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Abstract  

With the ever increasing demands for cheaper and more effective ways to develop a wide 

range of heavy duty vehicles and engines a potent simulation tool is necessary to speed up the 

testing and analysis of new engine or vehicle concepts. Engineers at Scania have for many 

years worked on developing a simulation tool that can simulate how all the vehicle 

components interact when driven in various vehicle configurations and conditions. This tool 

connects models for all vehicle components that are crucial for the propulsion of the vehicle, 

like for instance tires, topography and engine.  

The objective of this thesis work is to improve the present transient model for boost and 

exhaust pressure, air mass flow and the temperature of the gases going in and out of the 

engine required for simulations due to lack of sensor signals. The created model shall be easy 

to adjust to different engines in order to limit the calibration time needed for the model. 

Several modelling concepts are studied and a grey box-model and a black box model are 

analysed further. 

During the thesis work the assumption that if the mass flow through the engine and the 

pressure on either side of the cylinder can be modelled in such a way that they are known in 

each sample the temperature can be calculated using the ideal gas law. Due to this the 

temperature will not be modelled or analysed in this report.  

The black box-modelling concept, which was fully explored, proves to be satisfactorily 

accurate in both the depiction of the characteristic signal behaviour but also in its general 

assumptions of the different phases of a transient response. When compared to the model that 

was in place at the start of the thesis work the improvement of the accuracy is around five 

times.  

Further work suggested to improve the created model is a higher accuracy of the overshoot 

maps. This is suggested to be done by increasing the number of load levels of the steps in the 

automatic test cycle.  
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Sammanfattning 

Med de ständigt ökande kraven på både billigare och mer effektiva lösningar för att kunna 

utveckla ett brett spektra av tunga fordon krävs ett kraftfullt simuleringsverktyg för att kunna 

utföra både testning och analys på ett snabbt och effektivt sätt. Ingenjörer på Scania har under 

många år arbetat med att utveckla ett simuleringsverktyg som gör det möjligt att simulera hur 

samtliga delaktiga fordonskomponenter samverkar då kompletta fordonskoncept körs i olika 

förhållanden. Verktyget gör det möjligt att genom att koppla samman enskilda modeller för 

alla komponenter med en inspelad körsträcka utvärdera hur fordonet presterar utifrån ett 

emissions och förbrukningsperspektiv.  

Målet med det här examensarbetet är att förbättra den nuvarande transientmodellen för  de 

annars naturliga signalerna för laddtryck, avgasmottryck, luftmassflöde samt temperatur in 

och ut ur motorn. Den framtagna modellen skall vara lätt att anpassa till olika motorer för att 

minimera kalibreringstiden för modellen. Flera olika modellkoncept studeras var av vidare 

analys görs på en grey box-modell samt en black box-modell. 

Under detta examensarbete har det utgåtts ifrån att om massflödet genom motorn samt trycket 

före och efter motorn kan modelleras på ett sådant sätt att de kan anses kända i varje tidpunkt 

kan temperaturen på var sida om motorn beräknas med hjälp av ideala gaslagen. På grund av 

detta kommer inte temperaturen att modelleras eller analyseras i denna rapport. 

Black box-konceptet, som användes för att skapa den slutgiltiga modellen, visade sig ha 

tillfredställande noggrannhet i dess beskrivning av det karakteristiska beteendet hos 

signalerna. Även de grundläggande antagandena om hur en transient kan delas upp i olika 

faser visade sig vara framgångsrika. En jämförelse mellan den utvecklade modellen och den 

gamla transientmodellen som fanns implementerad vid examensarbetets början visar att den 

nya modellen är ca 5 gånger noggrannare än den gamla.  

För att förbättra den utvecklade modellen vidare föreslås att en högre upplösning i 

överslängsmapparna införs genom att öka antalet unika stegsvar.  
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1 Introduction and Background 

In today’s modern society with increasing demands on effectiveness, environmental 

friendliness and an ever increasing market competition, it has become crucial to have a potent 

simulation software in order to minimise the test time and so that the development process can 

be made more effective. In the heavy duty vehicle industry this is extra important since the 

trucks need to go through a very thorough test procedure to ensure that it meets the tight 

emission standards and the performance demands before they are introduced to the market.  

During the past decade the legislations that the engine manufacturers need to follow has 

grown stricter and stricter, which in its turn has contributed to the engines becoming more 

advanced and complex. At the moment the manufacturers are working hard to produce 

engines that meet the new Euro VI standards, where NOx will be reduced to a quarter and 

particulates to half of its previous value. In order to do this the performance of the engine 

need to be closely monitored and controlled to ensure that it runs exactly as the engineers 

have planned. However, even though the engine may run perfectly in the test cell there is no 

guarantee that it will work as well when it is interacting with a wide range of vehicles out on 

the road. 

1.1 STARS, Scania Truck and Road Simulation 

Scania has for several years been working on a simulation software that is able to simulate 

how the different vehicle components interacts in normal everyday use, and what mileage and 

emission levels the vehicles produce,  without it ever being assembled and the engine ever 

leaving the test cell. The software thereby enables the engineers to evaluate if the 

development of an analysed concept should carry on or if it needs to go back to the drawing 

board for further adjustments or even be discontinued. This has proven to save a lot of time 

and also allow a lot more concepts to be evaluated.  

STARS, as the simulation software is called, is a based in Dymola/Modelica which will be 

explained further in chapter 1.5. The simulation software is built up by several different 

subsystems, or classes, that simulate the different vehicle components. These can be seen 

illustrated in Figure 1. 
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Figure 1. The different parts of the vehicle, and external attributes, that are modelled in STARS 

The subsystems are developed separately by different engineering teams, and when finished 

they are assembled to simulate the complete truck’s behaviour.   

Since the development of STARS in an ongoing process, there are alterations and 

improvements made almost every day. STARS is at the moment very good at predicting the 

trucks performance at a stationary load point, but have a harder time during transients when 

the load is changed rapidly. The signals that have the most impact on the rest of the engines 

behaviour is the pressure, temperature and flow in to and out of the engine, since they govern 

how much fuel that can be injected and thereby also how much torque the engine can produce.  

1.2 Goal 

The goal with this thesis work is to improve the present transient model for the boost and 

exhaust pressure, intake and exhaust temperature and the flow through the engine so that the 

accuracy of the STARS software is enhanced. The new transient model must be easy to 

calibrate for engines with different displacements, emission treatment, charge air, and air 

cooling concepts. 

1.3 Given Conditions 

One thing that makes this thesis work unique in the field is the fact that the conditions during 

a stationary load point are considered known, while all signals during transients are not. This 

means that the model always knows on what level the signals are bound to end up on.  

The model environment, STARS, also includes source code from the engine control unit, 

which in general terms tells the model what engine speed and torque is required in order to 

follow the predefined road or cycle. However, even though the control strategy of the engine 

is known many of the physical settings, like actual EGR rate and VGT position, of the engine 

remains unknown since there is no feedback of the ECU information. 
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1.4 Present Transient model 

The transient model that was in use at the start of this thesis work was very simple. It is based 

entirely on the stationary behaviour of the signals. This behaviour is translated into engine 

maps, which tells the model how much the signals should increase between two samples 

depending on which value the signal attained the previous sample. This approach allows the 

signal to build up according to the stationary measured values, which will be further explained 

in chapter 2.1, with a simple derivative limitation to imitate the dynamic behaviour.  

This type of modelling is however only applied to the boost pressure and the model output is 

scaled to fit the other signals. This means that if the error in boost pressure, between the 

reference value and the present value, is decreased with 4 % then the errors in remaining 

signals decrease with the same rate.  If the behaviour of the signals is found to be more 

independent from one another than first believed it could result in large errors,. It also means 

that since no account is being taken to the dynamic behaviour as such, the overshoot of the 

signals are not included in the model. Another part where the present transient model is 

lacking is in the deceleration part of the model. This decrease in the signals occur way too fast 

which result in an incorrect signal value if a step is initiated during a deceleration period. This 

is illustrated in Figure 2. The measured boost pressure and the present model output where red 

area indicates in where the model produces an incorrect output. below.  

 

Figure 2. The measured boost pressure and the present model output where red area indicates in where the model produces 

an incorrect output. 

1.5 Literature study 

There are several different ways of constructing a model for transient flows, however there 

are a few that are more frequently used. These types of models are divided into three groups; 

black box-models, grey box-models, and finally white box-models. In black box-modelling 

the reason for the behaviour of the system is considered unknown. The behaviour is therefore 

described using parameterisation with for example polynomial equations. These equations 
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basically just describe the appearance of the graphs rather than the behaviour that causes it. 

This type of model is sometimes hard to calibrate in order to get it to correctly describe the 

behaviour of for example an engine where the turbocharger type is altered. This becomes 

especially hard if the equations are not linked to any of the systems physical attributes.  

On opposite side of the scale is the white box-model. This model uses only physically based 

equations to describe the behaviour which is through these equations considered known in all 

cases. The downside with this is that the equation system becomes very large and complex in 

order to describe all possible reactions of the system. But even with a highly complex 

equation system there are no guarantee that it will be able to describe complex variables like 

for example turbocharger efficiency.  

In between these two model concepts is the grey box-model which uses both physical 

equations and parameterisation. This model uses equations based on physical knowledge to 

describe the fundamental systems behaviour and uses parameterisation to describe more 

complex behaviour like the efficiency of different components.  

When studying equation based models it soon becomes clear that there are several ways to 

construct these flow models, however two concepts stand out as more widely used. The first 

one, which is used mainly by 1-D simulation programs like GT-power, uses complex 

equations to describe the behaviour in such high resolution that the user can observe pressure, 

temperature and flow differences in crank angle degrees over the course of the engine cycles. 

In the simulation programs these equations are hidden in different components like for 

example a length of pipe in the inlet manifold or a turbine, which makes the components 

themselves black box-models. An example of this can be been in Figure 3. 

 

Figure 3. An example of a model made in GT Power [1] 

This can make it quite hard for the user to understand what actually causes the behaviour of 

the system. This type of model is very powerful when it comes to analysing the combustion 

process and the highly pulsating flow that originates from the valves opening and closing. The 

complexity of this model is however so high that it is not applicable for simulation tools that 



5 

 

only model the pressure, temperature and flow over a longer period of time, like in for 

instance an ETC-cycle. 

The other concept, which is more widely used when simulating engine performance over a 

longer period of time, is called a mean value engine model, MVEM. An example of a model 

like this can be seen in Figure 4. The name of this model type originates from the fact that it 

uses a mean value of the variables over one or more engine cycles to simulate the engine 

behaviour. This allows the models to be simple and yet accurate in its description of the flow 

and pressure behaviour of the engine on a larger scale since it does not take the pulsations of 

the flow, pressure and temperature into account. The fact that it only uses mean values of the 

different parameters makes it easier to use for example the laws of thermodynamic and mass 

conservation. Another advantage with this kind of model is that since it uses well established 

equations and not predefined components to calculate the desired outputs it can be modelled 

in basically any simulating software. The most common software appears to be 

MatLab/Simulink.  

 

Figure 4. An example of a Mean Value Engine Model based in MatLab/Simulink. In this picture the boxes with the shadows 

represent the control volumes and the other the engine components like for example the turbo charger or the combustion 

chamber. [2] 

This is thought to be because this program is used at most universities around the Sweden, but 

also because it is uses a very straight forward way of programming and simulating. Another 

advantage with this software is the extensive library containing a wide variety of components 

used to build up the models. However, MatLab/Simulink is not the only player on the market.  

Another simulation software that is used within the industry is Dymola/Modelica, which 

STARS is based in. This software uses another programming technique, called Object 

Orientated Programming, and instead of sending signals between blocks and subsystems like 

in Simulink, Modelica forms an equation system describing the connection between two 

physical objects that have been modelled with the blocks in Simulink, thus ensuring that both 
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parts of the equations are fulfilled. This could be for example the moment equation and 

rotational angle that links two rotating shafts together, so in order for the equation to be 

fulfilled the torque produced by the two shafts need to match. Another advantage with 

Modelica, compared to Simulink, is the fact that the user can define a group, class, of 

components that has certain attributes, like for example pipes. These attributes could for 

instance be law of mass conservation, pipe diameter and material properties. All items, 

objects, that belong to this class, in this case all pipes, will then inherit some or all of these 

properties and only characteristics that are specific to the individual articles will have to be 

defined in each object. Classes can also contain several sub-classes, which allow objects that 

are not very closely related but share some similar attributes to be linked together. If 

considering the pipes in an engine, all which have a fluid flowing through them will follow 

the law of mass conservation, however the density and heat properties of the fluids will divide 

the class pipes into three sub classes, one for pipes that transport water, one for oil and one for 

gas. These sub classes can then be divided into more subclasses depending on for example 

which material they are made out of. All this saves a lot of time, both when programming the 

software but also during simulations since there are very few multiple attribute entries. 

2 Method 

In order to be able to choose a suitable modelling method it is important to know which tools 

are available and what the circumstances are like. For instance it is crucial to know which 

signals and variables are considered known and which are not and how they behave during 

important manoeuvres. The test procedures necessary to measure the wanted behaviour will 

therefore be further explained in this chapter. 

Two quite different methods will also be looked in to and their suitability analysed. The first 

modelling technique to be studied is a kind of grey box-model which uses physical equations 

to calculate the wanted signals, the second method is more of a black box-approach which 

uses, amongst others, equations derived from control theory to describe the transient step 

response of the signals.   

The latter method is chosen as the one most suitable for the problem on account of its low 

demands on the abundance of input data. This method is therefore described in detail and its 

layout explained. 

2.1 Test Procedure 

The two types of test cycles that will be used in this project are stationary and dynamic test 

cycles. The following chapters will describe the general attributes and area of use of the 

different test cycles.  

2.1.1 Stationary Tests 

The stationary tests are made up by segments where a specific load and speed point is 

evaluated. These tests are used mainly to create the engine maps, which are used to predict the 

engines behaviour at a specific load and speed. However, these maps are only valid when the 

engine has been run at the same load point for a long period of time, since they take no 
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consideration to the transient behaviour that occurs after any load and speed change. These 

maps are one of the first documentation made of a new engine, and therefore available very 

early on in the developments process. So if these maps can be utilised for modelling of the 

engine the whole performance of the engine can be studied at an early point in the process.  

2.1.2 Standard Dynamic Test Cycles 

The other type of test cycles is on the other hand good at describing the engine’s behaviour 

during transient test conditions. A typical dynamic test cycle contains a number of different 

steps in both load and speed, and is constructed to include the behaviour that occurs during 

rapid load changes. These types of cycles are since the introduction of Euro V included in the 

certification process of new engines, in the form of the ETC-cycle, European Transient Cycle, 

and the WHTC-cycle, World Harmonised Transient Cycle, for EURO VI. Dynamic test 

cycles are usually set to follow a requested pedal position or a specific torque in Nm at a 

specified engine speed.  

When analysing data, and trying to identify key behaviours it is essential to have a well 

defined test procedure. The test cycles should in beforehand have been evaluated in order to 

ensure that they will produce the wanted behaviour and that all possible engine manoeuvres 

are included. The test data that was available at the beginning of this thesis work included one 

test cycle that included large step responses, where the steps from 0 to 100 % load were 

performed at 5 different engine speeds, 800, 1000, 1200 1500 and 1900 rpm. A sample from 

this test cycle can be seen in Figure 5. 

 

Figure 5. An interval of the test cycle including steps from 0 to 100 % load. 

The other test cycle that was available was one where a number of steps, from and to different 

load levels, are performed at the above mentioned engine speeds. An interval from this test 

cycle can be seen in Figure 6. 
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Figure 6. An interval of the test cycle containing smaller step in load with varied range. 

One of the reasons that these test cycles are used is the fact they are two of the standard test 

cycles that most engines go through and were therefore already run for the selected engine 

which is a 6 cylinder 13 litres EURO VI engine with one VGT turbo. The emission treatment 

techniques used are SCR and EGR.   

2.1.3 Developed Automatic Test Cycle 

Even though the two test cycles are a good basis they do not cover every possible manoeuvre 

that could occur. For instance they do not cover what happens when a step response is 

initialized during another step response. Nor does it include manoeuvres where a step down in 

load is made at the same time as a step up in load is performed, as well as the opposite case 

were a step up in load is made while the signals are stabilising themselves after a step down in 

load has been made.  

So when all a wide range of step versions have been identified they can be assembled into a 

automatic test cycle, which is run at 800, 1000, 1200, 1500 and 1900 rpm. The test cycle can 

be seen in appendix 1. 
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Figure 7. An interval of the test cycle containing a step sequence where the load is varied between different levels. 

The different types of steps that are included in the figure in appendix 1 are as close to ideal 

steps as possible and are amongst others a step combination where the load is increased first 

to 50 % and then shortly after to 100%, this combination is also done for a decreasing load. 

These steps, with varied time on 50 % load, can be seen in the first 350 seconds. After this a 

number of steps from 0 to 100 % and then back to 0 % are made where the time stationary at 

100 % is varied from 1 to 6 seconds. This should capture any inconsistency in the pressure 

build up and whether an interrupted load increase has any impact on the stabilising behaviour 

of the signals. This step combination is also made reverse with the load starting at 100 % and 

then going to 0 % and then back to 100 %. In this case it is the time at 0 % that is varied in 

hope of capturing the behaviour that naturally occurs during gear shifting. From about 600 

seconds into the test cycle a number of different step combinations are made. These steps can 

be seen in Figure 7. The steps are made both from a lower to a higher load and back again and 

from a higher load to a lower and then back to the higher load level. The levels that are used 

are 100, 75, 50 and 25 %. At the very end of the test cycle a number of ramps with different 

load incline are performed.  

In order to be able to evaluate the data from these test cycles additional measurements, which 

included all the static load points, has to be made. It is crucial that these measurements are 

performed with the same calibration settings, since these impact the engine performance 

greatly.  

So with complete experimental data of both dynamic and stationary test the engine behaviour 

can be thoroughly and correctly analysed.  
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2.2 Grey Box-Modelling Strategy 

Since one of the essential attributes of the model is that it must be easy to calibrate to fit 

different engines, a model which uses mostly physically based equations could be beneficial. 

This statement is based on the fact that in an ideal world all that would be necessary to fit a 

model to a specific set of data or engine is to alter the physical parameters in the model. For 

example if a mean value engine model was to be used, the physical volumes used in the 

model will need to be altered, and if these components are manufactured in a similar way 

using the same material the pressure drop coefficients for the different volumes should ideally 

remain relatively unchanged.  

It is first very important to identify which variables are necessary in order to obtain the 

desired output signal. In this thesis work these are the boost pressure, exhaust pressure, mass 

flow, and temperatures on both sides of the combustion chamber. The general idea behind this 

grey box approach is that if one signal is modelled using a black box-model the other ones can 

be calculated using this synthesised signal. Since the boost pressure has the least oscillations 

and therefore considered to be the easiest signal this one is chosen as signal best suited for 

modelling with the black box method. 

The first mathematical relationship that is used is that if the turbine speed, the compressor 

efficiency and the density of the air entering the compressor are known, the mass flow of air 

that is sucked past the compressor should be known. In other words; 

        
      

 
   

       

  
       . (1)  

 

    

Where  

      is the mass flow of air [kg/s] 

   is the volume efficiency  

        is the speed of the engine [rpm] 

   is the stroke of the engine [m
3
] 

and      is the density of the air [kg/m
3
]. 

 

This mathematical relationship is then verified against the measured values mentioned above.  
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Figure 8. The calculated and measured mass flow during an interval in the standard dynamic test cycle with small steps. 

As Figure 8 shows, there is quite a large error between the calculated signal and the measured 

one. This can partly be explained by      ’s dependency of the pressure before and after the 

compressor, which in this case are considered unknown. This result in a large error in the 

mass flow which ultimately is the reason enough this method of calculating the air mass flow 

is discarded. 

A method which is evaluated as a possible way of calculating the exhaust pressure is more 

complicated and approximations have to be done in several steps. It originates from the idea 

that the pressure drop over a length of pipe can be, if simplified, described as 

               
 . (2)  

Where 

   
    

 is the pressure drop over the pipe 

      is a discharge coefficient dependent on, amongst others, wall roughness and pipe dimensions 

And    is the gas flow through the pipe [m
3
/sek].  
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The idea is that if the pressure drop over the exhaust system can be approximated as the 

pressure drop over a pipe, and the ambient pressure is know, the pressure downstream of the 

turbine could be calculated, see Figure 9. This requires that all the parameters mentioned in 

equation 2 are considered known. 

 

Figure 9. The measured pressure downstream of the turbine, PG23, and the calculated pressure Pressure_drop over a short 

period of the standard dynamic test cycle with small steps. 

So if the pressure downstream of the turbine could be calculated, and the VGT could be 

approximated with a circular hole with variable diameter, depending on turbine speed and 

VGT position, the pressure upstream of the turbine could be calculated using the orifice 

equation [3]. To study if the VGT can be approximated with a circular hole the relationship 

between the pressure drop over the turbine, the turbine speed and the VGT position must be 

analysed. This is done with the following equation: 

                
 

   
   

  

  
 
 

  
  

  

  
 

     

 
       (3)  

     

Where  

   is the mass flow of the gas [g/s] 

C is the orifice flow coefficient 

A2 is the orifice area [m
2
] 

   is the density of the gas upstream of the turbine 

   is the pressure upstream of the orifice 

   is the pressure downstream of the orifice  

and k is the specific heat ratio. 

 

From this equation the expression for the orifice area can be extracted and plotted as a 

function of the corresponding VGT position and turbine speed.  



13 

 

 

Figure 10. The approximation of the dependency between the turbine speed, VGT position, Φ, and size of the approximated 

orifice opening and discharge coefficient, A .C.  

Ideally these data points would make up the grid of a plane describing the relationship 

between the three variables, but as can be seen in Figure 10 this is not always the case. For 

this equation to be valid it is also necessary to determine the VGT position which is 

considered unknown in this problem. This is done by solving the equation below, [4], and 

assuming that all the variables in the equation are known. 
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(4)  

Where 

damperk is the pressure drop coefficient for the damper, 

pamb is the ambient pressure, 

EGRkravturbinp _  is the pressure required for the EGR gases to re-circulate, 

closed  is the VGT position when fully closed, 

avgm  is the mass flow of exhaust gases and   

0a  is a dimensionless variable which signifies how the pressure upstream of the turbine depend on 

VGT position. 

 

When so many approximations have to be done during the calculation process of a parameter 

an error which is fairly small to start off with can grow to a considerable size when used in the 

complete mathematical model. The way that errors in different parameters interact and 

amplifies is also a big problem when it comes to multiple approximations. An error can be 

seen in Figure 9 which is relatively small for some flows when (4) is being used to estimate 

the pressure downstream of the turbine. However, when this pressure is used together with the 
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other approximated functions described above the error becomes so large that the results from 

this mathematical model cannot be used to even remotely correctly describe the exhaust 

pressure.  

To conclude this attempt to model the transient behaviour of the signals using a grey box-

model it can be said that the approximations that are necessary to be able to use the 

conventional mathematical equations listed above are way too simple. In order to make the 

simplifications less general, and thereby more accurate, a large amount of data with isolated 

behaviour of the different components are needed. This data is on top of this very hard to 

produce since the engine control unit would need to be bypassed to achieve the wanted 

behaviour and this would require a lot of cell time. With all these things speaking against this 

modelling concept a decision was made to discard it and instead use more of a black box 

approach. Another benefit with more of a black box approach is that the model can become 

somewhat independent of calibration constants and only use a recorded test cycle to tune in 

the model.  

2.3 Black Box-modelling Strategy 

In order to be able to simulate and replicate the dynamic behaviour of each signal it is crucial 

to first thoroughly study the displayed behaviour and through that draw conclusions about 

which simplifications and assumptions can be made. To ease the analysing process the study 

is divided into smaller segments designed to target the different phases of the transient 

behaviour and to see if and how this is mirrored in all signals. To start off with, the step 

responses are divided into two kinds, load increasing, section 1 to 3 in Figure 11, and load 

decreasing, section 4 is the same figure. The decreasing steps will be discussed further in 

chapter 2.3.4.  

The problem formulation of the thesis work states that a model for the temperature also 

should be developed, however if the pressure on each side of the engine and the mass flow 

through it can be modelled correctly the temperature can be calculated using, amongst others, 

these variables. Therefore no model will be created for the temperature.  

The transient behaviour that occurs when a step up in load is made is further divided into 

three parts. One which captures the lag that take place before the inertia in the turbocharger 

has been overcome, 1, another part consists of a rapid increase which occurs when the engine 

is working in a transient mode, 2. The third and final part includes the part of the signals when 

the value propagates towards the static value and the system is stabilising, 3. These intervals 

are marked out in Figure 11 with the black lines dividing them. 
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Figure 11. A typical step in load and the generated responses of the signals 

 It can be seen that the general appearance of the curves representing the air mass flow and the 

boost pressure are very similar but the behaviour of the exhaust pressure differs a bit during 

the lag and stabilising phase. This would indicate that a model that describes the behaviour of 

one signal could without too much trouble be translated to the remaining signals, and thereby 

ease the modelling process and save a lot of time.  

In the following chapters the four intervals of all the signals will be analysed individually, so 

that possible connections between the signals can be studied. 

2.3.1 Response-phase (1) 

To be able to see how the response, or lag, behaviour varies depending on engine speed and 

the initial and final load several step responses are compared. If these are synced so that the 

step responses all are initiated at the t=0 the lag can be observed as the time before the signal 

starts increasing, as for instance in the first 0.5 seconds in each graph in Figure 12. 



16 

 

 

Figure 12. A number of step responses in boost pressure from and to different load levels. The curves have been synced by 

step initiation time.  

Boost pressure 

Figure 12 shows that the time before the increase in pressure takes place is quite similar for all 

steps, regardless of engine speed. However, all these steps are made from a static load point 

where the signal has been able to stabilise. The question is then if and how it differs if the 

increase in load is made during the stabilising period after a load cut off. If the derivative of 

the pressure is studied it becomes clear that the response period of the signal remains fairly 

unchanged. This leads to the conclusion that the duration of the response-phase is independent 

of previous phase, initial load and engine speed, which is the same as saying that it is just 

dependent on physical attributes of the engine. 

Exhaust pressure 

When observing the corresponding scenario for the exhaust pressure in Figure 13 the 

behaviour at the beginning of the step response appears to be quite different. This will be 

further discussed in chapter 2.3.2. The lag however, is not very different from that of the 

boost pressure. When studying the graphs in Figure 13 it can be observed that it too seem to 

be fairly constant for the different engine speed and starting load. The conclusion is drawn 

that the response of the exhaust pressure behaves just like the boost pressure’s. The remainder 

of the behaviour seen in Figure 13 will be discussed further in chapter 2.3.2 and 2.3.3. 
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Figure 13. A number of different step responses in exhaust pressure synced by step initiation time. The different colours of 

the curves indicate which unique step the response represent, since they all have different start and finishing load.  

Mass Flow 

When it comes to the mass flow the appearance of the early part of a step response is very 

similar to that of the boost pressure and exhaust pressure. When closely analysed it is found 

that the response time of the mass flow is similar enough to the boost pressure to state that 

they can modelled in the same way. 

2.3.2 Transient build-up phase (2) 

This part of the behaviour is studied in a very similar way to the lag phase, in other words by 

comparing a number of different steps and identifying the similarities and differences but also 

trying to find a reasonable cause for them. The first hypothesis that was put to the test was the 

idea that the build up in pressure should behave in the same way independent of starting and 

finishing point. This was tested by comparing a number of different smaller steps with a step 

response from 0 to 100% load. 

 Boost Pressure 

To be able to compare the steps effectively for the boost pressure the step responses that did 

not trigger the transient working mode was neglected since these will not follow the 

previously stated hypothesis because of the lack of transient working conditions. The 

remaining curves are then synced so that they start at the corresponding pressure of the large 

step response. This can be seen in Figure 14. 
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Figure 14. The step response of the boost pressure during different step sizes at 800 rpm. 

 It can here be seen that the incline of the curves are very similar during the transient mode 

and start to deviate from the large step response first after the stationary mode has been 

initiated.  This leads to the conclusion that the build up phase of the boost pressure could 

possibly be seen as only dependent on the engine speed. The reason behind this is that the 

smoke limiter restricts the engines acceleration capabilities in order to minimise the emitted 

emissions. So since the engine continuously strives to operate on this limit it will optimise the 

engine drivability and the emissions simultaneously. In more practical terms this means that 

the VGT is fully closed and the EGR valve is shut. This is done in order to maximise the 

airflow through the turbine and through that increase the acceleration of the turbine wheel. 

This also explains why the transient build up is dependent on engine speed, since an increased 

engine speed will result in a larger air flow.  

Mass flow  

The build-up phase of the mass flow resembles the boost pressure’s a lot in appearance so the 

same approach as mentioned above can be used. When the same steps as in Figure 14 is 

plotted for the mass flow it can be seen that the coherence of the build-up phase is significant. 

However, there are quite a lot of large oscillations in the signals. These are thought to 

originate from the pulsating flow caused by the valves opening and closing.  
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Figure 15. The step responses of the mass flow at 800 rpm synced the same way as the boost pressure. 

 The results shown in Figure 15 supports the conclusion that the build-up rate during the 

transient mode is constant for a set engine speed.  

Exhaust pressure 

The appearance of the exhaust pressure build-up phase is relatively different from that of the 

signals measures on the intake side of the engine. A typical step response for one of the 

analysed engine speeds is shown in Figure 16.  

 

Figure 16. The step responses of the exhaust pressure at 800 rpm, synced in the same way as the boost pressure and mass 

flow. 

The behaviour at the beginning of the step response appears to be quite different compared to 

the boost pressure’s. This can be explained by the fact an increase in torque requires that more 

fuel is burned, hence increasing the heat energy released. This contributes to warmer exhaust 

gases which accelerates the turbine faster since it expands more than cold gases.  But since the  

mass flow through the turbine is not remotely big enough when the increase in injected fuel is 

made and the gases have time to build up in the pipe volume before the turbine. This will 

increase the pressure and thus also increase the pressure difference over the turbo, and this is 

what will accelerate the turbine wheel.  
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When comparing graphs of the same manoeuvre for different engine speed, see Figure 13, it 

becomes clear that this initial transient pressure increase is dependent on the engine speed. 

This is a dependency that can easily be explained by approximating the volume between the 

exhaust valves and the turbine as almost sealed volume. The higher the engine speed is the 

higher the mass flow, and a higher mass flow means that more air mass needs to be pressed 

passed the slow moving turbine wheel. Since law of mass conservation, which states that the 

mass flow into a volume must be equal to the accumulated mass in the volume plus the mass 

flow out of it, must be fulfilled at all times the density and thereby also the pressure must 

increased since  

 

       , (5)  

      

where 

  is the pressure [Pa] 

V is the volume [m
3
]  

m is the mass of the gas in the volume [kg] 

  is the universal gas constant [J/kgK] 

And T is the temperature [K]. 

 

For this interpretation to be valid it needs to be said that the volume is considered constant as 

well as the temperature of the gas and the universal gas constant. This means that an increase 

in mass, and since the volume is constant also density, will result in an increase in pressure.  

The appearance of this initial increase in exhaust pressure is greatly related to the control 

strategy of the VGT. For example when the VGT is in its fully opened position more air will 

be able to pass, and vice versa. Since the control strategy is altered several times during an 

optimisation phase of an engine it is considered risky to include this behaviour in the 

description of the build up phase. This is due to that the primary use of this model is to 

analyse and verify whether a configuration is successful or not and this possibly includes 

altering the control strategy of the engine. Therefore it could be devastating to have a model 

which requires a new set of test cycles for every new control strategy. To avoid this the 

simplification is made that the build up of the exhaust pressure during the transient working 

mode is linear and starts at the minimum value, and grows with the range so the maximum 

value is reached when the engine returns to the stationary working mode.  
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2.3.3 Stabilising phase (3) 

There are two definitions that have to be introduced in order to be able to evaluate the third 

part of the curve. The first one is the amplitude, M, of the overshoot, [5], which is defined as 

   
           

    
. (6)  

Where  

     is the maximum value of the step response 

And      is the stable, final, value at the end of the step response. 

 

 The second definition that is introduced is the so called settling time, Ts, [5]. It is defined as 

the time from the step is introduced until the signal has stabilised itself within the range of 5% 

of the final value, see Figure 17. 

 

Figure 17. The introduced definitions Ts and M. [5] 
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Boost pressure 

The step responses of the boost pressure are analysed using the two definitions, as shown in 

Figure 18. 

 

Figure 18. The settling time Ts marked with an asterisk on the corresponding step responses. The different curves signify 

different step heights in load. 

 The asterisk indicates the time when the value is within 5% of the final value, and the 

derivative is less than a specified limit. This condition is introduced so that the computer 

program will not take the first value that is within the 5 % limit of the end value.   

The reason that some of the asterisks are placed before other big ripples that clearly exceeds 

the 5% limit is that no consideration of pulsating behaviour is taken in this model, since it is 

supposed to replicate the behaviour of a production engine where the performance is 

optimised and therefore not pulsating is this manner.  

So with help of these definitions the step responses are analysed and maps containing 

overshoot amplitude and settling time depending on engine speed and requested load is 

derived.  
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Mass flow 

The same method is used for the description of the stabilising behaviour of the mass flow. The 

largest difference between the over shoots and the settling time of the mass flow is that the 

peak value is reached slightly earlier than for the boost pressure and that there are some large 

early peaks at 1000 and 1200 rpm. All this can be seen in Figure 19.  

  

Figure 19. The step responses of the mass flow from and to different load levels. The corresponding settling time Ts is 

marked out with asterisks. 

The reason that there are more curves in the plot of the step responses for some engine speeds 

are that the equivalent steps for the other speeds are excluded since they do not trigger the 

transient mode and will therefore not follow the same pattern. 

Exhaust pressure 

The same approach is used to analyse the settling behaviour of the exhaust pressure. A plot of 

the corresponding step responses can be seen in Figure 20. 
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Figure 20. The corresponding step responses of the exhaust pressure with the settling time, Ts, marked out with an asterisk. 

The graph shows that the curves have the same general appearance as for the previous signals 

with one exception of the overshoot of the step response on 800 rpm. The reason that the 

curve takes on this appearance is that the initial pressure increase mentioned in chapter 2.3.2 

is so large that it becomes higher than the regular overshoot. A similar behaviour can be seen 

in the purple curve in the plot of the step responses on 1000 rpm.  

2.3.4 Deceleration phase (4) 

This phase, called the deceleration phase, is initialised when the derivative of the requested 

load is negative and characterised by the reduction in kinetic energy of the moving parts of 

the engine. This characteristic appearance originates from the fact that a diesel engine controls 

the produced torque by regulating the injected amount of fuel, and not by choking the intake 

air in combination with reduced injected fuel like in an Otto engine.  
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Boost pressure 

The deceleration behaviour of the engine is analysed by comparing a number of step 

responses from a higher load to a lower load. This will give an indication to what governs the 

behaviour of this phase, whether it is the initial or final load, engine speed or the step size. 

One example of this can be seen in Figure 21. The reason that there is an increase in the 

signals before 0.8 seconds is that these negative transients are following right after a positive 

step in load, and therefore has no time to stabilise before decreasing again due to the negative 

transient.  

  

Figure 21. The deceleration phase of a number of step responses in boost pressure starting from different higher load levels 

and finishing at the same. 

The figure shows an important behaviour of the deceleration phase, namely that it does not 

follow the same pattern as an increasing load step with an overshoot and a settling time. 

Instead these step responses show the characteristic behaviour of a first order system 

mentioned in [5]. Figure 21 also shows that the settling time of the different steps decrease as 

the step in load becomes smaller, but this is only natural since the decrease in signal value is 

smaller. To be able to determine how the initial load, final load and engine speed impact the 

settling time of the deceleration behaviour a set of tables of settling times for step responses 

from and to different load levels and at different  engine speeds are made. These tables point 

to the conclusion that the settling time can be assumed to be constant with respect to load 

level and therefore only dependent on engine speed. An example of a table like this can be 

seen in Table 1. 

Table 1. settling times for the boost pressure during decreasing load steps. 

Engine Speed 

/ End Load  
800 rpm 1000 rpm 1200 rpm 1500 rpm 1900 rpm 

0 % 7.3 6.5 7.2 6.9 7.0 

25 % 7.1 6.8 7.5 6.8 7.2 

50 % 6.9 7.0 7.5 7.0 7.1 

75 % 7.0 6.8 7.1 6.9 7.3 
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Exhaust Pressure 

The deceleration phase of the exhaust pressure is analysed using the same technique as for the 

boost pressure. The result from this can be seen in Figure 22. 

 

Figure 22. The step responses for the exhaust pressure. The steps down in load are made from different levels but all 

finishing at the same load level. 

When analysing the settling time of the curves it becomes clear that the same dependency as 

for the boost pressure is present. This means that the deceleration rate of the exhaust pressure 

can be described using a similar table as above.  

Mass Flow 

The same approach is applied to the decreasing steps of the mass flow. An example of this 

can be seen in Figure 23. 

 

Figure 23. Several step responses of the mass flow generated by a step down in torque from different load levels, and 

finishing at the same level. 

The same kind of table is generated for the mass flow, however the dependency of the 

deceleration phase can clearly be seen directly in the Figure 23. 
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3 Modeling  

When it comes to making a model which incorporates and replicates all the behaviour 

analysed in the previous chapter it is important to early on in the process make up a plan on 

how the model should be built up. Since analysis of the step responses show that a transient 

step response can be divided into different phases the idea was model these phases 

individually. A simplified layout of the model can be seen in Figure 24. 

 

 

Figure 24. The complete model, which is built up by sub-models for the phases 1 through 5 in green, the inputs required for 

these models in the and blue and the individual tool needed to create each parameter. 

In the following chapter the models of the 5 different phases will be discussed further and the 

tools needed to create the input parameters described. The logical equations used to sync 

together the different models will also be explained. 

An addition to the 4 phases of the transient response is made in the form of the fifth sub-

model. This model simulates the behaviour that occurs when a step in load is made that does 

not trigger the transient working mode. This occurs for instance when a small step in load is 

made or when the requested load is increased slowly much like a ramp.  

The pressures and the mass flow are all modelled using the same method but with input 

parameters adjusted to the individual signal.   
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3.1 Response Time 

As concluded in chapter 2.3.1 the response of the signals is considered constant for each 

engine. This means that the objective of a lag model is to keep a constant signal value from 

when an increase in load is requested until the pre-determined lag period has past.  This is 

done by simply holding the previous value during the entire lag period with start from the 

instance when a step is initiated.  

The input parameter to the lag model is therefore only the period between the initiation of the 

step and the time when the build up of the signal starts. 

3.2 Transient Build-Up 

By utilising the conclusions drawn in chapter 2.3.2 the build-up of the signals during the 

transient working mode can be described by mapping the signals derivative as a function of 

the signal value and engine speed. This technique allows the build-up to start and finish at any 

point and by extrapolating outside the measured transient interval the map becomes valid for a 

much wider range of steps.  

Before the extrapolation of the signals can begin the original signal is simplified using the 

Polyfit function in MatLab which approximates the signal to, in this case, a second degree 

polynomial. This simplification eliminates any discontinuity of the measured signal which 

would be enhanced when the signal later is differentiated. However, this method has some 

draw backs. For instance it can generate a decreasing signal towards the end of the measured 

interval, which results in a negative derivative. Since the objective of the transient working 

mode is to increase the output torque as fast as possible no decrease in the signals during this 

time is permitted in pressure maps.  

This restriction is implemented after the pressure has been differentiated, as a minimum 

allowed derivative. This allows the pressure to continue growing with the same speed even 

outside the analysed interval. This can for instance be seen in Figure 25. 
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Figure 25. The original measured mass flow and the extrapolated curve. 

When this procedure is finished the complete map can be generated which is the needed input 

parameter for the model simulating the transient build up of the signals. These are then used 

to find the corresponding derivative for the present signal value and by multiplying this with 

the sample time generate a new updated signal value.  

3.3 Stabilising Phase 

With the tables of the overshoot and settling time as input parameters for the model the goal is 

to describe the step response they originated from using some sort of mathematical formula. 

One applicable algorithm can be found in [5], where it states that these particular entities can 

be used to calculate the parameters ς, which is known as the relative damping, and ω0, which 

is the distance from origin to the pole, for a second order system, see Figure 26. 

 

Figure 26. The general appearance of a 2nd order system with varied relative damping.[5] 
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 These constants are then used to describe the corresponding step response, y(t),according to 

[5] as 

                             
      

     
            , (7)  

where  

             , (8)  

           , (9)  

       is the initial value before the step is initiated, 

and t is the time starting from the point step initiation. 

 

In order to see that this description of the step response produces a curve which is similar 

enough to the original the synthesised curve are compared as in Figure 27. 

 

Figure 27. The step responses generated when a step from 0 to 75% load is made. 

 

It can be seen in Figure 27 that there are some small deviations on all engine speed except 800 

rpm. These errors are considered to be within the acceptable limit. The reason the errors are of 

such a magnitude for 800 rpm is thought to be because of that the large oscillations in the 

original signal are misinterpreted in the algorithm. These oscillations however, are not a 

desired behaviour and are due to a calibration error of the engine control unit. Therefore no 

account will be taken to this, since the aim of the model is to imitate the natural behaviour and 

not the effects of the calibration errors.  
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3.4 Deceleration Phase 

As concluded in Chapter 2.3.4 the settling time of the signals are assumed to only be 

dependent on engine speed and follow the same general appearance of a first order system, 

seen in Figure 28, however going from a high to a lower value. 

 

Figure 28. The general appearance of a first order system with varied rise time, a [5]. 

Where the step response, y, is described according to [5] as 

           , (10)  

where t is the time since step initiation 

and a is 

   
 

       
, (11)  

where 

         is the settling time of the step response according to [5], in other words the time it 

takes for the signal to reach  63% of its final value. 

With these definitions in place it is possible to generate maps describing how a varies with 

respect to the engine speed. These are the needed input parameters for the deceleration phase 

model.  

To make sure that equation 10 and 11 adequately describes the deceleration phase of the 

signals the model is verified against a number of measured step responses. This verification 

can be seen in Figure 29. 
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Figure 29. The original measured signal and the synthesised signal three random steps down in torque. The solid lines are the 

measured signals while the dotted lines are the synthetically generated signals. 

3.5 Non-Transient Build-up and Stabilisation 

Since the complete model is to be able to replicate all kinds of steps it also has to be able to 

simulate what happens when for example a smaller step in load is made or when the requested 

load is ramped up so slow that it cannot be approximated with an ideal step. These two step 

kinds do not require the engine to work in the transient mode and will therefore have a 

slightly different signal response.   

The technique used to simulate this kind of step responses is the same as for the stabilising 

phase, the only difference is that equation 7 is used during the whole time the model is active.  

The input needed for this sub-model is actually the exact same as for the stabilising phase 

which means that the same maps can be used. This is due to that the measured overshoots 

used to create the maps also include small steps that do not trigger the transient working 

mode. This would indicate that if they do not trigger the transient mode in the measured test 

cycle there is no reason to believe that they will in a similar step made in a different cycle.  

3.6 Syncing of the Model Outputs 

To be able to sync the model parts together it first needs to be clear what signals are available 

in the final model environment and how these signals can be used to indicate when a model 

output should be suppressed and another one activated.  

The signals that are available in the STARS environment in each sample are amongst others 

the pedal position or torque request, the torque generated by the engine, the engine working 

mode, the engine speed and the stationary values of all the modelled signals. These can 

therefore in one way or another be used to sync all the modelled parts together. 
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3.6.1 Lag part 

The lag part of the signal is initiated when an increase in wanted load is detected. Building on 

the conclusions drawn in chapter 2.3.1 the lag subsystem will only be active during a fixed 

amount of time after the detection of a load increase.  

3.6.2 Transient build up 

This part of the model is activated when the engine mode switches from a stationary to a 

transient working mode and will be deactivated when the transient working mode is left. This 

information is known in the final model environment so all that has to be done is to state a 

condition that says that the transient build-up phase will only be active when the working 

mode is transient. 

3.6.3 Stabilising phase 

This part of the model is only activated after the transient build-up part has been active, since 

the start of the characteristic second order system step response is described by the transient 

build up part. This means that this model part needs to be activated at the same instance as the 

previous is deactivated, in other words when the mode signal goes from transient to 

stationary. The duration of this part can time wise be very varying, since it needs to be active 

until a change in wanted load is detected. This change could either be positive, when yet 

another increase in load is made or negative when the load is returned to a lower level. In 

either way, a change in wanted load must signify the point in time when the output from the 

model part describing the stabilising phase is suppressed.  

Since this model part can be activated during a long time and the goal is for the step response 

to propagate towards the stationary value, it is said that when the output from the stabilising 

phase model is within a 5 % margin of the stationary value these are put equal. 

3.6.4  Deceleration Phase 

This phase is initiated when a step down in requested load is made, and is kept active until the 

load is increased again. It is therefore this part of the model that is in charge of what happens 

to the signals when the engine is for example idling or changing between stationary working 

modes.  

3.6.5 Making the Signals Continuous 

Since every one of the above mentioned model parts work individually, and even though the 

last signal output is always fed back through the entire model, the model can sometimes 

produce a signal output that is not as continuous as the natural signal. These discontinuities 

occur mostly when the model switches between the transient build up phase and the 

stabilising phase, but also when the engine switches between the stationary working modes.  

This problem is dealt with by adding an error minimising function to the current output when 

the difference between two successive samples of the model output is too large. This error 

minimising function can generally be described like 

                               
   . (12)  

Where 
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          is the new output with the error minimised, 

     is the current model output, 

         is the model output from the previous sample, 

  is a constant larger than 0, 

and   is the time of which the error minimising function is in use. 

 

This means that the new model output is equal to the old value if kt is equal to zero and the 

original value calculated by the model is reached when kt →∞. The speed of which the 

original value is reached is controlled by varying the value of the constant k.  

4 Results 

The results from this thesis work will be displayed in two parts, first the accuracy of the 

model will be analysed and after that the calibration results will be discussed. This division is 

made because there are two main requirements for the model. It both needs to be accurate and 

easy to calibrate to different engines.  

4.1 Accuracy of the Model  

The accuracy of the model’s description of the original signal is evaluated by comparing the 

synthesised signal with the measured one and visually analysing the difference between them. 

All three modelled signals will be analysed separately and explanations will be given for 

possible deviations. 

4.1.1 Boost Pressure 

If a General step response of the modelled boost pressure and the measured signals is studied 

the conclusion that the model exhibits an acceptable correspondence, as seen in Figure 30, can 

be drawn. There are however some larger deviations that need explaining.  

 

Figure 30. The modelled and the measured boost pressure signal during an interval of the test cycle. 

The first inconsistency between the two signals is what happens when the requested torque is 

low. It can be seen in Figure 30 as the difference between the signals during the stabilisation 

period of the deceleration phase. This is due to that the stationary values are not measured 

during the same working conditions and therefore will differ when these are different. This is 

also the reason that the signals differs a lot when a small step is made from a very low load, as 

seen in Figure 31.   
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Figure 31. The step response in boost pressure generated from a step from 0 to 25 % load 

When further studying the step response in Figure 30 it is visible that the modelled signal 

shows a relatively good correspondence to the original signal. They both follow the same 

distinctive behaviour described in chapter 2.3 with all the different phases of the step 

response. However, they do differ slightly in the height of the overshoot and the stabilising 

time of the signal. These differences are considered to be within the acceptable range but 

could probably be minimised if more effort was spent on the maps of overshoot amplitudes 

and settling times with a wider range of step heights and starting and finishing levels. This 

would make the maps more reliable with more true measured values to base the interpolation 

on. Another approach which could also possibly improve the accuracy of the overshoots and 

settling time is to introduce the starting load to the maps, making them three dimensional. 

With more things identifying what kind of step that is being made a more correct assessment 

of how large overshoot and settling time the step response will have could be made.   

4.1.2 Exhaust Pressure 

The response of the exhaust pressure signal generated by the same load step can be seen in 

Figure 32. It can here be seen that the general accuracy of the exhaust pressure model is 

slightly lower than of the boost pressure. This is thought to be because harsher 

approximations have been done in this model. The dynamics of the pressure build-up for 

instance is modelled like a linear function, even though it is clearly visible in the graph that is 

it not. The height of the overshoot is another thing that is not as accurate for the exhaust 

pressure model as the other models. This is due to that the general stabilisation appearance of 

the exhaust pressure is more complex than of the boost pressure and mass flow and more 

dependent on inconsistent things like the VGT position. This makes the signal much harder to 

predict and therefore also less accurate.  
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Figure 32. The modelled and measured exhaust pressure signal when a step in load is made. 

The problems with the large errors on low signal values are present in this model too, and are 

due to the same reasons as the boost pressure. 

4.1.3 Mass Flow 

The corresponding step response for the mass flow can be seen in Figure 33, which shows that 

the accuracy of the mass flow model is very good during large parts of the step response.  

 

Figure 33. The corresponding step response for the measured and modelled mass flow signal.  

There are though some minor deviations, apart from the error in low signal values, like the 

peak that occurs when the transient working mode is left. This behaviour is thought to be due 

to the control strategy of the engine and is therefore not suitable for modelling since the aim is 

to keep the model as general as possible.  

The little time difference that can be seen between when the measured signal starts to 

decrease around time 13800 in and the time the modelled signal starts to decrease is thought 

to be due to that a lag has been added in the model to replicate the real delay that occurs 

between the point where the requested load is decreased and the time when the signal starts to 

decrease.  
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4.2 Calibration Potential  

To verify that the model is easy enough to calibrate to other engines a new set of test data is 

generated for a different engine. The engine used for the verification of the calibration 

potential is a 9 litre 5 cylinder engine, but apart a different stroke the engine has the same 

attributes as the reference engine used in the analysis.  

To ease the calibration process as much as possible a computer program which automatically 

generates the needed engine maps and parameter settings is developed. This program searches 

through the test cycle and identifies all the steps needed to produce the input data for the 

model. For this program to work correctly and to save as much test cell time as possible a new 

test cycle is developed which only contains steps where the signal has time to stabilise. The 

steps that are included in this test cycle have the same magnitude as in the previously defined 

test cycle illustrated in attachment 1. Since all the steps in the cycle are unique, with only 10 

load steps, the effective test time can been cut down from around 4 hours, for the previous test 

cycle in Attachment 1 to only 30 minutes.  

The accuracy of the calibrated model is evaluated in the same way as before. The results of 

this can be seen in Figure 34. 

 

Figure 34. The measured boost pressure of the 9 litres engine during a set of steps. 

It can here be seen that the synthesised signal has a general appearance similar to that of the 

original signal, however the levels of the modelled signal is slightly too high compared to the 

original signal. This was found to be due to that the measurement technique used to measure 

the dynamic values produced a higher torque output then what was actually present. This 

incorrect torque leads to a similar error in the levels of the stationary values. This means that 

since it is the stationary values that represent the target value for the model, the model will 
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aim for a higher value than the measured one. However, since this error is only due to 

measurement errors and not an actual problem with the model it will be disregarded. 

All in all it can be said that the calibration needed of the model to fit a new engine is both 

straightforward and efficient. The only manual work needed is to load the dynamic test cycle 

developed for the calibration tool in the correct way, which will not take that much time and 

could possibly even be automated in the future.  

4.3 Correspondence to WHTC-cycle 

To see how well the model behaves in a more challenging transient test cycle it is evaluated 

using a measured WHTC-cycle. This is done in order to make sure that the model is able to 

properly identify the different phases when the load request is changed in other ways than 

steps and ramps. This verification is also a good way to see if the assumptions made of the 

engines behaviour, like for instance that the overshoot amplitude only is dependent on the 

final load and engine speed, is true. The measured boost pressure during a WHTC-cycle is 

compared to the signal generated by the model in Figure 35.  

 

Figure 35. A comparison between the measured boost pressure and the modelled boost pressure during an interval of the 

WHTC-cycle. 

It can here be seen that the general correspondence between the measured and modelled 

signal is good in the larger sections of this interval. However, the problem with the errors in 

the stationary engine maps for low loads remains. This can be seen during the first few 

seconds and during the last negative transient. In the parts of the cycle where the changes is 

requested load is very rapid the model suffers even more from this problem, but since the 

solution to this problem is not a part of this thesis work it is disregarded.  

The model also show some larger deviations from the measured signals when it is subjected to 

small rapid load changes. This will affect the accuracy of the model because the derivative of 
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the requested load, which is used to determine which model output to use, will fluctuate and 

therefore trigger the different step response phases too rapidly. Therefore the model will for 

instance think that it is supposed to initiate a negative transient when it is subjected to a 

negative transient which in reality only is a minor dip in a larger positive transient. This could 

have a significant impact on the build-up of the positive transient, since an interruption of a 

step response could ruin the transition between transient signal build-up and stabilising phase.  

The impact of this error could be limited by filtering the requested load signal; however this 

could mean that small changes in load, generally made when driving on a motorway, could be 

filtered out. Since this model is to be used in precisely these circumstances, this is not an 

acceptable solution. Instead only the minor transients made when the starting load is higher 

than 60 % will be filtered out. This will allow the model to still respond to the load changes 

made in the lower spectra but disregard the ones made in the high load spectra. A comparison 

between the model behaviour without the filter and with the high load filter can be seen in 

Figure 36 and Figure 37 respectively. 

 

Figure 36. The measured and the synthesised boost pressure during an interval where the error is present and no filter is used. 
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Figure 37. The modelled and measured boost pressure when the requested load is filtered. 

As seen in Figure 37 the model still suffers from some other errors like overshoot amplitude 

and the miss-match in stationary and dynamic measurements. It can also be seen in the figure 

that this type of filter still leaves the small load changes in the lower load spectra untouched, 

which is the underlying cause for the error seen around 1375 s.  

The second error found during the evaluation of the WHTC-cycle is the deviations between 

the measured and modelled signal during large overshoots. This error occurs mostly in the 

mass flow and exhaust pressure signal since they demonstrate a significantly more irregular 

behaviour which is more dependent on physical attributes of the engine and on how the 

engine is calibrated. An example of this behaviour can be seen in Figure 38. 

 

Figure 38. The measured and synthesised exhaust pressure during an interval in the WHTC-cycle where the error in 

overshoot amplitude is present. 
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Apart from the previously mentioned error another cause for this particular deviation could be 

that the mathematical algorithm used to model the overshoot, explained in chapter 3.3, is 

sometimes not correct in its description of the step response and overshoot. Since the 

mathematical model used describes a second order system, [5], it is not possible to obtain a 

system that can achieve over 100 % overshoot and not get any oscillating behaviour 

afterwards. The only reason that this behaviour occurs in the mass flow and exhaust pressure 

signal is because they are highly dependent on the physical setting of for instance the VGT. 

4.4 Evaluated improvement 

In order to quantify how much better the new model is compared to the old one that was in 

place at the start of the thesis work a set of step responses are generated in both models. The 

results can be seen in Figure 39. 

 

Figure 39. The behaviour of the old and new model when subjected to a number of steps. 

It is clearly visible that the new model is significantly better than the old, and that it captures 

the dynamic behaviour of the signal much better. To see just how much better the new model 

is the error between the measured signal and the modelled signal is integrated and compared 

as 

       
                             

                             
  . (13)  

In general terms this means that the new model is five times closer to the measured signals 

than the old model which can be considered to be a good improvement. 



42 

 

5 Conclusions and Suggested Future Work 

In conclusion it can be said that the technique used in this thesis work to create a model of the 

transient behaviour of the pressure and flow of an engine was successful and fulfils the goals 

that was set at the start of the thesis work. It describes within the error limits the build-up, 

stabilising and deceleration behaviour that the previous model did not. It is also easy to 

calibrate to new engines, with the assumption that they behave in a fairly similar way and that 

the transient response can be split up into the same four phases described in this report.  

With this said, it can also be concluded that several improvements could be made to the model 

to increase its accuracy. For instance, as mentioned in chapter 4.1.1, a wider range of step 

sizes could be made to increase the accuracy of the maps describing the size of the overshoot 

and the length of the settling time. This would suggest that with more measured values there 

will be less uncertainty in the interpolation and extrapolation between the values. If the aim 

was to increase the accuracy further, and an increased test time would not be an issue, a test 

cycle including multiple repetitions of the steps could be designed. If a mean value of the 

overshoot amplitudes and the settling time was to be taken the probability of that the values 

are impacted by the cycle-to-cycle variation would decrease.  

When it comes to the approximations and modelling method of the transient build up of the 

signals it can be said that it was a successful technique. The only possible problem with this 

way of describing the build up is if the positive derivatives replacing the negative derivatives 

do not match the other positive derivatives of the measured interval. These are at the moment 

set manually to a value close to the first positive derivative of each data set. If a method of 

automatically evaluating the derivative of the signal within the measured interval were to be 

developed it could further increase the usability of the model as well as its accuracy.   

Another thing that could further increase the models accuracy in cycles consisting of different 

load ramps with varied inclinations is to make the model able to distinguish between a step 

and a ramp and through this adjust the rise time of the response to for a better fit. This could 

for instance be done by slowing down the step response of the model describing the non-

transient build-up. It is also important that the responses generated by ramps are not too fast, 

so that they are ahead of measured signal. Because this would mean that if the transient 

working mode was to be triggered during the ramp the initial signal value would be too high 

and therefore produce a transient build up much larger than what is present in the measured 

signal.  

One final suggestion that should be looked in to further is if a better suited filter should be 

added to the requested load signal in order to filter out the unwanted small fluctuations. But as 

previously said, these fluctuations could very likely be needed to capture the signals 

behaviour when the vehicle is driven in a stationary load point, like for instance on a 

motorway. So it needs to be further analysed if the benefits of introducing a filter in this load 

spectra is greater than the negative consequences it could result in. 
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7 Appendix 1 - The complete test cycle used for the 

development of the black box-model. 

 

 


