 (maximum of the FSN scale) which is hardly 

representative of the engine emissions even during transient. In addition, a reason to 

stop the air sweeping is given by a more important concern. Indeed, low air flow can 

result in very high exhaust temperature and high EGR rate can increase drastically 

the temperature in the intake system so this must be avoided not to damage the 

engine. At the end of the test campaign I have conducted, a methodology was written 

to set up automatic testing campaigns for future works. This was written using my 

feedback and the information I had collected from the other person who did this tests 

in the past. For confidentiality reason, this methodology cannot be added to this 

thesis.  

 

Figure 11 Typical soot emissions as a function of equivalence ratio 
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6 Design of Experiments Review 

One can say that a Design of Experiments is desirable when we want to get 

knowledge about a system by means of tests. In the automotive industry, tests are the 

preferred means for conception/tuning of products or processes because one cannot 

simulate everything. When the test cost is negligible, one can carry out as many tests 

as needed to optimize perfectly the project. This is hardly the case in engine tuning in 

which a day in the test cell cost around 1500€. 

A Design of Experiments is a set of tests which are chosen specifically to solve a 

problem. This set is chosen to maximize the efficiency of each test regarding the 

information they provide. All the tests are done directly and the analysis is done 

afterward. During the experiments, the factors are intentionally varied in order to 

observe and measure the effects on the results. The information is then used for: 

 Building mathematical models that describe the relation between the inputs 

and outputs. 

 Improving the performance characteristics of the system. 

 Reducing the cost and the time of the development process and production 

processes. 

Through the usage of the Design of Experiments and the statistical techniques for the 

analysis of the results, it is possible to determine which factors have the main 

influence on the results and which factors can be used to reduce the variability. Most 

of the information presented here is extracted from [12] 

6.1 Why DoE are needed in engine tuning? 

The today competitive environment in the automotive market forces towards 

restricted timing for the execution of the projects. At the same time, the need to 

comply with the new regulations in matter of pollutant emissions, CO2 level and 

customer requirements is introducing tighter constrains in the development of the 

new powertrains. This forces the introduction of new technologies requiring high 

efforts for their development and validation. However, the development and 

application process must remain short with reduced costs. Consequently, the 

flexibility is becoming the key factor in such an environment and smart development 

approaches are required to meet all these stretched targets. 

We can consider the optimization of one load point to show the limitation of the old 

calibration process without DoE. An example of tuning parameters is given in Table 

2 as well as the number of levels that need to be tested for each parameter. 

Table 2 Example of tuning parameters and number of levels tested for each parameter. 

Tuning 

parameters 

SOI 

(Main) 

SOI 

(pilot1) 

Q_inj 

(pilot1) 

SOI 

(pilot2) 

Q_inj 

(pilot2) 
P_rail P_boost Q_air 

Nb of 

levels 
4 6 3 6 3 4 3 5 
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A full factorial test campaign meaning that all combinations (77760) are tested is 

clearly not possible. The adopted solution to select the tuning parameters is the 

“univariate” approach. It consists in sweeping one tuning parameter while the others 

remain constant. Figure 12 shows an example of this methodology. Factor A is 

adjusted to optimize the output while Factor B is fixed to a value predefined with 

experience. When Factor A is chosen, we do the same with Factor B. We see that the 

final set Factor A/Factor B circled in red is not the best solution. The right set can be 

reached but only after several iterations which is time consuming. The problem with 

this king of tuning methodology is that it doesn’t take into account interaction 

between the different factors. Interactions can be considered but only with the full 

factorial test campaign which is way too long as we have seen. 

 

Figure 12 Univariate calibration. Factor A is first optimized to minimize the output followed by factor B. 

6.2 Model choice 

The model is a tool built using the design of experiments and should describe the 

relation between the inputs and outputs. In most of the projects, the goal is not only 

to solve a problem but also to understand how the system works. In that purpose, it is 

easier to choose a “simple” model. 

A model type commonly used is the regressive model. It is important not to confuse 

a regressive model and the least square method which is often associated to 

regressive models but consists only in a way to get the regressive coefficients. Other 

methods could be used to get the regressive coefficients but the least square method 

is the best method without bias in the regressive coefficients according to the Gauss-

Markov theorem [10]. 

Factor A 

Factor B 

Output to 

optimize 
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Typically the chosen regressive model is polynomial with interactions. This function 

is quite simple, easy to understand and it describes well the problem in most of the 

situations. A polynomial example is given below. 

 (   )  (                )(                )   (   ) 

 (   )                                    (   ) 

In this previous equation, x and y are the varying factors. Applied to engine tuning, 

they could be the start of injection (SOI) and boost pressure while f could be the fuel 

consumption. The main problem with polynomial models is that an increase in the 

regressive coefficients number will also increase the number of required tests done 

during the Design of Experiments. 

6.3 Creation of an optimized experimental design 

The idea behind a Design of Experiments is the following. If the same test is carried 

out n times, we get a precise information on that particular test but none elsewhere. 

On the other hand, if every possible tests are done, a model become useless because 

the information is known everywhere. A Design of Experiments must be a trade-off: 

one tries to get the information everywhere without doing all the experiments. 

As mentioned above, a design of experiments is a series of tests. Obviously the DoE 

process must start with planning the experiments. The factors (input of the DoE) 

must be defined. For each factor, an operating range must be defined and a number 

of levels decided within this range. One understands easily that increasing the levels 

for one factor will increase the number of experiments in the plan. One must also 

make sure that it is possible to record all the desired outputs. 

6.3.1 Simplified DoE example 

A simplified example is given below to understand how the process works. We 

assume a DoE based on 4 factors and 2 levels per factor. The inputs being chosen, 

the full factorial experiment is defined: 16 tests (2
4
) presented in Table 3. 

Table 3 Full factorial experiments with 4 parameters 

 A B C D AB AC AD BC BD CD ABC ABD ACD BCD ABCD 

1 -1 -1 -1 -1 1 1 1 1 1 1 -1 -1 -1 -1 1 

2 1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 -1 -1 

3 -1 1 -1 -1 -1 1 1 -1 -1 1 1 1 -1 1 -1 

4 1 1 -1 -1 1 -1 -1 -1 -1 1 -1 -1 1 1 1 

5 -1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 1 -1 

6 1 -1 1 -1 -1 1 -1 -1 1 -1 -1 1 -1 1 1 

7 -1 1 1 -1 -1 -1 1 1 -1 -1 -1 1 1 -1 1 

8 1 1 1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 

9 -1 -1 -1 1 1 1 -1 1 -1 -1 -1 1 1 1 -1 

10 1 -1 -1 1 -1 -1 1 1 -1 -1 1 -1 -1 1 1 

11 -1 1 -1 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 

12 1 1 -1 1 1 -1 1 -1 1 -1 -1 1 -1 -1 -1 

13 -1 -1 1 1 1 -1 -1 -1 -1 1 1 1 -1 -1 1 

14 1 -1 1 1 -1 1 1 -1 -1 1 -1 -1 1 -1 -1 

15 -1 1 1 1 -1 -1 -1 1 1 1 -1 -1 -1 1 -1 

16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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We see that the interactions are considered from 1
st
 order (AB,..) to 3

rd
 order 

(ABCD). We want to reduce the number of tests carried out and create a so called 

“Fractional Factorial Design”. In order to do so, one can consider a general rule: the 

higher order interaction has the lower effect on the system response. To create a ½ 

Fractional Factorial Design from Table 3, one keeps only the rows corresponding to 

ABCD=1 (or only -1) as we can see in Table 4. We remove the regressor ABCD 

from the response equation: 

                                              

                                                           

Table 4 Fractional Factorial Design: 3rd order removed 

 A B C D AB AC AD BC BD CD ABC ABD ACD BCD ABCD 

1 -1 -1 -1 -1 1 1 1 1 1 1 -1 -1 -1 -1 1 

4 1 1 -1 -1 1 -1 -1 -1 -1 1 -1 -1 1 1 1 

6 1 -1 1 -1 -1 1 -1 -1 1 -1 -1 1 -1 1 1 

7 -1 1 1 -1 -1 -1 1 1 -1 -1 -1 1 1 -1 1 

10 1 -1 -1 1 -1 -1 1 1 -1 -1 1 -1 -1 1 1 

11 -1 1 -1 1 -1 1 -1 -1 1 -1 1 -1 1 -1 1 

13 -1 -1 1 1 1 -1 -1 -1 -1 1 1 1 -1 -1 1 

16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

It appears now that some columns are identical, this is called “confounding”. It is not 

possible anymore to independently evaluate the main and the interaction effects. 

Again, the following rules can be applied: 

 If a “confounding” occurs between a main and an interaction effect, it is 

reasonable (from a statistical point of view) to address the higher weight to 

the main effect. 

 If a “confounding” occurs between two equivalent terms (of the same order), 

the “heredity of effects” rule can be applied (practical rule coming from 

practice): If Eff(A)+Eff(B)>Eff(C)+Eff(D), the higher weight is given to the 

interaction AB. 

At this point of the analysis, it is sufficient to take into account only 7 terms from the 

original table as seen in Table 5. The model that describes the system has been 

simplified and is expressed in the following formula: 

                                    

Table 5 Fractional Factorial Design: 3rd order and confounding removed 

 A B C D AB AC BC 

1 -1 -1 -1 -1 1 1 1 

4 1 1 -1 -1 1 -1 -1 

6 1 -1 1 -1 -1 1 -1 

7 -1 1 1 -1 -1 -1 1 

10 1 -1 -1 1 -1 -1 1 

11 -1 1 -1 1 -1 1 -1 

13 -1 -1 1 1 1 -1 -1 

16 1 1 1 1 1 1 1 
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6.3.2 Pre-made DoE 

It is possible to carry out DoE using pre-made plans. This is quite convenient since it 

actually requires high qualifications in statistic methods to design plans so that they 

will provide good results for the model. These plans are generally listed in tables and 

chosen according to the type of tests. In order to use them, one simply needs to 

normalize the factor variations within the range [-1, 1]. 

6.3.3 Computer generated design 

The standard designs mentioned in the previous section, such as the central 

composite design, are widely used because they are quite general and flexible 

designs. If the experimental region is either a cube or a sphere, typically a standard 

response surface design will be applicable to the problem. 

However, the main reason not to use a pre-made design is an irregular experimental 

region. Indeed, when a range of variation is defined for one factor, it can happen that 

some points in this range won’t be reachable for certain value of other parameters. 

For instance, it won’ be possible to reach very low air flow at high boost pressure. 

Some boundaries need to be defined for the experimental region which could looks 

like the blue zone in Figure 13. 

 

Figure 13 Constrains illustration on the experimental domain. DoE most remains in this domain. 

The main computer generated designs are: 

 “Optimal” designs: An optimal design is a design which is “best” with 

respect to some criterions. Computer programs are required to construct these 

designs. Let’s consider a matrix X (design matrix) containing the data set to 

carry out the experiments. A design commonly used is called D-optimal. This 

design minimizes |(X’X)
-1

| to maximize the differential Shannon information 

[11]. An example is shown in Figure 14. This type of design contains 

replicate runs. 
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Figure 14 D-optimal design example with 4 parameters. 

 “Space-filling” designs: they spread the design points nearly evenly or 

uniformly throughout the region of experimentation. This is a desirable 

feature if the experimenter believes that interesting phenomena are likely to 

be found in different regions of the experimental space. The first space-filling 

design proposed was the Latin Hypercube design (see Figure 15). We see that 

space-filling designs do no reach the corner of the experimental zone. This 

can be a problem in engine models where, for instance, the soot emissions 

will increase dramatically when the flow is reduced to its minimum. In 

practice, a combination of D-optimal and space-filling designs is often used. 

 
Figure 15 Latin Hypercube design example with 4 parameters. 
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6.4 Post-process of the experimental design: creation of a predictive 

model 

The experiments being completed, it is then possible to build a predictive model. 

Since we use a regressive model, it is possible to compute the regressive coefficient 

using the least square method.  

                                            (   ) 

   is the measured response and    (                      ) the experimental 

inputs that are giving this response. 

We consider   (

  

 
  

) the response vector obtained from the data set   (
  

 
  

). 

The regressive coefficients are obtained with the following formula: 

  (   )      

In multiple linear regression problems, certain tests of hypotheses about the model 

parameters are helpful in measuring the usefulness of the model. These procedure 

require that the error    in the model to be normally and independently distributed 

with mean zero and variance   . 

 (   )                                    (   ) 

 Test for significance of regression: this test determine whether a linear 

relationship exists between the response variable   and a subset of the 

regressor variables. The test procedure involves an analysis of variance 

partitioning the total sum of squares SST into a sum of squares due to the 

model and a sum of squares due to the residual (or error). The test is done 

with “the null hypothesis” method. 

 Test for lack of fit: this test checks if the proposed model fits well. If the 

result is that the regression function is not linear, then the tentative model 

must be abandoned and attempts made to find a more appropriate equation. 

 R² coefficient: R² is a measure of the amount of reduction in the variability of 

  obtained by using the selected regressor variables in the model. However, a 

large value of R² does not necessarily imply that the regression model is a 

good one. Indeed, adding a variable will always increase R², regardless of 

whether the additional variable is statistically significant or not. Thus it is 

possible for models that have large values of R² to yield poor predictions of 

new observations or estimates of the mean response. 

 R²adj: In general, the adjusted R² will not always increase as variables are 

added to the model. In fact, if unnecessary terms are added, the value of R² 

will often decrease. 
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7 New approach to build the soot estimator: DoE 

model 

The experiments carried out and explained in §5 have turned out to be quite long. 

The whole campaign required a month of tests in the test cell which is of course very 

expensive. This long experiment time is also due to the fact that several engine 

mapping are used by the ECU to comply with the driving conditions (temperature, 

altitude…). Because of that, the soot load estimator needs to be mapped for each of 

these mapping multiplying the time required in the test cell. Competition between the 

different car manufacturers has become tough and every one of them is trying to 

reduce costs as much as they can.  In that context, being able to reduce the time 

needed in the test cell or even delete it completely would be a great opportunity to 

save money. This would also leave the test cell available for other important projects. 

The introduction of Design of Experiment campaigns has made possible the usage of 

engine model based on these campaigns as explained in §6. In this section, we will 

see the utilization of such a model applied to our purpose. The idea is to go through 

all the engine running points that are normally tested but here, they are only 

simulated. The most important part is to simulate air flow sweeping to draw the soot 

emissions increase as a function of the equivalence ratio which is exactly what is 

done on the engine test bench. This kind of modeling sets some troubles. Indeed, 

when we ask the model the response given by reduced air flows, we get closer to the 

boundaries (see §6.3.3) used to design the model. It is even possible to get results out 

of these boundaries. Consequently, one must use such a model carefully and we 

would like to investigate their reliability around their boundaries. 

7.1 The engine model 

The engine model was given by my industrial supervisor. This model is called 

“global” since it is able to provide engine responses for a wide range of load points. 

This type of model is a new step in the DoE process since the first model designed 

were simply “local” meaning that they could only simulate engine responses for one 

load point (rpm/torque). This type of model, although extremely convenient, must be 

built after a well thought DoE considering it should provide the user with reliable 

results for a certain range of load points. 

Before starting to use it, one should check that the model is somehow accurate. It 

was actually the case since this model was used to choose the tuning parameters of 

the engine during its development. Consequently, regarding the emission module of 

the soot estimator described in §3.2, the model can be used to get information about 

the “static emission” without any concern since it only involves classic calibration 

tuning. However, we will focus our studies on the “dynamic correction” part of the 

emission module which involves more extreme engine tunings reaching the engine 

model borders.  
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7.2 Air flow sweep simulation 

7.2.1 Prerequisites 

This part of the thesis is the one which actually holds the utilization of the DoE-

based engine model. Basically, the engine model is just a file containing equations, 

previously obtain from the DoE process as seen in §6.4. This file is opened with a 

software designed “in-house” and based on Matlab. This software is used as a 

convenient interface to exploit the model and get the engine responses corresponding 

to the inputs we have chosen. These inputs are the engine tuning parameters (such as 

start of injection, boost pressure…) and were the parameters varied during the 

Design of Experiment. 

As we want to model the soot emissions as a function of the equivalence ratio, we 

first need to check if the model is capable to predict these values. Actually, the 

responses that can provide a model is just a choice which was made when it was 

constructed since it can normally simulate anything which was recorded during the 

design of experiment.  

The model provided has the following inputs: 

Table 6 Input labels for the model used and their meanings 

Inputs 

REGIME ZCEF ZAINJPL2 ZAINJPL1 ZAINJPR 

Engine speed  
[rpm] 

Brake Torque [Nm] 
Start of pilot 

injection 2 [CA] 
Start of pilot 

injection 1 [CA] 
Start of main 
injection [CA] 

ZQGOPL2 ZQGOPL1 ZPCAPM ZPSURALM ZQAIGM 

Pilot injection 2 
quantity [mg/st] 

Pilot injection  
quantity [mg/st] 

Rail pressure [bar] 
Boost pressure 

[bar] 
Air mass inducted 

[mg/st] 

All of the input labels must be filled to get the engine responses listed in Table 7: 

Table 7 Engine responses available with the model used 

Engines responses 

ECOGH EHCGH ENOGHCO EFUMEFSN EPARMIGH CSGKWCOR 

CO emissions 
[g/h] 

HC emissions 
[g/h] 

NOx emissions 
[g/h] 

Filter Smoke 
Number 

Soot emissions 
[g/h] 

BSFC [kWh] 

ECO2KGH ZQGOPR ZPOTURM TECSMOT1 TAITUBUL D3P_MAX 

CO2 emissions 
[kg/h] 

Main injection 
quantity [mg/st] 

VGT position 
[%] 

Engine exhaust 
T° [°C] 

Intake air T° [°C] Noise  index 

A short look at the model responses indicates clearly what the constrains, which are 

taken into account today, are when an engine calibration is chosen. Those constrains 

are the pollutant emissions, fuel consumption and engine noise. We can see that the 

outputs available from the model are not exactly the responses we need. Indeed, the 

soot emissions are expressed in grams per hour and the soot estimator needs it in 

grams per cubic meter. In addition, the equivalence ratio is not given. However, the 

information available is sufficient to derive from the inputs and outputs what we 
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want.  It would have been possible to re-build a new model including these outputs 

by using the DoE campaign previously utilized but I didn’t have enough experience 

in the DoE for doing that. Moreover, the newly model designed would not have been 

verified with real experiments on the engine. 

Finally, one must consider the operating zone covered by the model. Indeed, it was 

only built on the so called “EGR zone” which spreads approximately until 3000 rpm 

and stops over a certain load. The air sweep simulation will be limited to this zone 

but it is already large enough to cover a fair usage zone of the engine. 

7.2.2 Utilization of the model 

The goal is to simulate an air sweep for all the ECU key points just like it is done in 

the original methodology (see §5.4) except that here, we use an engine model instead 

of a real one. In order to do so, we need to know all the inputs listed in Table 6 for 

every key point so that we can feed the model. These data are available in the engine 

calibration. 

Another issue is pointed out here. The ECU data are mapped in RPM/Indicated 

Torque. This means that for each ECU’s indicated torque corresponds a fixed value 

for the main injection quantity. Because of that, the experimental tests are made to 

have air sweeping done at constant ECU’s indicated torque. All the tuning 

parameters including the main injected quantity remain the same except the air flow 

which varies. Consequently, while the ECU’s indicated torque is constant, meaning 

that each tuning setting is frozen (but not the air mass-flux), the brake torque, 

measured on the test bench, decrease for high EGR rate due to lower combustion 

efficiency, and so do the indicated torque measured with cylinders pressure sensors.. 

The problem is that the model uses the brake torque as an input. If we keep the brake 

torque constant when the air sweep is done, we will deviate from the key point since 

the fuel injected quantity will increase to compensate the efficiency loss. The 

deviation needs to be evaluated to figure out if it is acceptable meaning that the air 

sweep could be done at constant brake torque in the simulation. 

To investigate this problem, some air sweep have been carried out with the model 

and BSFC (brake specific fuel consumption) monitored. It appeared that the increase 

in fuel consumption was kept under 6%. This increase in fuel consumption indicates 

that the chosen indicated torque by the ECU would be higher. Although the soot 

emissions will be slightly increase by keeping a constant brake torque during the air-

flow variation, the deviation is considered acceptable. This simplifies greatly the use 

of the model which can’t have the ECU’s Indicated Torque as an input. 

An example of key points swept can be seen in Table 8. Special attention must be 

given to the first three columns. The first two define the calibration key point 

(RPM/Indicated Torque) and the third one “ZCEF” is the brake torque that will be 

used as an input for the model. The last column “ZQAIGM” shows the air amount 

that is normally inducted at this particular key point.  
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Table 8 Different key points calibrations 

 

Data from the engine calibration being collected, it is possible the design a virtual 

test campaign that will be run by the engine model. Using such a model is quite 

convenient since the air sweep can hold as much point as the user wants improving a 

lot the response curve shape. Nevertheless, a crucial factor is dictating the maximum 

and minimum air flow chosen for this sweep: the model borders. This is detailed in 

the next section 7.3 Results validity. An example of air-flow sweeping is shown in 

Table 9. Notice that the engine tuning parameters are constants. 

Table 9 Air sweep for one particular key point 

 

The test campaign is finally used as an input for the engine model which will provide 

us with the corresponding responses as seen in Table 10. We can observe the 

evolution of soot emissions (last column) which are increasing when the air flow 

(ZQAIGM) is reduced. Again, results validity is discussed in the next section 7.3. 

Table 10 Model response illustration 

 
 

  

REGIME ZCIN ZCEF ZAINJPL2 ZAINJPL1 ZAINJPR ZQGOPL2 ZQGOPL1 ZPCAPM ZPSURALM ZQAIGM

1500 120 95 15.5 11.8 -6.4 1.19 1.2 724 1.190 465

1500 140 115 15.5 12.8 -6.1 1.19 1.2 792 1.260 518

1500 180 155 15.5 15.8 -4.1 1.13 1.2 829 1.530 672

1500 200 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 741

1500 220 195 13.1 14.7 -1.6 1.13 1.2 935 1.745 781

REGIME ZCEF ZAINJPL2 ZAINJPL1 ZAINJPR ZQGOPL2 ZQGOPL1 ZPCAPM ZPSURALM ZQAIGM

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 880

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 860

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 840

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 820

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 800

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 780

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 760

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 740

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 720

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 700

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 680

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 660

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 640

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 620

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 600

1500 175 14.0 15.4 -3.1 1.13 1.2 857 1.650 580
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7.3 Results validity 

As mentioned before, the engine model is basically polynomial equations in which 

the inputs are the engine tuning parameters. Since it is just an equation, one must be 

careful when choosing the input values to ensure that the given responses won’t be 

absurd. This implies two main constrains: 

 The input values must be technically possible. Although being quite obvious, 

this constitutes the basics of the model usage. Moreover, the model utilization 

is so simple and abstract that an error in the response could simply be due to a 

typing mistake. 

 The input values must remain in the DoE borders or very close. This 

constrain is the most important and can be quite problematic regarding the 

tests we are doing. Indeed, the air sweep must reach the lower air flows to 

model the highest possible soot emissions. However the model is limited to 

the extreme points tested during the DoE process. These points may not cover 

a large enough zone preventing us from modeling soot emissions for some 

load points. The reason why we can’t test tuning parameters out of the model 

borders can be simply sketched by Figure 16. A 3
rd

 order polynomial 

equation is used to model the FSN evolution as a function of the air flow. If 

this model was to be used for an air flow exceeding 600 milligrams per 

stroke, the clear trend is that it would give a negative value which is 

impossible. 

 

 

Figure 16 Model limits: FSN curve modeled by a 3rd order polynomial equation. 

The air flow sweep simulation done in the previous section (§7.2) must take 

this into account. Figure 17 shows the borders related to air-flow for the load 

point 1500rpm/175 N.m. “ZPSURALC” is the boost pressure and ”ZQAIGC” 

is the air flow set. We can see from Table 9 that the boost pressure calibration 

choice was set to 1.65 bar. For this boost pressure, we see in Figure 17 that 

the model can provide results related to air-flow sweep between 600 and 800 

mg/st. The air sweep chosen in Table 9 must then be reconsidered. This 

remark is emphasized by the fact that the last tested point (580 mg/st) which 

is extremely close to the model border would be characterized by a FSN of 
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11.98 (see Table 10). This is not possible since the FSN can’t exceed 10 on a 

real smoke meter. 

 

Figure 17 Matlab tool to visualize the allowed air sweep for each load points  

(ZPSURALC=Boost pressure [mb], ZQAIGC=Air flow [mg/st]) 
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7.4 Comparison with the air sweep done in the test cell 

The first step in the result validation is to compare the air flow sweeping simulated 

with the engine model and real air-flow variations recorded on the engine test bench. 

Data collected during the engine testing campaign in §5.4 are used here for the 

comparison. 

Before doing the comparison, the data obtained from the engine model need to be 

post-processed to get the values we are interested in: soot emissions in grams per 

cubic meter and equivalence ratio. 

 Soot emissions: 

    [   ⁄ ]  
    [  ⁄ ]

        [   ⁄ ]
 

               [
         

    
 

(   )         

    
] 

Where:       = Fuel flow [g/h] 

        = (
    

     
)
             

 14.57 

     = Exhaust gas density (stoich. combustion)  = 1.202 g/m
3 

  = Air/Fuel ratio 

     = Air density = 1.169 g/m
3
 

 

 Equivalence ratio  : 

  
 

 
 

             

    
 

Where:                              (see Table 6 & 

Table 7) 

             

The results presentation is split in two zones: low and high load. This choice was 

made since these zones present different behavior. For each of these zones, there are 

only some results detailed to avoid a heavy report. The presented ECU key points 

have been chosen for being representative of the general trend observed in their load 

zone.  

7.4.1 Low load zone (1
st
 third of EGR zone) 

The comparison is first made in the low load region. This zone is characterized by 

low fuel quantities injected and generally reduced smoke emissions due to air excess. 

The border constrains expressed in §7.3 have made difficult this comparison. Indeed, 

the air-flow variation allowed on these key points by the model is quite narrow. 

Consequently, it is not possible to reach the equivalence ratio swept during the real 

engine tests as we can see in Figure 18. It also appears quite a large difference 

between the model and the test results. Indeed, the soot emissions from the test 
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results are twice as large as those from the model (~0.1 g/m
3
 compared to 0.05 g/m

3
 

for the biggest values).  

 

Figure 18 Soot emissions comparison between the engine model and real engine experiments (low load). 

7.4.2 High load zone 

The comparison in the high load zone has shown better results. It was possible to 

model a large air-flow range hence the equivalence ratio reached by the model is 

similar to the real engine experiment. The model and experiment results are generally 

close as we can see in Figure 19. These results are an incitement to carry on the 

investigation. 

 

Figure 19 Soot emissions comparison between the engine model and real engine experiments (high load). 
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7.5 Building of the soot emission calibration 

The comparisons made in the previous section are satisfying enough to build a soot 

load estimator calibration so that driving cycle can be done with this new calibration. 

The process leading to the calibration cannot be detailed since this would disclose the 

exact ECU strategy to monitor the DPF soot load but it is based on the explanation 

given in §3.2. However, the choices made regarding the utilization of the model-

based data can be discussed. 

The model response in the low load zone was pretty poor in terms of air-flow range 

and even reliability. The choice was then made not to use the model in this zone. 

Instead, an average response will be used for the whole zone. This common response 

is chosen from experience and can be validated by some engine tests. The general 

trend is to have an early smoke increase for low load as we can see in Figure 20. The 

soot load estimator will then be calibrated using the shared soot emission response 

seen in Figure 21 (pink curve). This choice is motivated by the fact that a deviation 

between the common response and the real one won’t affect drastically the soot load 

estimated since the exhaust flow is very low in this zone. 

 

Figure 20 Soot emissions for all the tested load points 

 

Figure 21 Common soot emission response for low load points 

Regarding the high load zone, the results collected from the model where good 

enough to be used directly without any modification.  
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7.6 Calibration validation on driving cycles 

The ultimate validation of the soot load estimator calibration goes through real 

driving tests done on the roller test bench. This will allow us to compare the soot 

load estimated by the original estimator calibration and the load obtained from the 

new calibration built in §7.5. 

Various driving cycles are tested to reflect real car usages (no NEDC cycle) with 

driving conditions from heavy traffic jam to highway. The driving profile cannot be 

displayed but their purpose in summed up in Table 11. 

Table 11 Driving cycles tested on the roller test bench 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

Traffic jam City Extra urban 
Regular 

road 
Highway 

Driving in 

Paris 

The high cost of vehicle tests on the roller test bench didn’t allow me to carry out the 

cycles with the new calibration. However, they have been done before with the 

calibration obtained from the original methodology. Since the soot load estimator is 

working in open loop, it is actually possible to test several calibrations with only one 

test done on the bench. Indeed, we simply need to use the vehicle data recorded 

during the test (rpm, load, equivalence ratio as a function of time) and use them to 

feed a Simulink model of the soot estimator. 

Figure 22 to Figure 25 present to results from the different driving cycles listed in 

Table 11. Three curves are shown for each cycle but only two will be considered 

here: 

 “MESURE” (dark blue): This curve is the soot load value taken by the open 

loop estimator fitted on the actual car tested on the roller test bench. This is 

consequently the original calibration of the estimator that the new calibration 

will have to match. This original calibration is supposed optimal since it was 

optimized to match the soot weighting done after the cycles. 

 “TRAVAIL” (red): This curve is the soot load estimated by the new 

calibration 

 

Figure 22 Cycle 1: Traffic jam – Original (dark blue) vs new model (red) 
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Figure 23 Cycle 2: City – Original (dark blue) vs new model (red) 

 

Figure 24 Cycle 3: Extra-urban – Original (dark blue) vs new model (red) 

 

Figure 25 Cycle 6: Driving in Paris – Original (dark blue) vs new model (red) 
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As said above, the “MESURE” curve was optimized to match the DPF soot 

weighting done at the end of each cycle. There is no way to know the real soot load 

as a function of time so the important thing with the soot load estimated is to match 

the final weighting. The calibration is considered accurate when the estimation and 

the weighting are similar for different driving cycles. As a consequence, regarding 

the comparison done here between the original and new calibrations, we will only 

comment the load difference at the end of the cycle. 

You can notice that the cycle 4 and 5 are not presented here. This is because these 

cycles are representative of higher driving speed and involve many load points out of 

the EGR zone. Since the new calibration was only done on this particular EGR zone, 

these cycles have no interest. The trend for the other different cycle is globally good. 

The difference with the original mapping can be seen in Table 12. 

Table 12 Difference in the soot load estimation for the different cycles 

  Cycle 1 Cycle 2  Cycle 3  Cycle 6 

Difference in 
the soot load 

estimation 
-4,92% -5,41% 0,89% -5,45% 

These results are quite satisfying since there is no cycle which shows a large 

difference with the original calibration. We see that cycle 1, 2 and 6 which are 

related to city conditions have soot load estimation approximately 5% below the 

original calibration. Since these cycles involve generally low load, the deviation 

could come from the common soot load profile which was chosen for the low load 

zone of the soot estimator calibration. Unfortunately, there was no time to do another 

calibration and test it. 
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8 Conclusion and recommendations 

The first results obtained from this project have shown good behaviors. We have 

seen that the DoE based engine models can predict soot emissions quite well on most 

of the investigated engine load zone where the model was built. Results in the low 

load zone were not as satisfying as the rest of the tested points. The choice was made 

not to use the results from the low load zone but a common soot emission profile. 

This seems reasonable since the exhaust gas flow is reduced in this engine load zone. 

An error in the soot emission profile will thus be minimized by this low exhaust 

flow. By doing reasonable assumptions, it was finally possible to use a DoE based 

engine model to calibrate the soot emission module included in PSA’s DPF soot load 

estimator. Roller test bench tests have concluded this study. They have validated the 

new estimator calibration by providing us with acceptable results compared to the 

original soot load estimator calibration methodology. 

This project constitutes a first step toward the use of DoE-based engine models to 

calibrate the DPF soot load estimator. Further studies need to be carried out. The 

easiest improvement regarding the use of DoE models would be to create models 

which can predict directly the desired responses. This would avoid doing some 

calculations on the outputs which could lead to errors in the predictions. Another 

important improvement would be to maximize the input’s range bordering. We have 

seen that narrow variation ranges in the input parameters can prevent us from using 

the model to get results. This study should also be carried out with another engine 

model to check if results are showing the same behaviors. Finally, it was only 

possible to build a calibration on the EGR zone. Consequently, the engine will still 

need to go in the test cell to collect results on the rest of the operating points. 

Although already saving a lot of time needed in the cell, one could consider building 

DoE-based engine models on the entire engine operating range. Of course, one 

should take into account the time needed in the cell to collect data used to build the 

model and the possible interests of such a model to other applications than the DPF 

soot load estimator.   
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