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Sammanfattning 
Konceptet downsizing är bevisligen en mycket kapabel lösning för att höja en motors verkningsgrad. Nyckelkomponenten är 
turbosystemet som använder överskottsenergi i avgaserna för att komprimera in luft till cylindern. Det finns olika typer av 
turbosystem, i denna uppsats modelleras en seriell turbostruktur tillsammans med en komplett sexcylindrig motor. En 
modellbaserad regulator utvecklas för att reglera insugstrycket. Regulatorn arbetar i moder som definieras av motorns 
arbetspunkt. För att styra turboladdningen på ett bra sätt är det viktigt att ha vetskap om energin i motorns avgaser, varpå 
mer dynamik har införts i befintlig temperaturmodell. Temperaturmätningar har lett till förvånande och teoretiskt motstridiga 
resultat. Detta har undersökts och förslag på förbättringar tas fram. 
Motormodellen har validerats och systemet tillsammans med regulatorn har utvärderats i simuleringsexperiment. Det seriella 
turbosystemet jämförs med ett VGT-system, varpå potentiella fördelar hos en seriell dubbelturbo diskuteras 
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the turbocharging system that use excess energy in the exhaust gases to compress air into the cylinder. There are different 
types of supercharging systems, in the thesis a serial turbo system is modeled together with a complete six cylinder engine.  
A model-based controller is developed that regulates the intake pressure to a certain reference. The controller operates in 
modes that are defined by the engine operating point. To control the turbochargers it is necessary to have knowledge about 
the energy in the exhaust gases. A dynamic temperature model has therefore been analyzed, which has led to surprising 
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Abstract

The concept of downsizing has proved to be a succesful method to improve engine effi-
ciency. The engine key component is the turbocharging system that use excess energy in
the exhaust gases to compress air into the cylinder. There are different types of super-
charging systems, in the thesis a serial turbo system is modeled together with a complete
six cylinder engine. A model-based controller is developed that regulates the intake pres-
sure to a certain reference. The controller operates in modes that are defined by the engine
operating point. To control the turbochargers it is necessary to have knowledge about the
energy in the exhaust gases. A dynamic temperature model has therefore been analyzed,
which has led to surprising results regarding the temperature measurements made in the
test cells. This is analyzed and improvements are suggested.
The engine model is validated and the system, including controller, is evaluated in certain
simulations. The serial turbo concept is compared to a VGT turbo system, which gives a
hint of the possible advantages of serial turbo charging.

Sammanfattning

Konceptet downsizing är bevisligen en mycket kapabel lösning för att höja en motors
verkningsgrad. Nyckelkomponenten är turbosystemet som använder överskottsenergi i
avgaserna för att komprimera in luft till cylindern. Det finns olika typer av turbosys-
tem, i denna uppsats modelleras en seriell turbostruktur tillsammans med en komplett
sexcylindrig motor. En modellbaserad regulator utvecklas för att reglera insugstrycket.
Regulatorn arbetar i moder som definieras av motorns arbetspunkt. För att styra turbo-
laddningen p̊a ett bra sätt är det viktigt att ha vetskap om energin i motorns avgaser,
varp̊a mer dynamik har införts i befintlig temperaturmodell. Temperaturmätningar har
lett till förv̊anande och teoretiskt motstridiga resultat. Detta har undersökts och förslag
p̊a förbättringar tas fram.
Motormodellen har validerats och systemet tillsammans med regulatorn har utvärderats
i simuleringsexperiment. Det seriella turbosystemet jämförs med ett VGT-system, varp̊a
potentiella fördelar hos en seriell dubbelturbo diskuteras.
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Chapter 1

Introduction

In this chapter the introduction to the thesis work is given. The background to the problem
is discussed and the purpose of solving it. This leads to a more specific description of the
problem and a shorter explanation of the planned approach and expected results.

1.1 Background

The vehicle industry has to live up to requirements both from governments and the cus-
tomers, and the demands are getting tougher and tougher to handle. Emission- and perfor-
mance requirements forces the technological development of both software and hardware
to be at the absolute forefront. A promising way to keep emission levels low but to still
maintain high performance is to combine turbocharging techniques with recirculation of
exhaust gases [1].
Turbocharging is a central part of the concept downsizing, where a smaller engine is
turbocharged to have the ability to give high power when needed, but to keep the fuel
consumption low in more normal operating points. This is achieved with the help of a
turbocharger consisting of a compressor and a turbine connected with a shaft. In heavy-
duty vehicles it is common to connect the compressor to a turbine with variable geometry
(VGT). This type of turbo is preferred to fix-geometry turbochargers with wastegate be-
cause they can compress more air fast in a wider range of operating points [2]. However,
the control and actuation of a FGT is more robust in the complicated environment (high
temperature, high pressure and a gasmixture containing particles from the combustion
process).
The maximum air velocity at the tip of the compressors rotorblade limits the maximum
pressure ratio that can be delivered by the turbocharger. This means that the engines in-
take pressure is limited to a maximum level. By connecting more turbochargers in series,
the pressure can be raised in steps and higher intake pressure gets possible. Since intake
pressure is closely related to airflow, it means that it gets possible to inject more air into
the combustion chamber [3], [4]. Considering the possibility to have different size on the
turbochargers, the operating range can be improved since a smaller turbocharger is more
efficient for low massflow and can spool up faster than a larger turbo [5]. The serial turbo
is preferably designed with fix-geometry turbochargers with wastegate to achieve a robust
system.

1



1.2 Purpose and goal

The purpose of the thesis is to analyze potential positive effects of a serial turbo with
fix-geometry turbines with wastegate. This is done with a dynamic mean value engine
model. One subtask will be to process the existing models describing the temperature in
the exhaust manifold.
Based on the model, a controller should be designed. The controller will be helpful to
show the potential positive effects of a serial turbo compared to existing engine system.
The existing engine system could be the engine model created by J. Wahlström, which
would be the reference model. It is also desirable to be able to connect the model to the
driveline model created in [6]. Main objectives in the thesis:

1. Create a dynamic mean value engine model of a diesel engine with a serial turbo
with wastegate. This is done by combining models from [1] and [7].

2. Process the existing exhaust gas temperature models. The focus in this task is not
to analyze the chemical processes in the combustion chamber, but more on how the
temperature varies in the exhaust manifold post-injection.

3. Take knowledge from 1 and 2 above to propose a controller that shows the potential
positive effects of the serial turbo engine setup compared to existing system.

1.3 Problem description

In [1] a diesel engine with VGT and EGR is described together with some controlling
tactics. It is explained that the dynamics in the engine creates a very complex controlling
problem with non-minimum phase behaviour and sign reversal. In the thesis, the aim is
also to analyze and describe the behaviour of a system, but for a serial turbo.
First, a model of a serial turbo has to be developed. The model in the thesis should
be modular to conveniently be able to switch engine components if needed. This may
simplify future work if other components behaviour and interaction is to be analyzed.
When knowledge of the system and its properties is gained, a controller should be designed.
Several approaches are known, for example the performance can be improved by using
the intake pressure as reference, or the pumping losses can be reduced by minimizing the
exhaust pressure. According to [3] it is very complicated to combine all positive effects
a serial turbo may have, it often gets to a trade-off between different properties that is
balanced by the designer.
Since the controller will be model based, the model must describe the reality very well to
achieve high controller performance. Temperature and pressure in the exhaust manifold
is especially important for controlling the turbo (and EGR) setup, since the exhaust gas
temperature is strongly connected to how much energy the turbocharger will receive [8].
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1.4 Overall approach

The starting point of the thesis is a mean value engine model created by J. Wahlström [1]
and a mean value engine model library created by L. Eriksson [7]. These two sources are
combined to create a mean value model of a serial turbo. The model will be prepared for
modeling EGR, but the thesis will not treat EGR further than that.
In the thesis a prototype of the model can not be provided, which means some compli-
cations with the validation of the model. In [1] a model is created, describing the same
engine as the thesis is supposed to model. The only difference is the turbocharging of the
engine, which in the thesis is done with a serial turbo, and in J. Wahlströms model is
done with a VGT. Since the engine part of the model should be identical, [1] can be used
as a reference. This means that in the end of the thesis, conclusions about the differences
can be made.

1.5 Expected results

The thesis is expected to end up in a complete validated six-cylinder engine model with
a serial turbo. The model will be calibrated to match measured data. However, when
comparing the serial turbo and the VGT model, small differences are expected. This is
due to an additional intercooler temperature model in the serial turbo, and also a small
difference in the control volume model structure.
The intake pressure will be controlled by a suggested controller, that follows a given
reference. The controller will follow the given reference without extreme overshoots, os-
cillations or bumps in mode switches. The turbo charging system will operate under safe
conditions since a turbo speed observer will be implemented, that estimates the turbo
speed with desired precision. This estimation is used by the controller to limit the control
signals.

3





Chapter 2

Related work & State of the Art

In this chapter the state of the art in the current field is presented. A walkthrough is done
to clarify what has already been done and what are the complications. The purpose of
this is to give the reader input on possibilities and difficulties within this field of research.
Since the approach in the thesis is model-based control, this literature study is divided in
two sections; modeling and control.

2.1 Modeling

The foundation of the modeling done in the thesis is made of the model library made
by L. Eriksson [7] together with a model made by J. Wahlström [1]. The last mentioned
model describes a diesel engine with VGT and EGR. Erikssons library is modularised to
conveniently have the opportunity to evaluate and analyze different engine configurations.
Wahlströms model is modified and some components are replaced with components from
Erikssons library to receive an engine with serial turbo.
As for engines with serial turbo it considered in [3, 9] to be a very capable solution to the
problem described in section 1.3. Despite the introduction of one more restriction in the
form of one more turbocharger, the engines total ability to transform energy increases, and
the delivered power from the engine may increase [3]. In [9] different types of serial turbos
are compared and what properties they bring to the engine. It is an interesting paper
where two serial fix-geometry turbos with wastegate appear as a robust and straightfor-
ward method, while other configurations often creates more complicated systems.
Since the focus in the thesis is turbocharging and its control, an accurate description of
the exhaust gas temperature is very important [8, 10]. This is because the exhaust gas
temperature is strongly coupled to how much energy that is entering the turbine. When
the exhaust gas leaves the combustion chamber, the temperature and pressure is relatively
high. This makes it a bad environment for sensors. In [8] a pressure estimator is devel-
oped based on the states after the two turbines. This is normally a better environment
for sensors which could lead to a more robust system.
The development of temperature models seems to have slowed down. In [10] most work up
to that time is summarized. After that article it is noticed that most research is done from
a CFD-perspective. That does not fit the purpose of the thesis since the goal is to create
a fast and simple model that describes interesting states accurately. The CFD-approach
seems to be demanding to much computational power, but maybe it is the right approach
for future model development.
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2.2 Control

Wahlström is describing the interaction between VGT and EGR in detail in [1]. The two
gas-loops creates a complex non-linear control problem with sign reversal. Several similar
studies have been done with different control algorithms applied. Not that many studies
seems to have been made on serial turbo systems which means that the knowledge of such
system and its control problem not yet is as well defined as other systems [11]. There are
different control strategies depending on the priorities of the designer. If performance is
a priority, it is common to have a relatively high pressure in the intake manifold which
means a fast torque response and a faster system. If lower fuel consumption and emis-
sions is a priority, the pumping losses should be minimized, which is done in [1]. In [4]
the control algorithm is based on a model where the high pressure turbo (the turbo close
to the engine) is of VGT type. The control strategy is a LQG-controller that is linearized
in different working points. This type of linearization is common according to [12].
In [13] a feedback with IMC-structure with a non-linear feedforward is implemented to
control a model consisting of a two fix-geometry turbos with wastegate actuation. In this
complex controller no linearization is made which affects the results positively but the
robustness negatively.
A more straightforward solution is presented in both [14] and [11], where the approach
is based on cascade control. This seems like a suitable approach since several measured
signals can be used in the controller. The cascade controllers performance is also improved
if the inner loop is faster than the outer [15]. In this case, the inner loop is made out of
the high pressure turbo which is smaller than the low pressure turbo which would be the
outer loop. In [11] there is an interesting discussion about whether the pressure sensor in
the exhaust manifold is necessary or not. In the thesis the necessary signals is assumed to
be available, which seems like a good approach in a first stage. But the question of how
many (if any) extra sensors is needed in the serial turbo structure is vital for future work.
It is noticed that in most publications the step responses for different subsystems is ana-
lyzed in an early stage. This often makes the foundation for the controller [1, 11, 14].
The most common control approach in studied literature is to divide the engines opera-
tional points in three different modes; one where only the high pressure turbo is activated,
one where only the low pressure turbo is activated and one mode where they work together
(and of course one more mode where no charging is needed). In the different modes the se-
rial turbo is then controlled to deliver a certain demanded intake pressure [14]. There are
strong coupling between intake pressure and the turbos angular velocity, but no studies
have been found where the control has been made with respect to this.
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Chapter 3

System description

The following chapter briefly describes the system that is to be analyzed and controlled.
The purpose of this is to give the reader an overview which might give an understanding
for the bigger picture and the most important components. A more detailed description
of the engine is given in chapter 4.

Figure 3.1: Model structure of an engine with a serial turbo. The arrows shows the
airflow through the components.

3.1 Model

In figure 3.1 above the engine model is described as a block diagram, where the arrows
represent the airflow through the components. Every block contains a set of equations
that describes the components dynamic behaviour. The base structure for this model
is made of [1, 7]. The models are implemented with embedded Matlab in Simulink to
conveniently be able to automatically generate C-code from the model. The purpose of
representing the model as C-code is to facilitate future work and implementation in for
example some kind of HIL-testing.
The focus in the thesis will be at the turbochargers, and mostly on the hot side i.e post
injection. It is a complex part of the engine to model since the flowcharacter is hard to
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predict and the temperatures are relatively high [16]. Allthough the model is very impor-
tant to be able to control the turbocharging in a good way.
To reduce turbo-lag and imrove the operating range, the turbochargers will be scaled. The
larger turbo will be scaled to 60 % of its size, and is implemented closest to the engine.
This will be utilized by the controller.
Another important question is if any extra sensors has to be added to the engine com-
pared to a regular single turbo. In the thesis it will be assumed that the temperature
and pressure between the compressors is measured, the question about additional sensors
contra observability is left for future work.

Figure 3.2: The input is the reference which is set by the driver. The controller is
implemented in the ECU.

3.2 Control

The environment is described in figure 3.2 above, where the controller is implemented in
the ECU-block. The ECU will receive a set of measured signals as input and generate
control signals to the actuators as output.
One important principle the controller will use is that the turbo closest to the engine,
named high pressure turbo, is smaller than the other turbo. A smaller turbo has less inertia
which means that the high pressure turbo will accelerate faster than the low pressure
turbo. This is used to reduce turbo-lag and improve the operating range. However,
a smaller turbo has a tendency to overspeed at high massflow, which is why a safety
function is implemented. An observer supervise the turbochargers speed and a limiter
that limits the control signal is implemented. The controller operates in three modes
that are chosen based on the engine operating point, which is coupled to the compressor
efficiency. This is explained further in chapter 6.
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Chapter 4

Engine Model

Since the thesis mainly focus on turbocharging, this chapter only shows the mathemati-
cal equations that describes the turbochargers. The complete engine model is stated in
appendix A.

4.1 Engine modelling

The engine that is modelled is a six-cylinder heavy-duty engine with two turbochargers
in series that are actuated by wastegate. Inspiration to the model is mainly received from
[1, 17, 18, 19, 20]. Since no serial turbo can be provided for measurements, the model
described in [1] will be used for validation. All models are implemented componentwise to
facilitate future work and the analyze of different engine setups. All equations and signal
definitions of the engine components are stated and described in appendix A.

4.2 Turbo model

In the following section the turbo model is explained, both compressor, turbine and its
dynamics. Also, a short description of a turbo map is made.

4.2.1 Turbo maps

Turbo maps are used to describe a turbochargers performance in different operating points.
This is the key to describing the turbo, in other words it is the reference. It is a compli-
cated process to create a turbo map and one should always remember that the mapping is
made by man and different factors can affect whether to trust the map or not. A deeper
study of turbo maps is made in [19].
Corrected variables are used in the turbo map in order to make it valid for all circum-
stances, not only for the environment where the map was made. The inlet conditions may
of course vary, but also the ambient conditions may differ a lot depending on where the
engine is running. One example of this is a truck driving from sea-level through a moun-
tain pass, where the ambient pressure will change. As a compensation for this, corrected
variables are used in the design process. Below is a short description of what a standard
turbomap contains [21]. It is divided into one compressor part and one turbine part.

9



Compressor map

In the compressor part of the turbomap there are four interesting variables; massflow,
pressure ratio, speed and efficiency. These variables are enough to get a good picture of
the performance of the compressor. Notice that the massflow and speed are corrected
variables and that efficiency means the adiabatic efficiency. The corrected massflow is
explained below.

ṁc,corr = ṁc

√
T01

Tc,ref
p01
pc,ref

(4.1)

Where ṁc is the true, non-scaled massflow through the compressor, T01 is the inlet temper-
ature, p01 is the inlet pressure, Tc,ref and pc,ref are the reference values for temperature
and pressure respectively. The compressor pressure ratio is described by the following
equation.

Πc =
p02

p01
(4.2)

Where p02 is the outlet pressure, which means that when the compressor is activated the
pressure ratio is larger than one. The corrected compressor speed is defined as follows.

Ncorr = Ntc
1√
T01

Tc,ref

(4.3)

In above, the Ntc is the real, non-scaled turbo speed. The adiabatic efficiency is described
below.

ηc =
Π
γc−1
γc

c − 1
T02

T01
− 1

(4.4)

Where γc is the ratio of specific heat. The equation describes how efficient the compres-
sion process is compared to an adiabatic process, i.e how the pressure increases in relation
to how the temperature increases. In an ideal adiabatic process there is no heat transfer
to the surroundings.
When measuring the compressor map, the compressor speed is fixed and the massflow and
pressure ratio is varied. This is done for several speeds. The result is so called speed lines,
who will have an upper limit where surge occur, and a lower limit where the compressor
chokes.
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Turbine map

The turbine map also contains four interesting variables; massflow, expansion ratio, speed
and efficiency. Massflow and speed are corrected values and the efficiency is the adiabatic
efficiency. The turbine map usually also contains a flow parameter TFP and its reduced
speed TSP.
The corrected massflow is given by the following equation.

ṁt,corr = ṁt

√
T03

Tt,ref
p03
pt,ref

(4.5)

Where Tt,ref and pt,ref are the reference temperature and pressure respectively. ṁt is the
massflow passing through the turbine, T03 and T04 is the temperature at the inlet and
outlet respectively. p03 is the inlet pressure and p04 is the outlet pressure. The massflow
through the turbine is often represented by the turbine flow parameter, TFP, which is
described below.

TFP = ṁt

√
T03

p03
(4.6)

The turbines expansion ratio is shown below.

Πt =
p03

p04
(4.7)

This variable is often inverted, it may vary. This means that the designer has to pay extra
attention to this variable. The corrected speed follows the scaling shown in the equation
below.

Nt,corr = Ntc
1√
T03

Tt,ref

(4.8)

As for the corrected massflow, the speed is often represented by another variable, namely
the reduced speed expressed as the turbine speed parameter, TSP.

TSP = Ntc
1√
T03

(4.9)

As shown above the reference values is removed when expressing TFP and TSP. This
means that the turbine speed only is scaled with the factors shown in the equations
above. The adiabatic efficiency is shown below.

ηt =
1− T03

T04

1−
(
p04
p03

) γt−1
γt

(4.10)

Where γt is the ratio of specific heat for the exhaust gases passing through the turbine.
The exhaust gas temperature is often relatively high, which can complicate measurements.
Because of this, another equation is available that is based on the compressor power as
shown below.

Pc = ṁccp,c(T02 − T01) (4.11)

Where cp,c is the specific heat at constant pressure at the compressor. This equation can
be used to express the efficiency according to the equation below.

η̃t = ηtηm =
ṁccp,c(T02 − T01)

ṁtcp,tT03

(
1−

(
1

Πt

) γt−1
γt

) (4.12)

Where ηm is the mechanical efficiency of the turbo shaft. For further reading about turbo
maps, [19] is highly recommended.
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4.2.2 Implementing a turbomap

The turbo map describes the properties of the turbocharger and there are mainly two ways
of implementing it - either describing the map with mathematical equations or implement
the whole map as a look-up table and extrapolate the demanded data. In the thesis a
mathematical model is used.
A mathematical model can easily be manipulated to match mapped data very well in
a desired operating range, but there are few models that match data over the whole
operating range. For example one can compare one of the more simpler models described
in [17] with a more advanced model described in [19]. It is clear that the more advanced
model matches the data in what is seen as the whole operating range. But the simpler
model match data well in some parts of the operating range, and this part is easy to move
around and manipulate. It all depends on in what way the designer intend to use the
model. In the next section the models are shown.

4.2.3 Compressor model

The two compressors will be modelled in the same way, the difference will be in the physi-
cal properties (size) and the estimated parameters who are depending on the maps. Since
the two turbos will have different size, their behaviour will differ i.e the maps will differ.
See section 4.2.7

Input

Variable Unit Description
ωtc rad/s Turbo speed
pus Pa Upstream pressure
pds Pa Downstream pressure
Tus K Upstream temperature

Output

Variable Unit Description
Tqc Nm Torque demanded by compressor
ṁ kg/s Massflow through compressor
Tc K Temperature of the massflow

Parameters

Variable Unit Description
Dc m Compressor diameter
Πc,max - Maximum pressure ratio
Ψmax - Maximum energy transfer coefficient
cp J/kgK Specific heat capacity
γ - Ratio of specific heat
ηc,max kg/s Maximum efficiency
ṁc,corr,max kg/s Maximum corrected massflow
Q11, Q12, Q22 - Constants in efficiency model
pref,c Pa Reference pressure
Tref,c K Reference temperature
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Equations

U2 =
Dcωc

2
(4.13)

Ψ = 2cpTus

(
Π
γ−1
1 − 1

)
U2

2

(4.14)

Φ =

√
1−Ψ2K1

K2
(4.15)

ṁc = Φ
U2pusπD

2

Tus4R
(4.16)

ηc = ηc,max − χ>Qηχ (4.17)

χ =

[
Φ− Φmax

Nc,corr −Nc,corr,max

]
(4.18)

Qη =

[
Q11 Q12

Q12 Q22

]
(4.19)

Tc = Tus

Π
γ−1
γ

c − 1

ηc
+ 1

 (4.20)

Tqc =
Pc
ωc

=
ṁccp(Tc − Tus)

ωc
(4.21)

The parameters are estimated using the compressormap based on stationary measure-
ments. The estimation is done with curvefitting.
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4.2.4 Turbine model

The massflow through the turbine is described by a model that has no physical relation,
but that has shown to give a good match to data [18]. The efficiency is modelled as a
parabolic function of the blade speed ratio, BSR.

Input

Variable Unit Description
pus Pa Upstream pressure
pds Pa Downstream pressure
Tus K Upstream temperature
ωtc rad/s Turbo speed
Awg m2 Effective flowthrough area, wastegate

Output

Variable Unit Description
Tds K Downstream temperature
ṁds kg/s Downstream massflow
Tqt Nm Torque from turbine

Parameters

Variable Unit Description
cp J/kgK Specific heat capacity
γ - Ratio of specific heat
C - Scaling factor turbine capacity
K - Fitting parameter choke function
rt m Turbine blade radius
ηt,max - Maximum efficiency
BSRopt - Blade speed ratio at maximum efficiency

Equations

Tqt =
ṁtcpTem
ωtc

[
1− (Πt)

γ−1
γ

]
ηt (4.22)

MFP = C

√
1− 1

ΠK
t

(4.23)

ṁ =
pem√
Tem

MFP (4.24)

BSR =
rtωtc√

2cpTem

(
1−Π

1−γ
γ

t

) (4.25)

ηt = ηt,max

(
1−

(
BSR−BSRopt

BSRopt

)2
)

(4.26)

The turbine actuator (wastegate) is modeled as a first order system with a time delay.
The parameters in the model stated above is estimated with the turbine map, which is
shown in section 4.3.6.
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4.2.5 Turbo dynamics

The shaft connecting the compressor and turbine is adding dynamics to the system due
to inertia, friction and damping. Friction and damping is merged to one constant.

Input

Variable Unit Description
Tqc Nm Torque demanded by the compressor
Tqt Nm Torque from turbine

Output

Variable Unit Description
ωtc rad/s Turbo speed

Parameters

Variable Unit Description
Jtc kg/m2 Inertia of the shaft
dtc kgm2rad/s Friction- and dampingfactor

Equations

d

dt
ωtc =

1

Jtc
(Tqt − Tqc)− dtcωtc (4.27)
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4.2.6 Bypass and Wastegate actuators

The wastegate valves are the actuators for the turbocharger system together with the
bypass valve. The massflow through the valves are modeled the same way as for the
throttle, see apendix A. However, the actuator models differ. These valves are modeled
as a first order system with a time constant.

Input

Variable Unit Description
uv − Control signal to the valve

Output

Variable Unit Description
Aeff,v m2 Effective flowthrough area of the valve

Parameters

Variable Unit Description
τv s Time constant of the valve

Equations

˙̃uv =
1

τv
(uv − ũv) (4.28)

τv may be estimated by analyzing stepresponses in the control signal.
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4.2.7 Turbo scaling

One turbo map for a standard fix-geometry turbo is provided. This turbo is originally
designed to operate alone in a truck, which is why this turbo will serve as low pressure
stage. To get a suitable model for the high pressure turbo the given map is scaled.
The choice of turbo sizes is an important design task that affects the flexibilty and ef-
ficiency of the whole engine. The matching is not a simple task since the smaller high
pressure turbo has to be able to deliver desired massflow and pressure ratio at low speeds.
For higher speeds the sharing of workload between the turbos and the phasing out of the
high pressure stage is crucial for the engine efficiency. This is further discussed in [5].
In the thesis a simple scaling method will be used. The goal is to achieve a turbo about
60 % the size of the turbo given and use it as high pressure turbo. The calculations will
go under certain assumptions, described in the following.
The first assumption is that the ability to compress air will not change with different turbo
size, ie the pressure ratio in the turbo map will not be scaled. Because of the smaller turbo
the massflow through the compressor is considered to be 60 % of that given for the low
pressure turbo. The high pressure turbo speed should match the massflow which is why
the turbine speed is increased accordingly. It is all straightforward - a smaller turbo is as
capable of compressing air as a bigger turbo, but can do it for lower massflows. It will
also rotate faster for a certain massflow than a larger turbo.
The efficiency of the scaled turbo is considered to be equal to the original turbo map.
The diameter of the high pressure turbo is considered to be 60 % of the low pressure
turbo. This affects the turbo inertia quadratically since the inertia is proportional to the
radius squared.
The two turbo maps are plotted in figure 4.1 below.

Figure 4.1: The provided low pressure turbo map is compared to the scaled high pressure
turbo map.
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4.3 Parametrization

In this section it is explained and shown how the model is parameterized to behave as the
physical components it is supposed to describe.

4.3.1 Cylinder and throttle

The parametrization of the cylinder and the throttle is taken straight from [1]. This gives
a good reference for these parts of the engine setup, i.e the only thing that is modified in
this work compared to mentioned reference is the gas exchange system. This makes the
comparison easier.
The parametrization has been made in four steps. First, the static parameters are cal-
culated for each subsystem with least square method. The same method is then used to
optimize the static parameters for the whole model globally. In step three the actuators
parameters are optimized to fit dynamic data. The last step is to optimize the other
dynamic parameters for the whole model globally.

4.3.2 Incompressible flow restriction

The three incompressible flow restrictions are the airfilter, the intercooler and the after
treatment system. The flow restriction parameter Hr is calculated by least square curve-
fitting. This requires knowledge of the massflow though the component, the upstream
pressure and temperature and the downstream pressure in a stationary operating point.
The more data points, the better the estimation. The results are presented in the follow-
ing figures.

Figure 4.2: Validation of the air filter flow restriction. The estimation is made in 5000
stationary points. The model fits the measurements well, apart from some datapoints that
stand out. No compensation has been made for them.
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Figure 4.3: Validation of the exhaust system flow restriction. It is clear that the model
gives a better fit for low pressure differences. For higher pressure difference the massflow
will be modeled a bit too low.

Figure 4.4: Validation of the intercooler flow restriction. The model gives good fit for low
pressure difference, but estimates the massflow a bit too low for higher pressure differences.

It is noticed that the incompressible flow restriction model gives a better fit for low pressure
difference compared to high.
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4.3.3 Intercooler temperature model

The intercooler temperature is modeled by a simplified version of a regression model
suggested in [17]. The coolants massflow is not considered in the thesis due to lack of
measured data. The model is saturated to make sure that the temperature out of the
intercooler is not lower than the coolant. The parameters are estimated with the method
of least squares, and requires measurements of the up- and downstream temperature, the
cooling temperature and the massflow through the intercooler in a stationary operating
point. The model validation is illustrated in figure 4.5 below.

Figure 4.5: Validation of the intercooler temperature model. The model gives a good fit
in a large part of the measured range, the absolute mean relative error is small.

The model works well in a large operating range. Since temperature differences are not
that large, the relative error is small.
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4.3.4 Wastegate and bypass valve validation

The wastegates and the bypass valve are modeled as actuators with first order systems
with a time constant. The bypass actuator is a assumed to have same dynamics as the
wastegates. The model can be rewritten as shown below.

dũv
dt

=
1

τ
(uv − ũv)→ ũv = uv(1− e−

t
τ ) (4.29)

The above stated equation means that the time constant is equal to the time it takes for
the step response to reach 63 % of the reference value. This is illustrated in figure 4.6
below.

Figure 4.6: Validation of the time constant in the actuator valves. The time constant is
calculated to 70 ms.
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4.3.5 Validation compressor model

The compressor model described in section 4.2.3 is validated below, both for low- and
highpressure turbo. There results are presented in figure 4.7.

(a) Massflow validation, LPC (b) Efficiency validation, LPC

(c) Massflow validation, HPC (d) Efficiency validation, HPC

Figure 4.7: Validation of compressor model. First row is describing the low pressure
compressor and the second row is describing the high pressure compressor.

The model is fitted to data with the least squares method. The massflow model has better
fit for low load, i.e when the pressure ratio and massflow are low. The efficiency model
seems to have better fit at higher pressure ratios. This is important to consider when
designing the model to get a model that works well in a desired operating point. In the
thesis a more general model is to be designed and the models are fitted to the engines
whole operating range. More advanced compressormodels are presented in [19].
It is noticed that the high pressure compressor is more efficient at lower massflow than the
low pressure compressor. This will be used in the controller, and is explained in chapter 6.
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4.3.6 Validation turbine model

This section shows the validation of the turbine model described in section 4.2.4. The
parametrization is made with least square curve fitting. The massflow model described in
(4.23) gives a model that matches measured data as in figure below.

Figure 4.8: Validation of the massflow through the turbine. It is noticed that the model
differ from the measured data for higher MFP and pressure ratio.

It is clear that the model does not capture a certain behaviour of the turbine, and by
analyzing the model in section 4.2.4 it is noticed that the massflow is not a function of
the turbine speed. Physically, higher turbine speed means higher massflow which is why
a turbine speed dependency is added to the turbines massflow parameter according to
(4.30) below.

MFP = (a1n
a2
t,red)

√
1− 1

Π
a3nt,red
t

(4.30)

This gives a better results, which can be seen in figure 4.9 that shows the total validation
of the two turboaggregates.
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(a) Massflow validation, LPT (b) Efficiency validation, LPT

(c) Massflow validation, HPT (d) Efficiency validation, HPT

Figure 4.9: Validation of turbine model. First row is describing the low pressure turbine
and the second row is describing the high pressure turbine.

Both models seems to match the measured data well in the whole operating range. The
massflow model captures the turbine speed dependency well.
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Chapter 5

Temperature model

This chapter describes how the existing exhaust gas temperature model may be improved.

5.1 Derivation of dynamic equations

The main goal is to add dynamics to the model to better be able to describe temperature
transients. The chosen way of doing this is to add some thermodynamic inertia, namely
the mass of the exhaust manifold. The mass will function as a lowpass filter since heat
will transfer between the gases and the wall. In transients the temperature of the mass
will not only vary with time, but also the distance from the heat source. See figure 5.1
below.

Figure 5.1: A descriptive figure of the exhaust manifold, which is divided into n pipe
sections dx. General equations are stated for one section.
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5.1.1 Gas temperature

Assume a pipe section dx. During the time dt a certain amount of mass and enthalpy
will enter the section. The mass and enthalpy that leaves the pipe section will not only
be a function of t, but also x since the density is not considered constant and the gas
temperature vary with the varying wall temperature. This means that the inner energy
is a function of both t and x. This is studied further in [22], and a governing dynamic
equation is stated based on mass- and energyconservation. This equation is shown below.

ρ(x, t)
πD2

4

∂u

∂t
+(h(x, t)+u(x, t))

∂ṁgas

∂x
= −απD(Tgas(x, t)−Twall(x, t))−ṁgas

∂h

∂x
(5.1)

Where ρ is the gas density, D is the pipe diameter, h is the enthalpy, u is the entropy
(inner energy) and α is the heat transfer coeffiecient.
The equation above is derived from fundamental laws and is a general equation, valid for
any type of fluid and flow characteristics. Since the fluid in this case is exhaust gas, an
assumption that the fluid is an ideal gas seems reasonable. For ideal gases holds following.

h− u = pv = RT (5.2a)

∂u

∂t
= cv

∂T

∂t
(5.2b)

∂h

∂t
= cp

∂T

∂t
(5.2c)

To achieve a fairly simple and computationally reasonable model, an assumption that the
massflow does not change with the distance x.

∂ṁ

∂x
= 0 ⇐⇒ ∂ρ

∂t
= 0 (5.3)

When taking a closer look at this assumption the conclusion might be that it is not to
recommend. That is since the massflow in the exhaust port from the cylinder is strongly
pulsating. The pulsations are spread into the exhaust manifold, which means that the
massflow really does vary with the distance x. Nonetheless this assumption is made and
motivated by the decreasing computational complexity and that the model is a mean value
model that neglects the pulsations.
With these assumptions following model is obtained for the gas temperature.

ρcv
πD2

4

∂Tgas
∂t

= −απD(Tgas − Twall)− ṁcp
∂Tgas
∂x

(5.4)

According to [22] the time derivative of the exhaust manifold inlet temperature often
is relatively small and can be neglected. The now even more simplified model can be
expressed as follows.

ṁcp
∂Tgas
∂x

= −απD(Tgas − Twall) (5.5)

One important note is that the gas temperature in (5.5) is a function of both the distance
x and the time t. That is since the wall temperature Twall is a function of both x and
t, and the massflow ṁ is a function of time. This final model is simplified in order to
facilitate the implementation. When implemented and the analyzing of the model begins,
it is important to have knowledge about these assumptions.
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5.1.2 Wall temperature

Heat that is transferred from the gases to the pipe section dx during the time dt is
described by (5.6) below, and is represented by dq1 in figure 5.1.

dq1 = απD (Tgas − Twall) dxdt (5.6)

Heat losses to the surroundings from the pipe section dx during the time dt is made out
of convection and radiation, who together are represented by dq3 in figure 5.1. This heat
loss is expressed mathematically below, where the first term is representing convection,
and the second term radiation.

dq2 = βπD(Tgas − Twall)dxdt+ εσπ(D + 2hwall)(W
4
wall − T 4

a )dxdt (5.7)

Conduction in the wall in the pipe section dx during the time dt is represented by dq2 in
figure 5.1. The equation is shown below.

dq3 = λwallπ(h2
wall +Dhwall)

∂2Twall
∂x2

dxdt (5.8)

The change in inner energy of the pipe sections mass is described as follows

∆u = πρwall(h
2
wall +Dhwall)cwall

∂Twall
∂t

dxdt (5.9)

As for the gas temperature the law of energy conservation can be applied, which means
that ∆u = dq1 + dq3 − dq2. This gives the following expression, which is the final model.

ρwall(h
2
wall +Dhwall)cwall

∂Twall
∂t

dxdt = (αD (Tgas − Twall) dxdt) +

+

(
λwall(h

2
wall +Dhwall)

∂2Twall
∂x2

dxdt

)
−

−
(
βD(Tgas − Twall)dxdt+ εσ(D + 2hwall)(W

4
wall − T 4

a )dxdt
)

(5.10)

27



5.1.3 State space model

The temperature model can be represented in state space form by combining (5.5) and
(5.10). To avoid computational complexity the convection in equation 5.10 is assumed to
be dominant, and the other losses are neglected [10].
By dividing the exhaust manifold into n sections the derived equations may be rewritten
as follows for section k.

dTwall,k
dt

= − αD

ρwall(h2
wall +Dhwall)cwall

Twall,k +
αD

ρwall(h2
wall +Dhwall)cwall

Tgas,k

(5.11a)

Tgas,k =
απD

απD − ṁcp
Twall,k +

−απD
απD − ṁcp

Tgas,k−1 (5.11b)

Note that the model above may be expanded to also model the conduction and radiation
according to equation 5.10. The input to the state space model is the gas temperature
at the inlet, Tgas,k−1. The state is the wall temperature in the pipe section, Twall,k,
and the output is the gas temperature in the pipe section Tgas,k. If the inlet and outlet
temperature together with the massflow is measured, it is possible to estimate the heat
transfer coefficient. This is preferably done with a grey-box estimation in Matlabs System
identification toolbox.
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5.2 Temperature measurements

In the test cell there are two temperatures that are of special interest for the thesis, the
cylinder out temperature and the turbine inlet temperature.

5.2.1 Experimental setup

The two temperatures are measured in different ways. The cylinder out temperature is
measured directly after each exhaust port, i.e each cylinder has its own temperature sen-
sor. The sensors are bored through the pipe flange connected to the engine block. Since
the model is to describe a mean value engine, the mean value of all exhaust ports serve
as cylinder out temperature.
Each cylinder has its own exhaust pipe. The pipes from cylinder one to three are con-
nected, and the same goes for cylinder four to six. These two pipes leads the flow into the
turbine, and the mean value of the temperature measured in each of these pipe connec-
tions describes the turbine inlet temperature. The two sensors are bored through a flange
where the pipes are connected to the turbine. See figure 5.2 below.

Figure 5.2: An overview of the sensor placement in the exhaust manifold.

In the dynamic experiments the engine is programmed to follow a response curve that
makes steps in engine load at certain engine speeds. The stationary measurements are
made out of several operating points where the engine is allowed to stabilize during a
certain time.
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5.2.2 Experimental results

Since no energy is added in the exhaust manifold and the heat flows described earlier
indicates on losses to the engines environment via the manifold wall, the temperature
would without doubt decrease towards the turbine. Clearly, after this experiment that is
not the case. In figure 5.3 below, the above mentioned temperatures are plotted versus
time during the transients, and the turbine inlet temperature is higher than the cylinder
outlet temperature. According to theory this is surprising, and it leads to the question
what actually is measured.

(a) Dynamic temperature measurement (b) Static temperature measurement

Figure 5.3: Exhaust manifold temperature measurement results. As seen above, the
turbine inlet temperature is higher than the cylinder outlet temperature.

5.2.3 Temperature measurements

By comparing theory with the experimental results one can either trust theory or the
measurements. In the thesis a lot of work has been made with the theoretical model and
the level of trust for it is high. Therefore the temperature measurements are investigated.
Figure 5.4 below shows an overview of the measurements made in the manifold.

Figure 5.4: An overview of the temperature measurements made in the exhaust manifold.

The sensors are of thermocouple type. The principle of a thermocouple is that when two
threads of different material are welded together and their temperature change, an electric
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potential is introduced. This potential can be measured and related to a reference and
the change in temperature.
There are a lot of different types of thermocouples with two variants especially interesting
for the upcoming theory; isolated and exposed measurement. The isolated measurement
has the welded connection of the threads safely placed inside a protectional housing, and in
the exposed measurement the connection is not protected. Logically, this means that the
isolated measurement withstand higher temperatures. Because of this, the thermocouple
used in the experiment is of isolated type, and has a diameter of 4 mm. See figure 5.5 for
a closer look.
When the engine is operating it is cooled. In the dynamic experiment described above,
the coolants temperature is about 363 K. The gas temperature may in the transients be
as high as 870 K, see figure 5.3. When the temperature probe is inserted into the exhaust
pipe the temperature gradient between the gas and the surroundings will introduce a heat
flow in the protectional housing. When the immersion depth decreases the temperature
gradient will increase and therefore also the heat flow to the surroundings. This means
that for decreasing immersion depth the measurement error will increase.

Figure 5.5: A closer look at the temperature sensor.

A model for the actual measured temperature as a function of immersion depth is sug-
gested in [23], and can be rewritten as follows.

Tmeas = (Twall − Tgas) e
−L
Deff (5.12)

Tmeas is the measured temperature, Twall is the wall temperature and Tgas is the gas
temperature. L is the immersion depth and Deff is the effective diameter of the probe.
For the probes at the exhaust port the wall temperature is assumed to be close to the
coolant temperature, ie 370 K. The gas temperature is considered to be 773 K. With
this model and assumptions, the temperature measurement of the probe as a function of
immersion depth is shown in figure 5.6. It is clear that the immersion depth influence the
temperature measurement. For example, the common rule of thumb that the immersion
depth shall be ten times the probe diameter can be motivated since the relative error for
a depth of 40 mm is lower than 1 %.
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(a) Measured temperature as a function of im-
mersion depth

(b) Relative error of the measurement as a func-
tion of immersion depth.

Figure 5.6: Illustration of the influence of immersion depth of the temperature probe.

According to in-house definitions, the sensors are inserted 3-4 mm inside the pipe center,
with at least 40 mm insertion depth. This minimum depth is questionable since the
diameter of the exhaust pipe is about 43 mm. If the tip of the probe is inserted 3 mm
inside the center of a pipe with that diameter the immersion depth will be 20 mm. In this
case, according to figure 5.6, the temperature is measured about 40 K wrong.
For a probe closer to the turbine the wall temperature will be higher. This is because
energy is absorbed by the turbine and transferred to the compressor, and this process has
an efficiency. The losses will create heat flow which is absorbed by the thermodynamic
inertia made out of the turbine housing. If the wall temperature is higher, the temperature
gradient will be lower, and therefore also the heat flow. The measured temperature error
will be smaller. An illustration of this is shown in figure 5.7 below, where the measured
temperature is described as a function of wall temperature. The immersion depth is fixed
to 20 mm.

Figure 5.7: Measured temperature as a function of wall temperature. The immersion
depth is 20 mm.

For example, if the wall temperature close to the turbine is 673 K, the measurement error
is about 9 K. This means that the influence of the immersion depth is depending on the
wall temperature, or more specifically the temperature gradient. A small temperature
gradient means less heat flow and therefore smaller measurement error.
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5.2.4 Suggested solution

A good start to analyze this problem would be to control how the probes are installed.
The in-house regulations are contradictory since the minimum immersion depth is 40 mm
but the pipe itself has a diameter of around 43 mm. Knowledge about how this is solved
is sufficient for future work.
More advanced temperature measurements has been made at the cold side of the engine
by the royal institute of technology [24]. Since the environments are a lot nicer at the
cold side of the engine than post injection, an extremely thin thermocouple could be used.
This has advantages in both isolation and time response. The experiment setup also al-
lowed measurements at different points in i thin slice of the pipe, which resulted in a gas
temperature profile for the pipe disk.
A similar approach would be interesting to apply at the exhaust manifold. The ther-
mocouple would have to be chosen to be able to handle the tougher environment. The
exhaust gas contain particles that may harm the thermocouple threads. The environmen-
tal conditions such as temperature and flow can be used to calculate a minimum diameter
of the thermocouple threads that can stand for example flow forces. This is left for future
work.
The mentioned approach is illustrated in figure 5.8 below.

Figure 5.8: A suggested type of measurement. The thermocouple is implemented without
protectional housing, and the welded connection is placed where the temperature is to be
measured. It is important to isolate the thermocouple connections to the manifold wall
due to heat flow, as can be seen in section 5.2.3.
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Chapter 6

Controller design

In this chapter the controller is shown and the process of designing it is explained. The
main objective for the system control is to meet the demanded intake pressure since it is
closely coupled to engine torque and thereby the driving experience.

6.1 Control problem

In diesel engines there are normally no throttle, the torque is only controlled by the amount
of injected fuel. This is a more straightforward way of controlling the torque compared
to a spark ignited engine. In a spark ignited engine lambda has to be more accurately
controlled and therefore both air and fuel injections to the cylinder has to be controlled.
However, the aftertreatment system of modern engines needs exhaust temperatures above
a certain limit to operate optimally. To control the temperature, the flow through the
system has to be controlled. This is often done by a throttle although the restriction has
a cost in the form of a pressure loss.

Figure 6.1: The input and output of the engine control unit. The signal nomenclature
is explained in appendix B.

To activate the turbochargers the exhaust gases is led through the turbines which drives
the compressors. The energy in the gases is strongly coupled to the exhaust temperature
- hot gases means more energy than cold. To control the compression of air on the
inlet side, the speed of the compressor has to be controlled. Thereby the amount of air
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flowing through the turbines have to be controlled, which is done with a bypass-valve
called wastegate. In addition to this, it is important to have the right knowledge about
the temperature of the gases, to be able to control how much energy that is put into the
turbines.
The smaller turbocharger closest to the engine is also able to bypass the compressor on
the inlet side. This is since it is a smaller charger, its speed might overshoot at high
flows. To avoid dangerous operating points it is necessary to be able to deactivate this
turbocharger fast. The bypass valve solves this problem.
The above mentioned actuators is used to control the intake pressure given the engine
speed, amount of injected fuel and demanded intake pressure. The control unit is showed
in figure 6.1 above. The signal nomenclature is explained in appendix B.

6.2 Control approach

In this section the overall plan to solve the problem is discussed. There are many ways
of solving this problem, see 2.2. Some solutions are very complicated and complex, but
in the thesis one objective is to keep it simple but still receive good results. Therefore
the approach will be straightforward and hopefully easy to follow. Overall, the engines
operating points are divided in to four modes, listed below.

1. Mode 0 - No turbocharging

2. Mode 1 - Only high pressure turbo active

3. Mode 2 - Both turbochargers active

4. Mode 3 - Only low pressure turbo active

How these modes are chosen and how the control is designed for each mode is described
in the following sections.

6.2.1 Operating modes

The modes above are the foundation in the upcoming controller, since they describe how
the turbocharger shall behave depending on the engines operating point.
One of the modes clearly stand out, mode 0. In this mode the demanded intake pressure
is equal to, or below the ambient pressure. No turbocharging is needed, and the intake
pressure will be controlled by the throttle. Since the throttle has a pressure loss and it is
controlling the amount of air injected to the engine, it has a vital function for the engine.
Bacause of this the throttle control will be made not only with a feedback link, but also
with a feedforward. The feedback will be made with a PI-controller with anti-windup.
The other three mode needs to be able to interact smoothly with bumpless transitions.
A midrange controller is used for mode 2, where both turbochargers are running together.
For the other two modes, where the turbochargers are running individually, a feedback
PID-controller with anti-windup is used. Since the reference in this case is the charging
pressure which is not vital for the engine, only a feedback link is used.

6.2.2 Mapping of modes

The overall goal is to make the gas exchange as good as possible. This means that the
ability to compress air always should be as good as the operating point allows. A straight
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forward approach is to analyze the efficiency of the compressors and make the controller
to always choose the best, most efficient solution. The controller should be able to make
this choice with knowledge of engine speed and the demanded intake pressure.
If the modeled efficiency of the two turbochargers are plotted, some differences will be
noticed. The smaller turbocharger, the high pressure turbo, has a its highest efficiency at
lower massflow compared to the low pressure turbo. The demanded intake pressure, or
the demanded pressure ratio for each turbocharger, almost does not affect the efficiency
at all. A midrange area is set where the two turbos have their most effective zones, which
is corresponding to mode 2 where both turbochargers are activated. In a real life situation
this could be examplified as if the driver makes a large step in load. At first the massflow
will be low - the efficiency of the high pressure turbo is higher than for the low pressure
turbo - which is why the high pressure turbo is chosen. That is mode 1. The massflow
increases when the step in the demanded intake pressure is made, and the controller enters
the midrange zone. This is mode 2 where the two turbos are working together. When
the massflow is high, the low pressure turbo has the highest efficiency, which is why the
high pressure turbo is shut down. This is mode 3 where only the low pressure turbo is
activated. This example shows that the high pressure turbo helps the low pressure turbo
to gain speed, and increases the compression efficiency at low massflow. The modeled effi-
ciency for both turbochargers according to (4.17) are plotted together with the midrange
zone and shown in figure 6.2 below.

Figure 6.2: Modeled efficiency for the two turbochargers. The low pressure turbo is the
filled-in contours, and the high pressure turbo is the white contours. The midrange zone
is the magenta coloured curve.

With an assumption that the massflow through the compressors is equal to the massflow in
to the cylinder (stationary conditions), (A.19) gives a way to express compressor massflow
as a function of intake pressure and engine speed. This is plotted in figure 6.3 below. Some
points from the midrange-curve are marked, and around them a midrange zone is created.
This is the zone where the two turbochargers work together, coupled to engine speed and
demanded intake pressure.
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Figure 6.3: The defined modes. Mode 2 is corresponding to the midrange zone.

From these two plots the modes can be chosen with respect to compressor efficiency. What
is happening in the different modes are explained in the following sections.

6.2.3 Mode 0

In this mode no turbocharging is needed, the demanded intake pressure is below ambient
pressure. To reduce the pumping losses the wastegates should be opened, and only the
throttle will control the intake pressure. The throttle controller is shown below.

Feedforward

By inverting (A.16), the control signal is expressed as a function of the throttle flowthrough
area.

u(t)th,ff =

arccos

(
1−

(
Ath,eff (t)

Ath,max

)
−bth2

bth1

)
− ath2

ath1
(6.1)

Note that the trigonometric function above must be saturated to avoid computational
problems. By assuming that the flow in to the cylinder is equal to the flow passing the
throttle, (A.9) and (A.19) can be considered equal. Via the function below the effective
flowthrough area can be calculated.

Ath,eff = f(pintake, ne, uδ, pexhaust) (6.2)

Feedback

The feedback link is made out of a PI-controller. Since the control signal contains a
non-linearity in the form of a saturation the controller also handles the possible windup
of the integral. The controller error is the difference between the actual intake pressure
and its reference.

u(t)th = KP (pim,ref − pim,act) + Ith,n (6.3)
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Ith,n = Ith,n−1 +KPKITs(pim,ref,n − pim,act,n) (6.4)

The total control signal for the throttle is the sum of the feedback and feedforward links.
The throttle is power by a servo, and the control signal is therefore limited, with lower
limit u(t)min and upper limit u(t)max. The tracking part of the controller is a function
of the difference between the saturated and non-saturated control signal. The equation is
shown below.

Ith,n = Ith,n +KITs(u(t)th,sat − u(t)th) (6.5)

In above stated equation the tracking time-constant is chosen according to the rule of
thumb Tth,t = Tth,i.

6.2.4 Mode 1 and 3

In this mode one or the other turbocharger is activated individually. Since only one
aggregate is active the reference will be the intake pressure. Since the throttle causes a
pressure drop, this has to be added in the equations. This means that the real reference is
the pressure after the intercooler. The controller works the same way for both aggregates,
only the parameters differ. The feedback-link is made of a PID-controller with anti-
windup. The equation for the controller is shown below.

u(t)wg = KP (pic,ref − pic,act) +KI

t∫
0

(pic,ref − pic,act)dt+KD
d

dt
(pic,ref − pic,act) (6.6)

The tracking part works the same way as for the throttle, with the exception that the
tracking time-constant is chosen as Twg,i. Obviously also the tuning parameters will differ
to achieve satisfying results.

6.2.5 Mode 2

In mode 2 the two turbochargers are activated at the same time. The high pressure turbo
still has the intake pressure as reference. The reference to the low pressure turbo will in
this mode be a calculated pressure corresponding to the other aggregates inlet pressure.
This calculated reference will be a function of intake pressure and engine speed. Via the
intake pressure two engine speeds can be calculated, and between these values a linear
curve is tuned. This curve will describe the reference for the low pressure turbo. This is
shown in figure 6.4 below.
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Figure 6.4: Determination of pressure reference for low pressure turbo. The top curve
describes how a certain intake manifold pressure correspond to a set of two engine speeds,
between which the intake manifold pressure is to be translated to low pressure turbo refer-
ence. A linear slope is calculated between the two speeds, that is illustrated by the linear
part of the lower plot. The pressure reference for the low pressure turbo is following this
line. In this figure the intake pressure is 2.4 times the atmospheric pressure.

Since the references are separated in this way the two aggregates can be controlled sepa-
rately. The controllers are made out of PID-feedback links as for mode 1 and 3.

6.3 Safety application

When designing a turbocharger, certain material limitations has to be considered. In
the thesis one of these limitations is studied - the speed limit. The speed is coupled to
massflow, temperature and pressure which in certain high-load operating points may be
dangerous for the turbo housing material. As a first approach the turbochargers speeds
may be measured, which makes the problem quite straightforward since the speeds always
are known. In the thesis another possibility is analyzed.

6.3.1 Conditions and assumptions

The use of virtual sensors are often used to reduce production costs. In this case the
problem is quite complex and to study how to make a high performing observer for both
turbo speeds without adding sensors probably demands a lot of work. If even possible.
The focus in the thesis is not to reduce the number of sensor, but to come up with an
alternative to speed sensors. The goal is to have sufficient knowledge about the turbo
speed at critical operating points to be able to reduce the control signal.
The massflow through the low pressure compressor is considered equal to the massflow
through the throttle. This massflow is assumed always to be equal to the flow through
the high pressure turbo. This is not always correct, but it seems to be a reasonable
assumption. For example, when the bypass valve is opened, the flow through the high
pressure compressors are lower than through the low pressure compressor. But since the
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controller is designed in a way that the bypass valve only is opened when the high pressure
wastegate is opened, there is no risk that the high pressure turbo cross the speed limit.
Since the massflow is driven by pressure differences the pressure ratios of both compressors
are considered known. Also, the upstream temperatures for each compressor is known.
The conclusion is that the goal is to achieve a function as shown below.

ωc = f (ṁc, pus, pds, Tus) (6.7)

With the approach above the additional sensors will be temperature and pressure between
the compressors.

6.3.2 Observer design

The equations 4.14, 4.15 and 4.16 in section 4.2.3 are inverted according to the following.

U4
2 −

K2ṁ
2
thrT

2
us16R2

p2
usπ

2D4
U2

2 = 4c2pT
2
us

(
Π
γ−1
γ

c − 1

)2

K1 (6.8)

ωc =
2U2

D
(6.9)

The above stated equations gives four different solutions, where the right one has to be
selected.

6.3.3 Limitation of control signal

Since the turbo speed can be observed the right actions have to be made by the controller.
When the turbo is reaching a certain speed the control signal has to be limited. This is
made according to the equation below.

umax =

{
1− 1

kω(ω−ωlim)+1 if ω ≥ ωlim
0 otherwise

(6.10)

If the observed turbo speed is greater than the limit, the scaling k together with the speed
difference will make the control signal to decrease. The turbo speed will therefore also
decrease.
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Chapter 7

Results

The performance of the designed system is evaluated and compared to single turbo engines,
both with VGT and FGT. First a static point will be analyzed and compared between
the models and also with measured data from an engine test cell. When the model is
validated, transient tests will be evaluated.

7.1 Validation of model

A lot of effort has been put into the validation of the VGT model, see [1]. Since the
turbo charging system differ from the two models, a comparison will be made without
supercharging to validate that the engine match reality. This is done for a stationary
operating point.
In figure 7.1 below, the serial turbo model is compared to the VGT model in a stationary
operating point. It is clear that the models are not matching each other exactly. This
is because the serial turbo has more complex models for control volumes and also an
intercooler temperature model. In the comparison made below the two models are set to
follow a certain intake pressure.

43



Figure 7.1: A comparison between the VGT model and the designed serial turbo. The
engine is at constant speed 1000 rpm and the injected amount of fuel per cycle is 150 mg.
Both turbochargers are disconnected. The values of the plotted signals match well. The
small differences occur since the serial turbo has small differences in the model structure
for control volumes and intake temperature.
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7.2 Validation of controller

The controller is validated through two tests, one step response for intake pressure below
ambient pressure to verify the throttle control and one step response for higher intake
pressure to validate the wastegate controller. One should remember that the controllers
have some tuning parameters that can be adjusted further if needed.
Normally the input to the engine is the pedal position set by the driver. This signal is
interpreted to other signals for example engine speed and torque reference. In the thesis
no driver interpreter is given, which is why this is handled manually by ramping the engine
speed.

7.2.1 Throttle controller

The throttle controller is evaluated with a step made in intake pressure. The step is made
below ambient pressure, when the engine is operating without turbocharging. See mode
0 in section 6.2.1. This type of evaluation for the serial turbo is made in figure 7.2 below.

Figure 7.2: A step in intake pressure is made below ambient pressure to evaluate the
throttle controller. The engine speed is set to 900 rpm and the amount of fuel is 150
mg/cycle. The solid line is the pressure reference and the dashed line is the actual intake
pressure. The throttle dynamics including the delay is clearly shown. The controller
follows the reference with good precision.

From this validation it is clear that the throttle controller works well and meets the
requirements of following the reference.
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7.2.2 Serial turbo controller

The controller described in section 6 is evaluated with a step in intake pressure and a ramp
in in engine speed. The reason for ramping the engine speed is to execute all modes in
the controller. The pressure step is set higher than ambient pressure since the controller
is to control the wastegates that handle the aircharging.

Figure 7.3: A step in intake pressure that executes all nodes. The pressure step is made
from 0.5 bar to 2.5 bar, and the engine speed is is ramped from 700 rpm to 1700 rpm
with a slope of 500 rpm per second. The amount of injected fuel is 200 mg/cycle. That
corresponds to the driver interpretation that executes all nodes. The pressure reference is
followed nicely. When mode three is entered there is a small bump.

The controller follows the reference pressure well, accept for a small bump when entering
mode three.
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Figure 7.3 does not describe how the tubochargers operate together and how the high
pressure turbo is phased out. Figure 7.4 below shows the control signals and turbo speed
of the turbochargers for the step described above. The controller handles the pressure
step as planned. When controller enters mode one, the high speed turbine accelerates
and starts to compress air. The wastegate by the low pressure turbo is still opened, and
the small increase in speed is due to the increased massflow created by the high pressure
turbo. When mode two enters the high pressure turbo starts to phase out and the low
pressure turbo takes over. In mode three is the low pressure turbo the only activated
turbocharger.

Figure 7.4: The lower plot is the signals controlling the wastegates, the other plot is the
turbo speed. The vertical lines indicates where the different modes are entered. The engine
input is the same as for figure 7.3.
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7.2.3 Turbo speed observer

The observer is evaluated for the same engine input as for the validation of the two
controller parts. The modeled turbo speed is plotted together with the observed speed
in figure 7.5. The observer estimates the turbo speed well for higher speeds, which is the
main objective since its purpose is to limit turbo speed when needed. It is noticed that
the observer performance decreases after approximately 17 seconds. This is where the
controller enters mode 3 and the bypass valve is opened, as described in section 6.3.1.

Figure 7.5: The observed turbo speed and the modeled turbo plotted against time. The
engine speed is a ramp from 700 rpm to 1700 rpm with a slope of 500 rpm/s. The intake
pressure step is set from 50kPa to 250kPa and the engine consumes 200 mg fuel per cycle.

It is clear that the observer is estimating the turbo speed with desired precision.
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The observer is used to limit the turbo speed. In figure 7.6 the high pressure turbo speed
is limited to 80000 rpm. It is clear that the safety application restricts the high pressure
turbo to the desired limit.

Figure 7.6: The safety application limits the high pressure turbo speed to 80000 revolu-
tions per minute. The engine input is the same as in earlier case.
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7.3 Simulation experiment

A simulation experiment is made to compare the VGT-charged engine with the serial
squential turbo charged engine.
A driving scenario is performed in both the VGT model and the serial turbo model. A
step is made in intake pressure from 100 to 200 kPa and at the same time an engine
speed ramp is initiated. The ramp starts at 600 rpm, has the slope 200 rpm per second
and ends at 1600 rpm. The amount of injected fuel per cycle is 200 mg, and the oxygen
to fuel ratio is limited to 1.2 (an approximate smoke limit). Figure 7.7 below, clearly
shows a faster transient response for the serial turbo than for the VGT turbo. In the
VGT-controller a simple, logic compensator has been implemented to lower the pumping
losses. The added compensator opens the VGT bypass if the pressure difference over the
cylinder becomes too high. To minimize the pumping losses caused by a too aggressive
controller is a possibility to improve both systems. It is also noticed that the stationary
massflow in to the cylinder is higher for the serial turbo.

Figure 7.7: A comparison between the VGT-system and the serial turbo. The engine
speed is ramped from 600 to 1600 rpm with a slope of 200 rpm per second, the intake pres-
sure is a step from 100 to 200 kPa. The amount of injected fuel is 200 mg/cycle, and the
oxygen to fuel ratio is limited to 1.2. It is clear that the serial turbo handles the transient
faster than the VGT turbo due to the additional high pressure turbo. The controller is too
simple to handle the pumping losses in a satisfying way. Also, the stationary massflow to
combustion is higher for the serial turbo.

The higher massflow is a result of an increased volumetric efficiency. The volumetric
efficiency is higher for the serial turbo since it has a lower pressure differnece over the
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cylinder. The volumetric efficiency is shown in figure 7.8 below. The oxygen to fuel ratio
for the different charging systems are shown in the same figure. Note the limitation of λO
at 1.2.

Figure 7.8: The volumetric efficiency is plotted as a function of time during the driving
scenario described above. The serial turbo clearly has a better volumetric efficiency. The
oxygen to fuel ratio is higher for the serial turbo system. Note the limitation at 1.2.

The turbo systems efficiencies is analyzed to conclude how well the turbochargers match
the operating points in the driving cycle. Figure 7.9 below shows turbo speed, compressor
efficiency and turbine efficiency for the two charging systems.
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Figure 7.9: Top: The turbo speed during the driving scenario. The modeswitches for the
serial turbo is highly visible. The stationary turbo speed is higher for the VGT compared
to the low pressure turbo in the serial configuration. Middle: The compressor efficiency
is higher for the VGT system compared to the serial turbo. Allthough the high pressure
compressor efficiency is low at the stationary operating point, one should remember that
the turbo is not used in that mode. Bottom: The turbine efficiency is overall better for
the serial system compared to the VGT turbo.

The input values (engine speed and injected fuel per cycle) and the control signals that
are set by the controller is shown in figure 7.10 below. The controller is a bit aggressive
and builds up a high exhaust pressure. In future work this is recommended to take into
account in the controller.
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Figure 7.10: The engine speed and amount of injected fuel per cycle is set by a possible
driver interpreter. The control signals to the turbo and the throttle are set by the controller.
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Chapter 8

Conclusions and future work

A short summary of the thesis is given as well as suggestions of future work.

8.1 Conclusions

An engine model is developed and validated against the model created in [1]. The de-
veloped model has a different model structure for control volumes and intercooler, but
the main difference is the supercharging system. The developed model has a serial turbo
charging system with wastegated fixed geometry turbines.
A safe control system is designed to deliver the desired intake pressure without crossing
the turbo chargers speed limits. This is done with PID-controllers with anti-windup,
throttle control and a turbo speed observer. The control structure is quite simple and
straightforward, based on modes dependant on the engine operating point.
The most obvious positive effect of the serial turbo system is the ability to increase the
airflow fast and to higher levels compared to a single stage VGT turbo system. The in-
creased airflow leads to the possibility to inject more fuel and achieve a higher torque.
The conclusion will therefore be that the serial turbo is both able to deliver a demanded
torque faster and also a higher stationary torque compared to the single stage system.
This means that the serial turbo system may operate together with a smaller engine com-
pared to the single stage VGT system, but they would still have the same performance.
This is called downsizing.
One of the reasons to choose a VGT turbo is the increased efficiency in a wider operating
range. Since the serial turbos high pressure stage increases the efficiency in a wider oper-
ating range naturally due to its lower inertia, a technically more robust solution such as
a fixed geometry turbine with wastegate can be chosen.
The developed controller does not compensate the pumping losses occurring when waste-
gates are closing too aggressive. This would be something to consider as a possible im-
provement. The observer is quite simple but still observes the turbo speed with desired
accuracy.
The trust in the model is high and is considered to make a good base for future work
and add-ons. The controller seems to be too simple to really demonstrate the possible
advantages in performance. However, some positive effects can be illustrated with only
this simple control algorithm. The thesis gives a good hint of future possibilities, but for
future implementation and maybe HIL-tests a lot of more testing and improvements in
the controller has to be made.
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8.2 Future work

A short collection of notes of possible improvements and add-ons are listed below. These
are suggestions on future work.

8.2.1 Engine model

One long-term goal would be to end up with a model of a complete truck. That is why
the connection to a driveline model such as the one in [6] is important. This connection
needs more evaluation than made in the thesis.
The easiest way of connecting this engine model to a driveline model is probably to let
the driveline demand a torque from the engine. To control that torque a fuel injector has
to be modeled. When this is done, a driver interpreter would be interesting to develop so
that the only input to the model is a gas pedal position.

8.2.2 Controller

The controller developed in the thesis is a simple one that still gives the desired behaviour.
As can be seen during a litterature study of the actual subject, more complex strategies
may be implemented. It would be interesting to compare this simple solution in the thesis
to one of these.
One weakness in the solution in the thesis is that the exhaust pressure is not considered
at all in the controller. In some operating points it is noticed that the wastegate valves
are a bit aggressive and causes large pumping losses. A start to a better solution would
be to compensate for this in the controller, and analyze the improvement.
The simple observer limiting turbo speed that is implemented in this model may be
improved. This is a complex and classic problem - how to estimate a state confidently
without measuring it? The way to go is probably to analyze the minimum states that
needs to be known and relate this to how they can be measured. For example, pressure is
normally easier to measure than temperature. Is it possible to observe the turbo speeds
without tempertaure measurements?

8.2.3 Temperature measurement

The temperature measurement method discussed in section 5.2.3 probably needs further
examination. In the thesis only a brief analyze has been done. In section 5.2.4 a suggested
solution or first step in the future examination is given. A lot of competence and knowledge
exists, but needs to be concentrated to this problem. It would be interesting to see results
from the suggested way of temperature measurement and compare them to the method
used today. The suggested method will probably give results better matching the theory.
Optimally, a test where also the wall temperature is measured should be performed. This
may add knowledge about how much the engine block temperature and turbine housing
temperature affects the gas temperature. The more knowledge about the system, the
better the future model will be.

8.2.4 Temperature model

With better temperature data, the temperature model would be interesting to parameter-
ize. One approach is to use a grey-box model with heat transfer coefficients for all three
heat transfer forms as parameters. Once the model is validated, it would be interesting
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to analyze how big influence the temperature dynamics has on the model and wastegate
controller performance. Probably, the control will be improved since more knowledge
about the temperature in transients is added. One interesting question is how big this
improvement will be.
Next step would be to add more states in the model. The engine block temperature might
be assumed constant since it is cooled, but the turbine housing temperature may vary a
lot depending on turbine speed. Together with new and confirmed measurement methods
this could result in a better model. However, the designer has to have the computational
complexity in mind when adding states.
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Appendix A

Engine model

In this appendix the engine model equations are stated.

Incompressible flow restriction

The enginemodel has three flow restriction that is modelled as incompressible (and adia-
batic). In the model the massflow and temperatureflow through the component is calcu-
lated using the up- and downstream temperature and pressure. The airfilter, one part of
the intercooler and the aftertreatment system is modelled this way.

Input

Variable Unit Description
pus Pa Upstream pressure
pds Pa Downstream pressure
Tus K Upstream temperature
Tds K Downstream temperature

Output

Variable Unit Description
ṁ kg/s Massflow through the component
T K Temperature of the massflow

Parameters

Variable Unit Description
Hr Pa2s2/Kkg2 Flow restriction coefficient
plin Pa Linearization pressure

Equations

∆p = pus − pds (A.1)
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ṁ =


√

pus∆p
HrTus

if ∆p ≥ plin√
pus

HrTus

∆p√
plin

otherwise
(A.2)

T = Tus (A.3)

By measuring ∆p and Tus the parameter Hr can be estimated with the least square
method. The parameter plin is used to avoid computational problem when ∆p → 0 and
is therefore set to a suitable value preventing this to happen.
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Control volume

In the enginemodel there are several control volumes that describes the volumes between
all components, for example there is a volume between the airfilter and the low pressure
compressor where the following model is used. The intake- and exhaust manifolds are
modelled separate since they need to be able to describe additional physical processes.
The control volumes has two states based on mass- and energyconservation.

Input

Variable Unit Description
ṁus kg/s Massflow to the volume
ṁds kg/s Massflow from the volume
Tds K Downstream temperature
Tus K Upstream temperature

Q̇in J/s Heat transfer to the volume

Output

Variable Unit Description
pR Pa Pressure inside the volume
TR K Temperature inside the volume

Parameters

Variable Unit Description
V m3 Volume
Tinit K Initial temperature
pinit Pa Initial pressure
R J/kgK Gas constant
γ - Heat capacity ratio

Equations

d

dt
ṁR(t) = ṁus − ṁds (A.4)

d

dt
ṪR(t) =

1

mR

(
γṁusTus − γṁdsTds − (ṁus − ṁds)TR +

Q̇us
cv

)
(A.5)

pR =
mRRTR
VR

(A.6)

An initial massflow ṁinit is calculated according to the ideal gas law and the two param-
eters pinit and Tinit. The volume V is known together with the gas property parameters
γ and R.
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Intercooler

The purpose of having an intercooler is to cool the compressed air in order to increase the
volumetric efficiency. This is done by leading the air through pipes that are cooled by a
coolant. This coolant may be cooling water or turbulent air. The coolant is assumed to
have a constant temperature Tcool. The model is built in two steps - step one describes
how hard it is for the air to flow through the intercooler, step two describes how the
temperature varies. Step one is described as an incompressible flow restriction according
to 8.2.4. The temperaturemodel is shown below, and is a simplified model that ignores
the effects of the flowcharacteristics of the coolant.

Input

Variable Unit Description
ṁic kg/s Massflow through the intercooler
Tus K Upstream temperature
pus Pa Upstream pressure
pds Pa Downstream pressure

Output

Variable Unit Description
Tic Pa Temperature from intercooler

Parameters

Variable Unit Description
a1, a2, a3 - Constants in temperaturefunction
Tcool K Temperature of the coolant

Equations

Tic = max (Tcool, Tus + ε(Tus − Tcool)) (A.7)

ε = a1 + a2
Tus − Tcool

2
+ a3ṁic (A.8)

In the model above a1, a2 and a3 is estimated with the least square method by measuring
all in- and outputs.
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Compressible flow restriction

In the throttle, bypass and the wastegates, the airflow may be so fast that its compression
is affecting the massflow. That is why the massflow throgh these components is modelled
as a compressible flow restriction. The input to the model is an effective flowthrough
area, which is acuated by some kind of motor or pneumatic system. This model may
cause problems when pus = pds which means that the massflow derivative with respect
to pressure ratio over the component reaches against negative infinity. To avoid such
problems the model is linearized when close to these working points.

Input

Variable Unit Description
Aeff m2 Effectiv flowthrough are
pus Pa Upstream pressure
pds Pa Downstream pressure

Output

Variable Unit Description
ṁ kg/s Massflow through the component

Parameters

Variable Unit Description
γ - Heat capacity ratio
R J/kgK Gas constant

Equations

ṁth =
pusΨth(Πth)Aeff√

RTus
(A.9)

Ψth(Πth) =


Ψ∗th(Πth) if Πth ≤ Πth,lin

Ψ∗th(Πth,lin) 1−Πth
1−Πth,lin

if Πth,lin < Πth

(A.10)

Ψ∗th(Πth) =

√
2γth
γth − 1

[
Π

2
γth

th −Π
γth+1

γth

th

]
(A.11)

Πth =



(
2

γth+1

) γth
γth−1

if pim
pic

<
(

2
γth+1

) γth
γth−1

pim
pic

if
(

2
γth+1

) γth
γth−1 ≤ pim

pic
≤ 1

1 if 1 < pim
pic

(A.12)

In the equations above the enthalpy is assumed to be constant, which means that the
temperature is constant through the component.
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Throttle actuator

The throttle actuator dynamics is modelled as a first order system with a time delay. The
effective flowthrough area is modelled as a trigonometric function. Actuator models is
discussed further in [17], and in [25] more advanced models is described.

Input

Variable Unit Description
uth - Demanded signal, % of maximum flowthrough area

Output

Variable Unit Description
Ath,eff m2 Effective flowthrough area

Parameters

Variable Unit Description
τth s Timeconstant throttle
τdth s Timedelay throttle
ath1, ath2, bth1, bth2 - Parameters in trigonometric function

Equations

wth =
1

τth
(uth(t− τdth)− ũth) (A.13)

d

dt
ũth =


RLth if wth > RLth

wth if −RLth ≤ wth ≤ RLth
−RLth if wth < −RLth

(A.14)

The equations above is used to calculate the effective flowthrough area as shown below.

Ath,eff = Ath,maxfth(ũth) (A.15)

fth(ũth) = bth1 (1− cos(min(ath1ũth + ath2, π))) + bth2 (A.16)

By analyzing stepresponses in throttleposition, the timeconstant τth and the timedelay
τdth can be determined. To calculate ath1, ath2, bth1 and bth2 stationary measurements are
required to invert (A.9).
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Intake manifold

The intake manifold is modelled as a control volume according to 8.2.4, but with an
addition that describes the oxygen concentration of the gas. This model is prepared to
describe EGR.

Input

Variable Unit Description
ṁus kg/s Upstream massflow
ṁds kg/s Downstream massflow
Tthr K Temperature throttle
Tegr K Temperature EGR

Q̇in J/s Heat transfer to the volume
XOem - Oxygen concentration in the exhaust manifold

Output

Variable Unit Description
pim Pa Intake pressure
XOim - Oxygen concentration in the intake manifold

Parameters

Variable Unit Description
Vim m3 Volume
Tinit K Initial temperature
pinit Pa Initial pressure
R J/kgK Gas constant
XOc - Oxygen concentration passing the compressor

Equations
The volume itself is modelled as in 8.2.4, but in order to describe the oxygen concentration
(and EGR when wanted) the equations below is added to the intake manifold model.

xegr =
Wegr

Wc +Wegr
(A.17)

d

dt
XOim =

RaTim
pimVim

((XOem −XOim)Wegr + (XOc −XOim)Wc) (A.18)
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Cylinder

The cylinder model is quite big. It is divided into three parts - one for temperature, one
for flow and one for torque. The following approach is based on the Seiliger cycle which
describes the combustion in two stages - one part with constant volume and one part with
constant pressure [1].

Input

Variable Unit Description
pus Pa Upstream pressure
pds Pa Downstream pressure
XOim - Oxygen concentration in the intake manifold
ne rpm Engine speed
uδ mg/cykel Amount of injected fuel
Tim K Temperature in the intake manifold

Output

Variable Unit Description
ṁei kg/s Massflow in to the cylinder
ṁeo kg/s Massflow out from the cylinder
Tds K Downstream temperature
XOe - Oxygen concentration in gas after combustion

Parameters

Variable Unit Description
Vd m3 Displacement
cvol1, cvol2, cvol3 - Constants in volumetric efficiency model
R J/kgK Gas constant
ncyl - Number of cylinders
(A/F )s - Stochiometric air/fuel ratio
XOc - Oxygen concentration passing the compressor
qHV J/kg Energy density of the fuel
xcv - The fraction of fuel burnt under constant volume
cv J/kgK Specific heat capacity
rc - Compression ratio
γ - Ratio of specific heat
ηsc - Compensation for non-ideal Seiliger cycle
Tamb K Ambient temperature
htot W/m2K Heat transfer coefficient
dpipe m The exhausts pipe diameter
lpipe m The exhausts pipe length
npipe - Number of pipes in the exhaust
ηigch - Combustion efficiency
cfric1, cfric2cfric3 - Constants in friction model
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Equations

Flow model

ṁei =
ηvolpimneVd
120RaTim

(A.19)

ηvol = cvol1
rc −

(
pem
pim

) 1
γe

rc − 1
+ cvol2ṁ

2
f + cvol3ṁf + cvol4 (A.20)

ṁf =
10−6

120
uδnencyl (A.21)

ṁeo = ṁf + ṁei (A.22)

λO =
ṁeiXOim

ṁf (O/F )s
(A.23)

XOe =
ṁeiXOim − ṁf (O/F )s

ṁeo
(A.24)

Temperature model

Te = Tim +
qHV fTe(ṁf , ne)

cpeṁeo
(A.25)

fTe(Wf , ne) = fTeWf (Wf )fTene(ne)min(λO, 1) (A.26)

fTeWf (Wf ) = cfTeWf1W
3
f,norm+ cfTeWf2W

2
f,norm+ cfTeWf3Wf,norm+ cfTeWf4 (A.27)

fTene(ne) = cfTene1n
2
e,norm + cfTene1ne,norm + 1 (A.28)

Wf,norm = Wf · 100 (A.29)

ne,norm =
ne

1000
(A.30)

Tem,in = Tamb + (Te − Tamb)e
−
htotπdpipelpipenpipe

ṁcpe (A.31)
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Torque model

Me = Mig −Mp −Mfric (A.32)

Mp =
Vd
4π

(pds − pus) (A.33)

Mig =
uδ10−6ncylqHV ηig

4π
(A.34)

ηig = ηigch

(
1− 1

rγ−1
c

)
(A.35)

Mfric =
Vd
4π

105
(
cfric1n

2
eratio + cfric2neratio + cfric3

)
(A.36)

neration =
ne

1000
(A.37)

The parameters in the flow model is estimated by fitting the curve describing ṁei. This
requires stationary measurements of xegrandṁc or ṁei because ṁei = ṁc/(1− xegr).
The parameters of the temperature- and torque model is estimated in the same way but
with other objective functions, for example (Tem−Tem,meas)2 and (Me+Mp−Me,meas−
Mp,meas)

2 respectively. This is depending on what measurements are available.
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Exhaust manifold

The exhaust manifold is modeled the same way as the intake manifold. The only differ-
ences are the in- and outputs and the values of the parameters.

Input

Variable Unit Description
ṁeo kg/s Massflow from cylinder
ṁegr kg/s Massflow to EGR valve
Tem K Temperature in exhaust manifold

Q̇in J/s Heat transfer to the volume
ṁt kg/s Massflow to high pressure turbine
XOe - Oxygen concentration in the exhaust

Output

Variable Unit Description
pem Pa Pressure in the exhaust manifold
XOem - Oxygen concentration in the exhaust manifold

Parameters

Variable Unit Description
V m3 Volume
pinit Pa Initial pressure
Re J/kgK Gas constant
γ - Ratio of specific heats

Equations

d

dt
pem =

ReTem
Vem

(Weo −Wt −Wegr) (A.38)

d

dt
XOem =

ReTem
pemVem

((XOe −XOem)Weo) (A.39)

The parameters in this model can be measured by hand if they are not given in a product
specification.
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Appendix B

Nomenclature

Table B.1 The variables used in the engine controller unit.

Name Description Unit
uδ Injected amount of fuel mg/cycle
dmhpc Massflow through the high pressure compressor kg/s
phpc Pressure after high pressure compressor Pa
tlpc Temperature after low pressure compressor K
pairFilter Pressure after air filter Pa
tairFilter Temperature after air filter K
dmlpc Massflow through the low pressure compressor kg/s
plpcACT Actual pressure after low pressure compressor Pa
pem Pressure in exhaust manifold Pa
pim Pressure in intake manifold Pa
pic,ACT Actual pressure in after intercooler Pa
ne Engine speed rpm
pim,REF Actual pressure in intake manifold Pa
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