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Chapter 1

Introduction

In this chapter, an introduction to the thesis work is given, with background and
problem formulation. Furthermore, the expected results of the work are stated.

1.1 Background

The components of the engine that ensure that the engine gets the correct amount
of oxygen for combustion are called the gas flow system. The system consists
of a number of components, actuators and sensors; e.g. air filter, turbo, inter-
cooler, throttle, exhaust gas recirculation (EGR) system, intake manifold, exhaust
manifold, exhaust system, etc. To meet future requirements in terms of perfor-
mance, emissions and fuel consumption, it is necessary to control the gas flow
system through control of the EGR system and turbocharger (see [18]). The tur-
bocharger can be either a variable geometry turbocharger (VGT) or a wastegate
turbocharger. Models of turbocharged compression ignition (CI) and spark igni-
tion (SI) engines are increasingly being used to design and test control strategies,
but control-oriented modeling of the turbocharger has received limited attention,
even if the turbocharger sub-model is a critical part of the overall model (see [11]).
In the area of gas flow control, a lot of attention is given to coordinated control
of VGT and EGR (see Section 2). Other configurations are however possible, for
example a configuration with VGT in combination with wastegate for better tem-
perature control of the exhaust gases. In order to further reduce emissions from
CI engines, the use of particle filters is increasing. Particle filters demand high
exhaust gas temperatures, which is commonly solved with a separate burner, but
as high exhaust gas temperatures as possible from the engine combustion would
be preferable. Since the temperature decreases when gases flow through the tur-
bine, the optimal solution when no inlet gas compression is needed, would be for
the exhaust gases to bypass the turbine. Even if the VGT is fully opened, some
turbine work is extracted, and a wastegate would make it possible to bypass more
exhaust gases.
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2 Introduction

1.2 Purpose and Goal
The aim of the Master’s thesis is to extend an existing CI engine model (presented
in [18]) with a wastegate turbo block and to develop a model-based controller to
meet future requirements for both SI and CI engines. The engine model is only
validated for CI engines, but the gas-flow equations are the same for CI and SI
engines, and the aim is to develop a control algorithm independent of whether the
engine is compression or spark ignited. The main goals are:

1. Build a model of the wastegate turbocharger, which is missing in the existing
engine model. The model should then be the basis for controller design.

2. Study and design a model-based control algorithm for the turbocharger. The
aim is to develop a control algorithm that controls the turbocharger speed,
with reference values in intake manifold pressure, with the turbine actuator
(wastegate valve or VGT actuator).

1.3 Problem Formulation
Truck engines come in several different configurations, where both SI and CI en-
gines use different solutions for the turbo charging system, and with or without
EGR. To meet emission requirements, the combination VGT and EGR is common
on CI engines, but on SI engines the VGT cannot be used because of too hot ex-
haust gases. On SI engines it is common to use a wastegate turbo instead, which
is usually also a cheaper and more robust solution than the VGT.

In the industry there are possible cost savings if models and control algorithms
can be developed and reused for different engines and configurations. This project
aims at developing a turbine model that could be used to design control algorithms
for engines with both VGT and wastegate. The model should also be useable for
other configurations. By viewing the VGT as a wastegate turbine with closed
wastegate valve and with varying characteristics (altered by the VGT actuator),
a single model for the two different turbines could be developed. The controller
will be developed to control only the turbine actuator, which makes it possible to
combine the controller with e.g. an engine configuration without EGR.

Controlling the system is a real challenge because there are strong multiple
cross couplings between control signals and output signals. The system is highly
nonlinear, and shows non-minimum phase behavior in certain operating points.
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1.4 Expected Results
In this section, the expected results are presented.

1. General goals

• Develop a control algorithm that can be run in a test cell.
• Use the same control algorithm (approximately) for SI and CI engines
with wastegate and VGT.

2. Model goals

• A maximum absolute relative error of 10 % for the states1 nt, pim, ṁei,
xegr, λO.

3. Controller goals

• The control algorithm should have a better transient behavior in torque
than the current algorithm.
– Reach 70 % of requested torque in less than 4 s at 1200 rpm.

• For SI engine: Maximum 5 % overshoot in pim (since λ = 1 in SI
engines, overshoot in intake manifold pressure can lead to an overshoot
in torque).

1nt = turbocharger rotational speed, pim = intake manifold pressure, ṁei = mass flow into
the cylinders, xegr = EGR-fraction, λO = oxygen-to-fuel ratio. See Table 3.1.





Chapter 2

Related research

In this chapter, related research within the fields of modeling and control is pre-
sented. This work is furthermore positioned in relation to what has already been
done.

2.1 Modeling
The basis for this project is an engine model developed by Johan Wahlström, see
[18]. It is a mean value model of a diesel engine with intake throttle, VGT and
EGR. The existing model does not include a block for the wastegate, but that will
be included in this work. It is stated in [10], that there are few works that deal
with turbocharged SI engine control with a model that includes throttle, wastegate
valve and EGR valve. In that paper a model and a nonlinear controller have been
developed.

A Simulink model of a turbocharged SI engine is presented in [2]. This model
consists of a block that represents both turbine and wastegate. Another example
in the same book shows a CI engine with VGT and EGR. Nothing is mentioned
about the CI engine with wastegate, but it is likely that the model will be similar
to the SI engine with the same setup. According to [3] many components can be
found on both SI and CI engines, and a component based approach is therefore
good for the re-usage of models. In [3] there is an example of a Simulink model for
a turbocharged CI engine with VGT and EGR. The methodology used is to divide
the system into components and then use rules of physics and thermodynamics.

The turbocharged SI engine can be seen as a multiple input, multiple output
(MIMO) system, see [10]. However, when designing the controller, the system
will be seen as a multiple input, single output (MISO) system, where the turbine
actuator control signal is the single output. In [10], the control signal to the
wastegate is a pulse-width modulation (PWM) signal, which is the case for the
Scania engines as well.

Turbocharger performance maps are typically presented in table form, but in
order to be useful in engine simulation models, this can be insufficient, see [11].
Curve fitting methods for compressor and turbine characteristics are presented

5



6 Related research

in [11], and according to [8] the turbine efficiency is the most difficult to model.
The turbocharger is typically modeled using performance maps provided by the
manufacturer, but these are insufficient in describing performance in the low and
medium speed regions. Those regions, which are important for emissions, are
typically modeled by simply extrapolating the maps ([8]).

2.2 Controller design
Coordinated control of EGR and VGT for lower emissions is relatively well de-
scribed in publications, since a VGT provides flexible control of turbine speed and
gas flow restriction. Among the first to investigate and present the benefits of
coordinated EGR and VGT control, as opposed to the traditionally used SISO
controllers, is M. van Nieuwstadt et al. in [12]. A thorough analysis and descrip-
tion of modeling of a diesel engine and proposal of a robust airpath control is given
in [8]. In [6], a robust control Lyapunov function is developed using input-output
linearization. The development is based on a reduced order diesel engine. Another
combined VGT-EGR control is proposed in [13], who also use Lyapunov theory to
prove robustness. Lyapunov theory is also used in [21], where a controller based
on feedback linearization with integral action is proposed to control the oxygen-to-
fuel ratio and EGR-fraction. A fuzzy logic controller is presented in [15] and [14],
and the aim in these papers is air-to-fuel ratio control. Models for VGT and EGR
together with investigations of control strategies are presented in several papers
by L. Eriksson and J. Wahlström, see e.g. [18], [17] and [20].

There are however engine configurations with wastegated turbine instead of
VGT, since it is cheaper and more robust, and also configurations without EGR.
A model and control approach, where solutions can be reused for different config-
urations, would therefore be desirable. MISO controllers, where single actuators
are controlled with e.g. other actuator positions as input, would give that op-
portunity. In this work a controller for wastegate actuator and VGT actuator
control is proposed. Mathematical models of engines are very complex, and even
if control with feedback allows for some modeling error it is still a ’leap of faith’ to
implement a controller on such a complex system. Model-based control demands
simplified models, which further introduces uncertainty, and the robustness of the
controller is hence very important. An H∞ loop-shaping based control to optimize
robustness for the airpath control in a CI engine is proposed in [7].

Different approaches to model-based control of diesel and SI engines have
been proposed in several publications. In [1], a component based model for the
gas flow systems in turbocharged SI engines is developed and used for an observer
based feedforward control of the air-fuel ratio λ, with transient deviations less
than 7 % in rapid throttle transients. The proposed controller also uses a slower
PI feedback loop for λ, to improve stationary errors. In [16], a structure with
PID controllers and selectors for coordinated control of EGR and VGT-position
is proposed. The performance variables chosen are oxygen/fuel ratio, λO, and
intake manifold EGR fraction, xegr. The choice of λO as performance variable,
instead of λ, is argued to better handle the fact that there is oxygen left in the
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recirculated exhaust gases. Since both xegr and λO depend in complicated ways of
the actuation of both EGR and VGT, as shown in [22], it is argued to be necessary
to have coordinated control of the EGR and VGT to reach emission and smoke
limits, and [12] shows that better performance in regions with low speed/low load
is possible with a multivariable controller rather than with SISO techniques. In
[16], λO is controlled by the EGR-valve and xegr is controlled by the VGT-position,
since it handles a sign reversal in the system from VGT to λO.

One paper that deals with wastegate control is [9], where a control approach
for a turbocharged SI engine equipped with wastegate and electronic throttle is
proposed. The controller is based on a non-linear mean value model for the system,
which is linearized in multiple operating points. A gain scheduled, decentralized
controller is designed to control intake manifold pressure and boost pressure, and
a multivariable control approach is further considered. There is however no EGR
on that system, which is dealt with in this work.

In [19], a non-linear compensator in an inner loop is used to handle non-linear
effects. The compensator is a non-linear state dependent input transformation,
and an outer loop with PID controllers and selectors similar to the controller in
[16] is used to stabilize the system. The compensator is developed by inverting the
models for EGR flow and turbine flow, which is also the proposed approach in [6]
where similar models for EGR flow and turbine flow are inverted. This approach
is shown to reduce EGR-errors but increase pumping losses compared to [16].

In [16], λO and xegr are chosen as main feedback variables, and in [19] the
feedback variables are EGR flow, Wegr, and exhaust manifold pressure, pem, in
the outer PID feedback loop.

The controller design approach in this work, is to use the turbocharger speed
nt as feedback variable in a linear controller, with wastegate actuator uwg or VGT
actuator uvgt as control signals. To be able to use a linear controller, a linearization
of the input and output signals is needed.





Chapter 3

System description

In this chapter a brief description of the system is given. An overview of the
system is given in Figure 3.1, showing control volumes, gas flows and flow restric-
tions in the engine. The system overview shows all gas flow components, even if
most engine configurations does not have all those. For example, the combination
wastegate and VGT is rare, and also EGR with wastegate. In [22], a comprehen-
sive analysis and description of the gas flow system and its properties in a diesel
engine with VGT and EGR is given, and the interested reader is recommended
to take part of these results. Among the most important results for this study
are sign reversals in the channels uvgt → λO, uegr → λO and uvgt → xegr, which
all have negative DC gains in large operating regions. Other important results
are non-minimum phase behaviours, strong cross-couplings between signals and
varying response times.

Figure 3.1. Model structure of an engine with both a VGT and a wastegate, the
structure also contains an EGR-system. All variables are explained in Table 3.1

.

The following tables show variables, signals, constants and subscripts used in
the report.

9



10 System description

Table 3.1. Variables

Variable Description Unit
i Current [A]
n Rotational speed [rpm]
ω Angular velocity [rad/s]
p Pressure [Pa]
T Temperature [K]
ṁ Mass flow [kg/s]
XO Oxygen concentration [-]
λO Oxygen/fuel ratio [-]
x Actuator position [mm or %]
M Torque [Nm]
P Power [W]

Table 3.2. Control signals

Control signal Description Unit
uδ Fuel injection control signal mg/cycle
uegr EGR control signal. 0 - closed, 100 - open %
ueb Exhaust brake control signal. 0 - closed, 100 - open %
uth Intake throttle control signal. 0 - closed, 100 - open %
uwg Wastegate control signal. 0 - closed, 100 - open %
uvgt VGT control signal. 0 - closed, 100 - open %

Table 3.3. Constants

Constant Description Unit
γ ratio of specific heats [-]
cp Specific heat capacity at constant pressure [J/(kg · K)]
cv Specific heat capacity at constant volume [J/(kg · K)]
J Inertia [kg · m2]
R Gas constant [J/(kg · K)]



11

Table 3.4. Subscripts

Subscript Description
a air
e exhaust
amb ambient
t turbine
c compressor
egr EGR
wg wastegate
vgt VGT
corr corrected quantity
ai air intake
bc before compressor
ac after compressor
bt before turbine
at after turbine
em exhaust manifold
im intake manifold
ic intercooler
exhp exhaust pipe
δ fuel injection
ei engine intake
eo engine outlet
th throttle
m mechanical





Chapter 4

Turbocharging

In this chapter, the concept of turbocharging is described, as well as some defini-
tions for later use in the report.

4.1 Performance
In turbine and compressor maps, corrected quantities are normally used in order
to make the model more general and work for different temperature and pressure
conditions.

4.1.1 Compressor maps
The compressor map consists of four performance variables: corrected mass flow,
pressure ratio, corrected shaft speed and compressor (adiabatic) efficiency. Cor-
rected mass flow is used to make the measurements applicable for varying con-
ditions. The correction is made with the temperature and pressure before the
compressor, and reference values for the same. The reference values are provided
from the manufacturer, together with the map. The corrected mass flow is given
by

ṁc,corr = ṁc

√
Tbc
Tc,ref
pbc
pc,ref

(4.1)

and the included variables are explained in Table 3.1. The pressure ratio is given
by the quotient between pressure after and before the compressor

Πc = pac
pbc

(4.2)

and the corrected shaft speed is given by

nc,corr = nt
1√
Tbc
Tc,ref

(4.3)

13



14 Turbocharging

The compressor adiabatic efficiency is given by

ηc = Pc,ideal
Pc

=

(
pac
pbc

) γa−1
γa − 1

Tac
Tbc
− 1

(4.4)

where Pc,ideal is the power given by an ideal adiabatic process (process with no
net heat transfer).

The compressor power is given by

Pc = ṁccp,c(Tac − Tbc) (4.5)

or by

Pc = ṁccp,cTbc
ηc

[
Π
γa−1
γa

c − 1
]

(4.6)

4.1.2 Turbine maps
The turbine map also consists of four performance variables: corrected mass flow,
expansion ratio, corrected shaft speed and turbine (adiabatic) efficiency. Addi-
tionally, two more variables are sometimes defined for the turbine: turbine flow
parameter and turbine speed parameter. The corrected turbine mass flow is given
by

ṁt,corr = ṁt

√
Tem
Tt,ref
pem
pt,ref

(4.7)

and the corrected shaft speed by

nt,corr = nt

√
Tt,ref
Tem

(4.8)

but it is common to neglect the nominal states Tt,ref and pt,ref and use the turbine
flow parameter (TFP) and turbine speed parameter (TSP) instead

TFP = ṁt

√
Tem
pem

(4.9)

TSP = nt
1√
Tem

(4.10)

The turbine pressure ratio is given by

Πt = pat
pbt

(4.11)

but in the turbine map, the turbine expansion ratio is normally used

1
Πt

= pbt
pat

(4.12)
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The turbine adiabatic efficiency is given by the ratio between the power given by
an ideal adiabatic process and the actual turbine power

ηt = Pt
Pt,ideal

=
1− Tat

Tbt

1−
(
pat
pbt

) γe−1
γe

(4.13)

but since the turbine power

Pt = ṁtcp,t(Tbt − Tat) (4.14)

is hard to estimate accurately due to large heat transfers from the hot exhaust
gases, a more common way to describe the turbine efficiency is the ratio between
compressor power and the ideal adiabatic process

ηtm = ηt · ηm = ṁccp,c(Tac − Tbc)

ṁtcp,tTbt

(
1−

(
pat
pbt

) γe−1
γe

) (4.15)

where ηm is the mechanical efficiency introduced by the shaft friction.

4.2 Turbo dynamics
The compressor and turbine power are connected with a shaft. The connection
introduces some losses, defined as the mechanical efficiency ηm.

At steady state the connection between compressor and turbine power is

Pc = ηmPt (4.16)

During transients the dynamic response is modeled using Newton’s second law:

dω

dt
= 1
Jt

(Pt
ω
ηm −

Pc
ω

)
(4.17)

or
dω

dt
= 1
Jt

(Pt
ω
− Pc

ω
−Mfric(ω)

)
(4.18)

where Mfric(ωtb) is the friction torque, usually modeled as a quadratic function
in rotational speed, and ω is the angular velocity (ω = 2πn) ([2]).





Chapter 5

Modeling

In this chapter the modeling of the wastegated turbocharger is described. The
model consists of two submodels: turbine mass flow and turbine efficiency. Firstly
the test data that has been used is described, followed by each submodel.

5.1 Test data
The model is based on two test data sets that have been collected in a test cell
at Scania CV. The engine had a fixed geometry turbine with a wastegate and
an intake throttle. The intake throttle was fully opened and no EGR was used.
During measurements, the test points were all stationary. The engine speed, ne,
has five different values and for each value there are five ascending values of Me

except for the third Me-cycle, where the last value of Me is missing. This makes
24 combinations of ne and Me. The first five of these are removed though since
Me is rising continuously instead of ascending in intervals. For each of these
19 combinations, a uwg cycle is run, from 0 to 65 percent pwm-signal. The first
test data set is used for estimation of the model parameters and is further presented
in Figure 5.1. Since the test data sets are stationary, the model of the wastegated
turbocharger is a static model. The second test data set is used for validation.

5.2 Turbine mass flow
The flow through the wastegated turbine can be modeled as two separate flows:
one through the turbine and one through the wastegate. The equations that have
been used in the model will now be presented, followed by the parametrization
and validation.

5.2.1 Equations
Firstly, equations for the flow through a turbine will be presented and secondly a
methodology will be presented to determine the flow when a wastegate is included

17
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Figure 5.1. This figure shows three of the signals in test data set one, used to estimate
parameters of the model. The plot in the top of the figure shows the engine speed, the
middle shows the nominal torque as a percentage of maximum torque and the bottom
shows the pwm-signal to the wastegate. They are all plotted against sample number for
the stationary data set points.

in the model.
The turbine pressure ratio Πt is defined as (4.11). A standard model for

compressible flow through a restriction (see e.g. [2]), can be applied to model the
turbine flow

ṁ = pem√
ReTem

·Aeff ·Ψ
(
pat
pem

)
︸ ︷︷ ︸

Ψ(Π)

(5.1)

Ψ(Π) =


√

2γ
γ−1

(
Π

2
γ −Π

γ+1
γ

)
if Π >

(
2

γ+1

) γ
γ−1

,√
2γ
γ−1

((
2

γ+1

) 2
γ−1 −

(
2

γ+1

) γ+1
γ−1
)

otherwise
(5.2)

where Aeff is the effective turbine area and Re is the ideal gas constant for exhaust
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gas.
The gas in the turbine is accelerated both in the stator (inlet and volute) and

in the rotor (turbine wheel). If assuming that half the expansion will take place
in the stator and the other half in the rotor, the flow through the turbine can be
described by (5.1) and (5.2) if

√
Πt is inserted in (5.2), see [3]. It has also been

found in [3] that the flow can be well described by a simpler non physical model

ṁt,corr = c0
√

1−Πk (5.3)

where c0 and k are tuning parameters.
The model (5.3) will be used because a simpler model is easier to simulate and

it is also more appropriate for the choice of controller in this work, see Section 6.
When the wastegate is closed, all the gas flows through the turbine. From the
datapoins of the flow through the engine for these pwm-signals, the corrected
mass flow can be calculated using (4.7). Equation 5.3 can then be used to model
the flow.

The total flow through the wastegated turbine can be written as a sum of the
turbine and the wastegate flow, leading to

ṁwg = ṁtot − ṁt (5.4)

The flow through the wastegate can be modeled using the equations for compress-
ible flow (5.1) and (5.2). The model for the turbine flow (5.3), gives a corrected
mass flow and therefore the inverse of (4.7) is used to get ṁt. This leads to the
equation

pem√
RTem

AwgΨ(Πt) = ṁeo −
(pem/pref )√
Tem/Tref

c0
√

1−Πk (5.5)

Solving (5.5) for Awg gives the following expression:

Awg =
(
ṁeo

√
Tem
pem

− (1/pref )√
1/Tref

c0
√

1−Πk

) √
R

Ψ(Πt)
(5.6)

By making use of (5.6) the turbine flow can be determined using (5.1).

5.2.2 Parametrization
The values of the parameters c and k in (5.3) are calculated by solving a non-linear
least squares problem. The resulting model plotted against the data samples is
seen in Figure 5.2. The model shows a good fit, with a mean absolute relative
error of 4.9 %.

The tricky part for the flow through the wastegate is to find a model for the
effective area, Awg, of the wastegate. It is obvious that the area depends on uwg
since that is the control signal for the actuator, but there might be other param-
eters that also influence, e.g. Πt. The expansion ratio influences the behavior of
the actuator and can make it open even if uwg is zero.
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Figure 5.2. The non-physical model for the corrected turbine massflow (5.3) when the
wastegate is closed, plotted against the measured values. The model shows a good fit,
with a mean absolute relative error of 4.9 %.

In Figure 5.3 it can be seen that the area seems to be constant for uwg < 33 %
and for uwg > 33 % it is increasing and could be described by a second order
polynomial. It can also be seen that a greater area gives a lower expansion ratio.
However, there is a dependence between these two variables. When the wastegate
goes from open to closed, the area decreases which means pem increases and there-
fore the expansion ratio also increases. It has been found that when knowing ne
and Me, Awg can be described as a function of only uwg.

For each wastegate cycle, when uwg goes from 0 to 65 % and for a specific ne
and Me, Awg can be modeled as

Awg = max
(
dA0, dA1u

2
wg + dA2uwg + dA3

)
(5.7)

where dA0, dA1, dA2 and dA3 are tuning parameters. All these parameters are
calculated by solving a non-linear least squares problem. For the missing set,
see Section 5.1, the parameters are an average of the surrounding values. When
implementing the model in Simulink, look-up tables are used for these parameters
with engine speed and torque as input.

The model is working well for this engine setup. When EGR is used a problem
arises though. With EGR, no unique value of Πt can be calculated for a certain
combination of ne and Me and since the parameters for the model of Awg are
selected only based on that combination it might not be accurate. For a better
model, the choice of parameters should be based on the value of Πt.
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Figure 5.3. Awg calculated with (5.6) using measured data. In the upper plot it can
be seen that for one wastegate cycle, a smaller area gives a greater expansion ratio. In
the lower plot it can be seen that the area seems to be constant for uwg < 33 % and for
uwg > 33 % it is increasing and could be described by a second order polynomial.

5.2.3 Validation
Data set two has been used to validate the model for the total flow through the
wastegate and the turbine. In Figure 5.4, it can be seen that the fit between the
modeled flow and the measured flow is good. The mean absolute relative error is
3.6 %.

Another way to validate the model would have been to compare the turbine
mass flow from the model with a turbine map. However, the turbine maps that
were available for this work were constructed under unreasonable circumstances
in a dynamometer and therefore it was better to validate against another data set.

5.3 Turbine efficiency
In this section the equations that have been used in the model for turbine efficiency
will be presented, followed by the parametrization and validation.

5.3.1 Equations
The turbine power is defined as (4.14). If the conditions were ideal the turbine
power would be
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Figure 5.4. The output from the model of the total flow from the wastegate and the
turbine when using data set two as input is plotted against the measured values of Wai

for the same data set. The mean absolute relative error is 3.6 %, meaning that the fit is
good.

Pt,ideal = ṁtcpeTem

(
1−Π1− 1

γe
t

)
(5.8)

The turbine efficiency is defined as (4.13). The major issue with this equation
is that it does not include temperature drops between Tem and Tat due to heat
losses. In [2], the turbine efficiency is modeled as

ηt(BSR) = ηtmax

(
1−

(BSR−BSRopt
BSRopt

)2)
(5.9)

where BSR is defined as

BSR = ωtRt√
2cpeTem

(
1−Π

γe−1
γe

t

) (5.10)

and tuning parameters are ηtmax and BSRopt.
An alternative turbine efficiency used in [18] (see also p. 138 in [2]) is

ηtm = ηt · ηm = ṁccp,c(Tac − Tbc)

ṁtcp,tTem

(
1−

(
pat
pem

) γe−1
γe

) (5.11)
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where ηm is the mechanical efficiency from the turbine to the compressor (they are
connected through a shaft). In this equation, the temperature difference Tem - Tat
is not used. The expression utilizes that, for stationary operation,

Ptηm = Pc (5.12)

and the individual parts ηm and Pt does not have to be modeled separately. The
product is modeled as

Ptηm = ηtmPt,ideal = ηtmṁtcpeTem

(
1−Π1− 1

γe
t

)
(5.13)

In [18], ηtm is modeled as a function of the blade speed ratio, BSR, turbine
speed, ωt and the VGT actuator position, ũvgt:

ηtm = ηtm,BSR(BSR) · ηtm,ωt(ωt) · ηtm,ũvgt(ũvgt) (5.14)

where

ηtm,BSR(BSR) = 1− bBSR
(
BSR2 −BSR2

opt

)2
(5.15)

ηtm,ωt(ωt) =
{

1− bωt1ωt if ωt ≤ ωt,lim,
1− bωt1ωt,lim − bωt2(ωt − ωt,lim) if ωt > ωt,lim

(5.16)

where BSR is defined in (5.10). Tuning parameters are bBSR, BSRopt, bwt1, bwt2
and wt,lim. The value of ηtm,ũvgt(ũvgt) is set to one, since the model does not
contain a VGT.

5.3.2 Parametrization
In order to find a good model for the turbine efficiency, both model 1, (5.9),
and model 2, (5.14), are evaluated and the one that gives least error is chosen.
The values of the parameters are calculated by solving a non-linear least squares
problem. For model 2, it will be modeled in two steps, first with only the first
factor and secondly with the first two factors. Since there is no VGT the third
factor is set to one in both cases. The resulting models are plotted against the
measured values in Figure 5.5. Model 1 gives a mean absolute relative error of
7.4 % and the corresponding value for model 2, i.e. the first factor in (5.14), is
9.4 %. If both factors are used in model 2, the result is slightly better than model
1, a mean absolute relative error of 7.1 %. However, since the complexity is lower
for model 1 with similar behavior, model 1 is chosen.

5.3.3 Validation
The best way to validate the model for the turbine efficiency, (5.9), would be
to use the turbine map. As mentioned in Section 5.2.3, the turbine maps that
were available for this work were constructed under unreasonable circumstances
compared to the conditions that the measured data was collected in. Therefore
data set 2 has been used for validation, see Figure 5.6. The mean absolute relative
error is 7.4 %.
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Figure 5.5. Two models for ηtm are plotted against measured ηtm caluculated through
(5.11). Model 1, (5.9), gives a mean absolute relative error of 7.4 % and the corresponding
value for model 2, i.e. the first factor in (5.14), is 9.4 %. Model 1 is used in the turbine
model since the result is better for that one.

5.4 Implementation in Simulink
The model that has been developed in Sections 5.2 and 5.3 was implemented in the
existing Simulink model, see [18]. The corrected mass flow through the turbine was
modeled with (5.3). The mass flow through the wastegate was modeled with (5.1),
where the effective area was given by (5.7). The turbine efficience was modeled
with (5.9). In Figure 5.7, it can be seen that the flow through the turbine decreases
when the wastegate opens. That leads to a decrease in turbine speed.
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Figure 5.6. Model 1, (5.9), is validated against measured values for ηtm in data set 2.
The mean absolute relative error is 7.4 %, which is the same as for the estimation data,
data set 1.
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Figure 5.7. The performance of the implemented Simulink model for the wastegated
turbine can be seen in this figure. In the upper plot, the wasegate goes from closed
to open. The middle plot shows how the flow through the turbine decreases when the
wastegate opens. That leads to a decrease in turbine speed, which can be seen in the
lower plot.



Chapter 6

Control algorithm design

In this chapter, the control algorithm and the process of designing it is described.
The primary objective is to control intake manifold pressure to meet requested
engine torque with maintained oxygen-to-fuel ratio. The controller have been
developed and tested with use of the CI engine model developed by J. Wahlström,
which has been complemented with a wastegate sub-model.

Some nomenclature used in this chapter is first stated. The actuator position
is denominated ũ, while requested position is plain u. When the signal is valid
for both wastegate and VGT, the subscript t is used, i.e. ut is turbine actuator
requested position regardless of if the turbine is VGT or wastegated. Wastegate
actuator signal is uwg and VGT actuator signal is uvgt.

6.1 Control objectives
The direct variable to be controlled is the turbocharger speed nt, but the objective
is to control intake manifold pressure pim and air mass flow ṁai. The goal is to
follow a reference in pim such that engine torqueMe could be produced fast enough
while still maintaining low emissions. Suitable turbocharger speed is another goal,
since high rotational speeds could damage the turbocharger. While a fast response
to a requested intake manifold pressure is desired, an overshoot is undesired on the
SI engine. The set point for λO for SI engines is close to 1, hence an overshoot in
pim could lead to an overshoot in Me. The control objectives for the performance
variables are the following.

1. A fast response to requested intake manifold pressure pim,ref . Typical time
constants for large steps are generally around 4 s.

2. Maximum 5 % overshoot in intake manifold pressure pim for the SI engine

3. The turbocharger speed nt is not allowed to exceed a maximum limit nmaxt

4. The controller should be easy to tune for different SI and CI engines

27
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6.2 Control problems
In this section some specific problems encountered in the design of a turbocharger
controller are described.

6.2.1 Control problems for VGT, sign reversal
The variable geometry turbine actuator can be described as a sliding wall with
which the air inlet opening is changed. The change in opening affects both the flow
resistance and how the inlet gas hit the vanes. The control problems encountered
for the VGT are analysed through simulations on the diesel engine model developed
by J. Wahlström. The channel from VGT input signal to turbine speed has a sign
reversal, and the point where it occurs is here denoted usgnvgt . As the VGT-actuator
opens up, the gas flow resistance decreases and the flow for a given pressure ratio
increases. Since mass flow is a factor in the turbine power, according to (4.14),
increasing flow would lead to increasing turbine power. But at the same time, the
inlet gas hit the turbine vanes at positions where the turbine efficiency decreases
with increasing opening, leading to less turbine power and thus less turbine speed.
The resulting turbine speed, as a function of VGT-signal in simulation on the
engine model, is shown in Figure 6.1 when opening up the VGT. The input VGT-
signal for all curves is a ramp from 0 % to 100 % at the same engine operating
point: 2000 rpm and 100 mg fuel/cycle injected. The difference between the curves
is the slope of the input VGT-signal ramp. As the figure shows, the maximum
turbine speed is reached for different VGT-positions for the different curves, and
the difference is as much as 20 percentage points. The ramp with slope 100 %/s
has its maximum at 48 % VGT, and the ramp with slope 10 %/s has its maximum
at just below 28 % VGT. If the VGT is instead closing, the result is somewhat
different. In Figure 6.2, the result from closing the VGT with different ramps is
shown. In this case, the result is that usgnvgt does not differ much, but the maximum
value in ωt varies.

Since the turbocharger speed is output from a dynamic system, the behaviour
is maybe not entirely surprising, but it makes the sign-reversal and maximum
turbine power hard to calculate or predict. The sign reversal makes it hard to
control the system, since an increasing VGT-signal at first increases the turbine
speed but after the reversal it decreases it. Two different steps in VGT-signal
are shown in Figure 6.4 where the step height in VGT is the same but with
different starting values. The resulting turbine speed response is in the left plot
an increase, and in the right plot a decrease. Furthermore, the rise time for the
transient response from uvgt to ωt are quite different on each side of usgnvgt , and the
turbine efficiency ηtm is larger when uvgt > usgnvgt , as can be seen in Figure 6.3.

A linear controller implemented to control the system will give the behaviour
seen for the first step in Figure 6.5, if the control signal is smaller than the sign-
reversal point. If the controller is used for steps where the control signal exceeds the
sign-reversal, the result is as shown in the last step in Figure 6.5. The explanation
is that after the sign-reversal the turbocharger speed decreases with increasing
control signal, whereby the controller increases the signal further, since the error
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Figure 6.1. Simulated turbine speed responses when opening up the VGT with ramps
with different slopes. The ramps all have starting value 0 % and final value 100 %, but
the time differs from 1 s to 10 s, as described by the legend.

becomes larger. The result is a fast growing control signal.

6.2.2 Control problems for wastegated turbine
The wastegated turbine is controlled with a throttle. When the throttle opens,
exhaust gases can bypass the fixed geometry turbine and the turbine speed de-
creases. The main problems is a long saturation. In Section 5.2.2 it is described
that the pwm-signal is only effective in the range from 33 % to 65 %. Another
thing is that the wastegate controller do not have the same flexibility as the VGT
controller. In Figure 5.7 it is shown that the flow through the wastegate is only a
small portion of the total flow.

The channel from wastegate input signal to turbine speed does not have a
sign reversal, which makes the wastegated turbine easier to control than the VGT.

6.3 Choice of control approach
In order to be able to run the controller for different choices of turbines, with or
without EGR, on SI or CI engines, an independent control approach for the turbine
actuator is chosen. The main goal for the controller is to regulate pim. Reference
values in pim and ṁai can be translated into a reference value in turbocharger
speed, ωt, via the compressor map. The turbocharger speed is controlled with a
linear controller, with a state dependent non-linear compensator taking care of
the non-linearities. A block-diagram showing the control structure is shown in
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Figure 6.2. Simulated turbine speed responses when closing the VGT with ramps with
different slopes. The ramps all have starting value 100 % and final value 0 %, but the
time differs from 1 s to 10 s, as described by the legend.

Figure 6.6. With the non-linear block, the controller can be used to control the
system Mtm to ωt (represented by the block G2 in Figure 6.6), which is linear (see
(6.1)). With an accurate static model inverse as non-linear block, the step response
can be shaped in the linear system. The turbocharger speed is not measured, but
estimated from intake manifold pressure and air mass flow using a compressor
model. The same compressor model is used to create a reference in turbocharger
speed from reference values in intake manifold pressure and air mass flow. To
prevent integrator windup, tracking is used as anti-windup. The saturation limits
is updated in the non-linaer block using the turbine model from turbine control
signal to turbine torque.

6.3.1 Linear system

From Mtm to ωt, the transfer function is of first order and linear

dωt
dt

= 1
Jt

(
Mtm −Mc

)
(6.1)

which could also be described by the block G2 in Figure 6.6:

G2 = 1
Jts

(6.2)
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Figure 6.3. Turbocharger speed and turbine efficiency. The turbine efficiency is small
to the left of usgn

vgt . The figure only shows one case in simulation and is intended to show
only the small efficiency for small VGT-positions.

6.4 Reference signal generation
The control objective is to follow reference values in intake manifold pressure and
air mass flow into the engine. These two variables are related through equa-
tion (6.3), where there is a linear relationship that is shown in Figure 6.7. The
intake manifold pressure can be described by

pim = ṁei · Tim · 120 ·Ra
ηvol · ne · Vcyl · ncyl

(6.3)

where ηvol is the volumetric efficiency, Vcyl is the cylinder displaced volume and
ncyl is the number of cylinders (see [18]). The intake manifold pressure is translated
into reference value in compressor outlet pressure and the air mass flow into the
engine is translated to reference value in air mass flow through the compressor.
If no intake throttle is used, the pressure drop from compressor outlet to intake
manifold could be modeled as an incompressible flow restriction with (6.4), and the
air mass flows ṁei (minus EGR-mass flow) and ṁc will be the same in stationary
conditions.

ṁ = Cic

√
pac(pac − pim)

RaTac
=⇒ pac = pim

2 +

√
p2
im

4 + ṁ2Tac
Ra
C2
ic

(6.4)

The reference signal in turbocharger speed is derived from reference values
in intake manifold pressure and air mass flow. In Figure 6.8 a typical compressor
map is shown, and the derivation of rotational speed from pressure ratio over the
compressor and air mass flow through it is obvious. Rotational speed is derived
from extrapolated compressor maps provided by Scania CV. The pressure ratio
Πc is the ratio between pressure after and before the compressor and is defined as

Πc = pac
pbc

(6.5)



32 Control algorithm design

20 22 24
8700

8800

8900

9000

ω
t [r

ad
/s

]

43 % to 40 %

20 22 24
8800
9000
9200
9400
9600
9800

ω
t [r

ad
/s

]

11 % to 8 %

20 22 24
35

40

45

50

Time [s]

u vg
t [

%
]

20 22 24

5

10

15

Time [s]

u vg
t [

%
]

Figure 6.4. Steps in VGT-signal showing resulting turbocharger speed. The left plot
shows a step from 43 % to 40 % VGT, and the right plot shows a step with the same
amplitude but from 11 % to 8 % VGT. The resulting turbocharger speeds are very
different, since the system is non-linear and there is a sign reversal.

where the pressure before the compressor pbc is derived from the ambient pressure
pamb in (6.6), which uses the same equation for incompressible flow restriction as
used in (6.4).

ṁ = Cairf

√
pamb(pamb − pbc)

RaTamb
=⇒ pbc = pamb −

ṁ2RaTamb
C2
airfpamb

(6.6)

The parameters Cic and Cairf are modeled as constant for the specific intercooler
and airfilter.

6.5 Compensating for non-linearities
In this section, the non-linear compensator (the block "Non-linear block, Static
inverse" in Figure 6.6) is described. The main idea is to transform a turbine torque
input signal to an input signal in turbine actuator position. This is performed by
running the signal through a static inverse of a turbine model.

6.5.1 Feedback loop
The chosen feedback loop is ωt estimated from measured pim. By filtering pim
and ṁai (estimated with volumetric efficiency) through the same filter that the
reference signal is generated with (i.e. Equations (6.4), (6.6) and the compressor
map), the controller receives a single input, ωt. It should be noted that, in order
to avoid the problem with the sign-reversal, the choice of another feedback-loop
would make sense. In [19], the chosen feedback for turbocharger control is pem,
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Figure 6.5. Step responses to increasing turbocharger speeds. For the step from 7000
rad/s to 9000 rad/s, the controller puts out signals below usgn

vgt , but in the step from
9000 rad/s to 11000 rad/s the output signal exceeds this point with a resulting drop in
turbocharger speed. The control signal is quickly increasing to its maximum value when
the signal exceeds usgn

vgt as the control error increases.

but with the control objectives in this work in mind, pim is chosen and the problem
with the sign-reversal remains.

6.5.2 Non-linear compensator

The non-linear compensator is constructed through inverting the model for turbine
power, with actuator position ũt as input and turbine power including mechanical
power losses, Ptm, as output. A non-linear compensator for the VGT is first
presented, followed by the wastegate turbine.

VGT

A model from VGT actuator position, ũvgt, to turbine power including mechanical
power losses, Ptm, is presented in [18], and is also used in this paper. The model
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Figure 6.6. The figure shows the chosen control structure, with reference value in ωt

and a non-linear block. The figure excludes the actual feedback loop which has pim as
output. This is further explained in Section 6.4.

follows from equations (6.7) to (6.16).

Ptm = Pt,ideal · ηt · ηm︸ ︷︷ ︸
ηtm

= ṁtcpeTem

(
1−Π1− 1

γe
t

)
ηtm (6.7)

ṁt = Avgt,maxpemfΠ(Πt)fω(ωt)fvgt(ũvgt)√
TemRe

(6.8)

fΠ(Πt) =
√

1−Πκt
t (6.9)

fω(ωt) = 1− cωt
( ωt

100
√
Tem

− ωt,corropt
)2

(6.10)

fvgt(ũvgt) = cf2 + cf1

√
max{0, 1−

( ũvgt − cvgt2
cvgt1

)2
} (6.11)

ηtm = ηtm,BSR(BSR) · ηtm,ω(ωt) · ηtm,vgt(ũvgt) (6.12)

ηtm,BSR(BSR) = 1− bBSR
(
BSR2 −BSR2

opt

)2
(6.13)

BSR = Rtωt√
2cpeTem

(
1−Π1−1/γe

t

) (6.14)

ηtm,ω(ωt) =
{

1− bωt1ωt if ωt ≤ ωt,lim,
1− bωt1ωt,lim − bωt2(ωt − ωt,lim) if ωt > ωt,lim

(6.15)

ηtm,vgt(ũvgt) = bvgt1ũ
3
vgt + bvgt2ũ

2
vgt + bvgt3ũvgt + bvgt4 (6.16)

The inverted model from Mtm to ũvgt is derived through inverting (6.11), and

Mtm = Ptm
ωt

(6.17)

and all other equations are treated as state dependent coefficients. The turbine
efficiency, ηtm in (6.12), is also treated as a state dependent coefficient, with ũvgt as
measured input. The inverted model thus becomes as depicted in equations (6.18)
to (6.21).



6.5 Compensating for non-linearities 35

400 600 800 1000 1200 1400 1600 1800 2000 2200
0

50

100

Engine speed [rpm]

M
e,

no
m

 [%
]

0.1 0.2 0.3 0.4 0.5
300

302

304

306

308

T
im

 [K
]

0.1 0.2 0.3 0.4 0.5
1

2

3
x 10

5

Air intake mass flow [kg/s]

p im
 [P

a]

Figure 6.7. This figure shows the linear relationship between intake manifold pressure
pim and air intake mass flow ṁai, where the slope mainly change with engine speed. The
red and bold markers in the figure show all data points collected at engine speed 2000
rpm. The linear relationship is described by (6.3).

uvgt(t) = ũvgt(t) (6.18)

ũvgt = cvgt2 − cvgt1

√
max{0, 1−

(max{0, fvgt − cf2}
cf1

)2
} (6.19)

fvgt = ṁt

√
ReTem

Avgt,maxpemfΠfω
(6.20)

ṁt = Ptm

cpeTem

(
1−Π1−1/γe

t

)
ηtm

(6.21)

In (6.18), the VGT actuator is assumed to be ideal, and (6.19) is valid within the
saturation limits ũmaxvgt and ũminvgt . Equation (6.19) is derived from (6.11), (6.20) is
derived from from (6.8) and (6.21) from (6.7).

The equations above describe the controller output when ũvgt < ũsgnvgt . If the
controller is to work for outputs from ũsgnvgt to 100 % (open), (6.18) has to be
changed to

uvgt(t) = 100− ũvgt(t) (6.22)
Under operating conditions where intake manifold pressure build-up is the primary
controller objective, it is desirable to have as open VGT as possible in order to
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Figure 6.8. A typical compressor map with the corrected mass flow on the x-axis and
the pressure ratio on the y-axis. The horizontal lines are constant speed lines and the
"islands" show constant efficiency.

minimize pumping losses. But there are situations where the VGT have to close,
for example to build up exhaust pressure in gear changes and to drive EGR. The
problem is to find exactly where the sign-reversal occurs, which has been proven
to be very difficult.

Wastegated turbine

A model from wastegate pwm-signal to turbine power is presented in Section 5
with equations (5.1), (5.7) and (5.13). The inverted model becomes (6.23) to
(6.26).

uwg = −dA2

2dA1
−

√(
dA2

2dA1

)2
− dA3 −Awg

dA1
(6.23)

Awg = ṁt

√
ReTem

pemΨ (Πt)
(6.24)

ṁt = Ptm

ηtmcpeTem

(
1−Π(1−1/γe)

t

) (6.25)

Mtm = Ptm
ωt

(6.26)

where Ψ (Πt) is defined in (5.2) and ηtm is approximated with a constant. It would
have been more precise to model ηtm as suggested in (5.9) but as seen in Figure 5.6
the values does not vary much in the region where test data exist. Therefore it
can be described by a constant, without losing significant accuracy.
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6.6 Linear controller
The linear controller is designed to control the system (6.2), and a proportional and
integral controller with feedforward (PIFF) is chosen. The controller parameters
are chosen through pole placement, where the time constant for the closed loop
system is chosen to give a desired rise time for the system. The objective is a fast
response to requested pim with no overshoot for the SI engine. By the approach
with a simple linear controller in combination with a non-linear compensator, the
tuning of controller parameters becomes easy. The linear controller is given by

u′(t) = KF · ωref (t) +KP · e(t) +
t∫

0

(
e(τ) + 1

KP
(ū′(τ)− u′(τ))

)
dτ (6.27)

e(t) = ωref (t)− ω(t) (6.28)

where the parametersKF ,KP andKI are static gains. The term 1
KP

(ū′(τ)− u′(τ))
is added to the integral part of the control signal in order to avoid integrator wind-
up. The method is called back-stepping and is further described in Section 6.6.1.

A step response for the system (6.2) controlled by the linear controller (6.27) -
(6.28) is shown in Figure 6.9, where the gains KF , KP and KI are chosen to give
the closed loop system (6.32) the time constant 4 s. The gains are chosen by pole
placement of the closed loop system.

Gc = G (Ff + Fr)
1 +GFr

(6.29)

Ff = KF (6.30)

FR = KP + KI

s
(6.31)

Gc = s (KF +KP ) +KI

τsyss2 +KP s+KI
(6.32)

τsys = Jt (6.33)
From (6.32), the pole polynomial

p = Jts
2 +KP s+KI = Jt

((
s+ KP

2Jt

)2
− 1
Jt

(
KI −

K2
P

4Jt

))
(6.34)

is given, and in order to give the closed loop system the desired time constant τc,
the poles are to be placed with distance

a = 1
τc

(6.35)

from the origin ([4]). In order to get a well damped system, the poles are placed
on the real axis, i.e. in (−a, 0), which gives the desired pole polynomial

pdes = (s+ a)2 ⇒

{
KP
2Jt = a
1
Jt

(
KI − K2

P

4Jt

)
= 0

(6.36)
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Figure 6.9. Step response for system system (6.2) controlled by the linear con-
troller (6.27)

leading to feedback gains

KP = 2Jta = 2Jt
τc

(6.37)

KI = Jta
2 = Jt

τ2
c

(6.38)

In order to keep the closed loop system non-minimum phase, the feed forward gain
KF has to be chosen such that the zero polynomial, z, for the system (6.32) fulfils

z = s (KF +KP ) +KI = 0 for R(s) < 0 (6.39)

i.e. with no zeros in the right hand complex plane.

6.6.1 Integrator wind-up
When using integral control on systems where the control signal is saturated, the
problem of integrator wind-up occurs. If not compensated for, the integral part will
continue to integrate the error even when the control signal is saturated, leading
to a growing controller output. When the control error finally decreases, it will
take longer than necessary for the controller output to decrease.

To avoid this problem, there is a simple method called back-stepping (see
[5]). The following reasoning is the basis for the algorithm: If the control error
e(t) would have been smaller, the saturation limit for u(t) would not have been
reached. There is a value for the control error that precisely saturates the controller
output, i.e. gives the controller output the saturated value ū(t). Call that value
of the control error ē(t). Applied to a PI-controller, this becomes

ū(t) = KP · ē(t) +KI · I(t) (6.40)

where I(t) is the integrated error. Subtracting the regular PI-controller from (6.40)

ū(t)− u(t) = KP (ē(t)− e(t))⇒ ē(t) = e(t) + 1
KP

(ū(t)− u(t)) (6.41)
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the error ē(t) can be calculated. Using this in a new PI-controller

u(t) = KP · e(t) +KI · I(t) (6.42)
ū(t) = sat (u(t)) (6.43)

I(t) =
t∫

0

e(τ) + 1
KP

(ū(τ)− u(τ)) dτ (6.44)

the integrator wind-up is avoided. See Figure 6.10 for a Simulink-implementation
of the algorithm. The saturation limits in u′(t) are described in Section 6.7.

Figure 6.10. Block diagram showing tracking for a PI-controller. Tracking is used to
avoid integrator wind-up.

6.7 Saturation levels
6.7.1 VGT
The saturation limits in u′min and u′max are produced by transforming the sat-
uration limits uminvgt and umaxvgt with the static turbine model (6.7) - (6.16). The
turbine power Ptm is then divided with ωt to get limits in turbine torque Mtm.

u′min/max =
Ptm(ũmin/maxvgt )

ωt,ref
(6.45)

=
Avgt,maxpemfΠ(Πt)fω(ωt)fvgt(ũmin/maxvgt )

√
TemReωt,ref

cpeTem

(
1−Π1− 1

γe
t

)
ηtm

(6.46)

6.7.2 Wastegated turbine
The saturation limits for the wastegated turbine is calculated using (5.13) with

ṁt = ṁeo − ṁwg (6.47)

where ṁeo is estimated from measures and ṁwg is estimated from (5.1) with
Aeff = Awg in (5.6). Furthermore, ηtm is inserted as the only factor for turbine
efficiency in Ptm. The saturation limits is then given by (6.45). The pwm-signal
is only effective in the range from 33 % to 65 % but since the area is only strictly
increasing to 60 %, see Figure 5.3, that becomes the upper limit.
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6.8 The complete controller
The complete controller, from reference value and feedback in turbocharger angular
velocity ωt to control signal to the turbine actuator u is presented here.

The linear controller produces a control signal u′(t) to the non-linear com-
pensator:

u′(t) = KF · ωref (t) +KP · e(t) +KI

t∫
0

(
e(τ) + 1

KP
(ū(τ)− u(τ))

)
dτ (6.48)

e(t) = ωref (t)− ω(t) (6.49)

The non-linear compensator produces a control signal u(t) to the turbine actuator:

u(t, t− 1) = ũ(t, t− 1) (ideal actuator) (6.50)

ũ(t, t− 1) = cvgt2 − cvgt1

√
max{0, 1−

(max{0, fvgt(t, t− 1)− cf2}
cf1

)2
}

(6.51)

fvgt(t, t− 1) = ṁt(t, t− 1)
√
ReTem

Avgt,maxpemfΠfω
(6.52)

ṁt(t, t− 1) = u′(t) · ωref (t)
cpeTem

(
1−Π1−1/γe

t

)
ηtm(ũ(t− 1))

(6.53)

ηtm(ũ(t− 1)) = ηtm,ωt · ηtm,BSR · ηtm,vgt(ũ(t− 1)) (6.54)
ηtm,vgt(ũ(t− 1)) = bvgt1ũ

3(t− 1) + bvgt2ũ
2(t− 1) + bvgt3ũ(t− 1) + bvgt4 (6.55)

Note that ηtm depend on the actuator position ũvgt through feeding back the
actuator position, thereby the dependency on (t− 1).

The wastegate actuator control signal is produced by transforming u′(t) with
Equations (6.23) to (6.26).

6.9 Results
The results from simulations with the controller are presented here. First, results
from simulations with VGT is given, followed by results from simulations with
wastegate.

6.9.1 VGT
The results from simulations are that the linear controller is easy to tune for
shaping of the step response. A step in ωt is shown in Figure 6.13. To test the
controller on more realistic reference signals, signals collected during field tests
were used as reference to see how the controller manage to follow those signals.
The signals were collected with sample frequency 10 Hz, and are low-pass filtered
to get rid of some measurement noise.
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First, the controller is tested with ωt as feedback and reference. The input
turbocharger speed is saturated at 5300 rad/s, since uvgt > usgnvgt cannot produce
speeds below this at some of the investigated engine operating regions. Further-
more, the primary control objective is to produce a fast boost pressure build-up in
order to give a fast torque response with desired λ. Worth to mention is that the
signal used as reference is a field test output signal and not a reference. If the con-
troller (6.18) is used, i.e. when uvgt < usgnvgt , the result is as shown in Figure 6.11.
If the controller (6.22) is used, i.e. when uvgt > usgnvgt , the result is a somewhat
slower response. This is could be intuitively explained by looking at Figure 6.1,
where it can be seen that a linearized system with transfer function from uvgt to
ωt would have a larger time constant for uvgt > usgnvgt . The result when following
the reference in ωt is shown in Figure 6.12.

When controlling pim, the results are similar to the ones when controlling
ωt. Step responses in pim are shown in Figures 6.14 and 6.15. In the two figures,
uvgt < usgnvgt in one and uvgt > usgnvgt in the other, which causes quite large differences
between the rise times. Furthermore, pim cannot reach the same pressures in the
two cases, as illustrated by Figures 6.21 and 6.22. It can also be noted that the
different engine speeds in the two figures pose different maximum and minimum
limits for pim since ṁeo increase with increasing engine speed and torque. This
makes the testing with ’real’ signals a bit tricky, since the field tests are run with
fast changing engine speed and torque. An interval where there were reachable
levels in pim was thus chosen as reference.

The results from simulations with a field test signal as reference is shown in
Figures 6.18 and 6.17. Once again, the controller with uvgt < usgnvgt is faster.

The control objective nt < nmaxt would be easy to satisfy if nt was measured,
by simply introducing an upper limit for the requested turbocharger speed. VGT:s
generally have sensors for measuring nt, but wastegated turbines most commonly
have not. Thereby the speed control rely on the compressor map based model with
which reference and feedback values are generated. It is assumed that the model
is accurate, which would make the speed limit straightforward to implement.

6.9.2 Wastegate
In Figure 6.23, it can be seen that the wasegate controller have a time constant
below 4 s with small overshoots. It is also easy to tune the controller to get this
performance. Compared to the VGT controller it is easier to get desired behaviour
of the system, considering that there is no sign reversel for the control signal. The
range for reachable turbine speed is 6100 rad/s to 8400 rad/s for engine speed of
2000 rpm and 120 mg fuel/cycle injected.

6.9.3 Robustness
To test the robustness of the controller, errors were introduced to the parameters in
the non-linear compensator and the controller was tested with these errors. These
tests show that small modeling errors in the parameters in ηtm,BSR introduced
oscillations in the system if the error is positive. When looking at the ηtm,BSR
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Figure 6.11. The figure shows how the controller manages to follow a reference in ωt

and the produced controller output, when uvgt < usgn
vgt . The signal used as reference is

collected from field tests, but note that the signal is a measured output signal and not
a reference signal during the test. Engine speed is 1500 rpm and 120 mg fuel/cycle is
injected.

model, it is seen that values of BSRopt just above the original parameter value
gives ηtm,BSR = 0 for low BSR, which means the controller output is gained to
infinity (see (6.21)). Therefore, when choosing the parameter BSRopt, it is of
great importance to choose a value that do not give ηtm,BSR = 0. Even negative
modeling errors in BSRopt affected the performance, since they make the modeled
turbine efficiency too large and hence gain the controller output with gain less than
one. According to Figure 6.24, even small errors in BSRopt give large variations in
ηtm,BSR, especially for small BSR. The other parameter in ηtm,BSR, bBSR is not
as sensitive as BSRopt but is definitely influencing the control signal gain. Next
to ηtm,BSR in sensitivity is the sub-model for flow depending on ũvgt in (6.11).
The parameter bvgt2 is changing the control signal gain already at modeling errors
of 10 %, and at errors of more than 20 % the gain becomes far too large for the
controller to work properly. The parameters bvgt1 and bvgt3 manage errors of up
to about 20 % but larger errors introduce oscillations. The parameter bvgt4 is
rather insensitive to modeling errors, since it gains the signal equally much over
the entire ũvgt domain. It should be noted that the value of bvgt3 when optimized
for the CI engine model is very small, that is why changes in does not affect more
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Figure 6.12. The figure shows how the controller manages to follow a reference in ωt

and the produced controller output, when uvgt > usgn
vgt . The signal used as reference is

collected from field tests, but note that the signal is a measured output signal and not
a reference signal during the test. Engine speed is 1500 rpm and 120 mg fuel/cycle is
injected.

than it does.
The other parameters are more tolerant against modeling errors. When chang-

ing the parameters one at a time, the change in controller performance is hardly
noticeable for parameter modeling errors of ±10 %. For modeling errors of about
20 %, the parameters cvgt1 and cvgt2 in sub-model (6.11) start to affect perfor-
mance by gaining the signal too much or too little. For modeling errors of about
50 %, cvgt1 and cvgt2 change the controller output completely, and the parameter
cf1, introduce oscillations. The parameter Avgt,max is a pure gain of the signal,
changing it gains it independently of the engine states.

6.9.4 Simplifications
One objective is for the controller to be easy to tune. Thereby some further simpli-
fications are desired, and the performance is evaluated with these simplifications.
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Figure 6.13. A step in requested ωt and the response produced by the controller. Engine
speed is 1500 rpm and 120 mg fuel/cycle is injected.

During the robustness testing, it was revealed that some parameters had low in-
fluence on the DC-gain, and were therefore removed from the inverted model in
the controller.

One parameter that has very little influence is bωt2 in the ηtm,ω sub-model. In
Figure 6.25, ηtm,ω is plotted as a function of ωt, and as seen removal of the param-
eter bωt2 does not change the curve much. Another factor that is very insensitive
to modeling errors is fω in the sub-model for turbine flow (6.10). Changing the
parameters cωt and ωt,corropt 50 % does not change the controller performance to
any extent.
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Figure 6.14. Step response for step in requested pim, when uvgt < usgn
vgt . The resulting

step response is very fast and the overshoot is only 0.3 %, but pem is large. Engine
operating point: 1500 rpm and 120 mg/cycle.
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Figure 6.15. Step response for step in requested pim, when uvgt > usgn
vgt . The resulting

step response is slower without overshoot, and pem is about 10 times smaller for the step
in Figure 6.14. The control signal is saturated in almost the entire simulation time, and
the starting value of the reference value cannot be reached. Due to the anti wind-up
algorithm the step response is still fast. Engine operating point: 1500 rpm and 120
mg/cycle.
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Figure 6.16. The same step as in Figure 6.15, but without anti wind-up. The result is
a time lag in the response. Engine operating point: 1500 rpm and 120 mg/cycle.
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Figure 6.17. The figure shows how the controller manages to follow a reference in pim

and the produced controller output, when uvgt < usgn
vgt . The signal used as reference is

collected from field tests, but note that the signal is a measured output signal and not
a reference signal during the test. Engine speed is 1500 rpm and 120 mg fuel/cycle is
injected.
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Figure 6.18. The figure shows how the controller manages to follow the same reference in
pim as in Figure 6.17 and the produced controller output, when uvgt > usgn

vgt . The signal
used as reference is collected from field tests, but note that the signal is a measured
output signal and not a reference signal during the test. Engine speed is 1500 rpm and
120 mg fuel/cycle is injected.
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Figure 6.19. The figure shows how the controller manages to follow the same reference
in pim as in Figure 6.17 and the produced controller output, when uvgt > usgn

vgt and when
the EGR-signal to the system is quite aggressive. The controller still manages to follow
the reference. The signal used as reference and the EGR input signal is collected from
field tests, but note that the signal is a measured output signal and not a reference signal
during the test. Engine speed is 1500 rpm and 120 mg fuel/cycle is injected.
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Figure 6.20. Stationary points collected in simulation, showing the intake manifold
pressures that are possible to reach for engine speed 1500 rpm and 120 mg fuel/cycle
injected. The maximum pressure is about 2.4 bar and the minimum when uvgt > usgn

vgt

is about 1.3 bar.
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Figure 6.21. Stationary points collected in simulation, showing the intake manifold
pressures that are possible to reach for engine speed 2000 rpm and 120 mg fuel/cycle
injected. The maximum pressure is about 2.8 bar and the minimum when uvgt > usgn

vgt

is about 1.7 bar.
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Figure 6.22. The figure shows how the controller manages to follow steps in reference
signal. The reference signal goes from 6400 to 8400 rad/s. An increasing wastegate
signal gives a greater wastegate area, which leads to a decreased turbine flow. The model
controller reaches the goal of a time constant below 4 s with small overshoots. The
control signal is not saturated during the simulation. Enginge speed is 2000 rpm and 120
mg fuel/cycle is injected.
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Figure 6.23. The figure shows ηtm,BSR as a function of BSR with modeling errors in
the parameter BSRopt. The blue solid line corresponds to the optimized parameter value,
the red dashed lines corresponds to positive modeling errors and the black dash-dotted
lines correspond to negative modeling errors.
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Figure 6.24. The figure shows ηtm,ω as a function of ωt. The black dash-dotted line
shows the original model and the red dashed line shows the model with bωt2 = 0. The
difference is around 1 % for very high turbocharger speeds and much smaller for medium
and low speeds.
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Figure 6.25. Simulink controller structure for simulation. From left to right: reference
values in pim and ṁai, which is calculated from a volumetric efficiency based engine intake
flow model, is fed to the compressor map based model RefGen. RefGen transforms
these signals to reference value in ωt, which is fed to the linear PIFF-controller. The
PIFF-controller produces an output, uM , which is transformed to the control signal ut.
In the engine model, there is a turbine sub-model, controlled by ut, which produces
turbine power, that is driving the compressor and intake air is compressed. The intake
manifold pressure is measured and fed back to the compressor map based model to create
a feedback in ωt.





Chapter 7

Conclusions and future work

In this chapter, a brief sum-up of the results is given, as well as some ideas for
future work. A model of a wastegated turbine is developed as well as a model-
based control algorithm. The control algorithm was developed for the VGT first,
and then the same approach was used for the wastegated turbocharger. To control
the wastegate with the same algorithm as the VGT, an inverse of the developed
static wastegate model is used.

The expected results are reviewed as follows. The control algorithm is not
ready for use in test cell yet, but still needs some testing and evaluation on what
complementary controllers have to be run in order to fulfil control objectives that
were out of the scope of this project. The proposed control algorithm is developed
the same way for wastegated SI engine and CI engine with VGT. The wastegate
model has an absolute relative error of 3.6 % for the total flow, ṁt, and 7.4 % for
the turbine efficiency, ηtm. The states nt, pim, ṁei, xegr, λO can not be evaluated
since the engine model is not validated with the wastegated turbine. The transient
behaviour in produced torque can be evaluated against step responses in intake
manifold pressure, pim. It is shown that the step responses in pim are fast, with a
rise time of around 1 s for a step with amplitude 1 bar. Common time constants
for the pressure build-up are usually around 4 s, but for larger steps. It is also
shown that fast steps can be made with overshoots smaller than the requested
5 %.

It would be interesting to further analyse how to predict the sign reversal
point usgnvgt , to be able to switch between the controllers used on each side of this
point.

An opportunity for improvment of the model for the mass flow through the
wastegate is to find an expression for the wastegate area that explicitly depends
on the expansion ratio.
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