
 

Air-path control of clean diesel engines : for disturbance
rejection on NOx, PM and fuel efficiency
Citation for published version (APA):
Criens, C. H. A. (2014). Air-path control of clean diesel engines : for disturbance rejection on NOx, PM and fuel
efficiency. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Mechanical Engineering]. Technische Universiteit
Eindhoven. https://doi.org/10.6100/IR769972

DOI:
10.6100/IR769972

Document status and date:
Published: 01/01/2014

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 17. Nov. 2023

https://doi.org/10.6100/IR769972
https://doi.org/10.6100/IR769972
https://research.tue.nl/en/publications/2135c20b-48aa-44d7-9174-4a7e4109f716


Chris Criens

Air-Path Control of Clean Diesel Engines
for disturbance rejection on NOx, PM and fuel e�ciency

A
ir-Path Control of Clean D

iesel Engines for disturbance rejection on NO
x , PM

 and fuel e�
ciency 

 
Chris Criens





Air-Path Control of Clean Diesel Engines
for disturbance rejection on NOx, PM and fuel efficiency



This research was financially supported by the HighTech Automotive
Systems (HTAS), Further Emission Reduction, Vehicle Efficiency gains
and Neutral Thermal loading (FERVENT) program.

The research reported in this thesis is part of the research program of the
Dutch Institute of Systems and Control (DISC). The author has
successfully completed the educational program of the Graduate School
DISC.

Air-Path Control of Clean Diesel Engines for disturbance rejection on
NOx, PM and fuel efficiency
by Chris Criens
Eindhoven: Technische Universiteit Eindhoven, 2014 - Proefschrift

A catalogue record is available from the Eindhoven University of
Technology Library.
ISBN: 978-90-386-3575-0
NUR: 951

Typeset by the author using LATEX2e
Cover design: Chris Criens
Cover picture: DAF Trucks N.V. Imagebank, PACCAR MX-13 - EURO 6
Reproduction: Ipskamp Drukkers B.V., Enschede, The Netherlands

Copyright c©2013 by C.H.A.Criens. All rights reserved.



Air-Path Control of Clean Diesel Engines
for disturbance rejection on NOx, PM and fuel efficiency

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de
Technische Universiteit Eindhoven, op gezag van de
rector magnificus, prof.dr.ir. C.J. van Duijn, voor een

commissie aangewezen door het College voor
Promoties in het openbaar te verdedigen
op donderdag 13 maart 2014 om 16.00 uur

door

Christiaan Henricus Antonius Criens

geboren te Roermond



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling
van de promotiecommissie is als volgt:

Voorzitter: prof.dr. L.P.H. de Goey

Promotor: prof.dr.ir. M. Steinbuch

Copromotor: dr.ir. F.P.T. Willems

Leden: prof.dr. L. del Re (Johannes Kepler Universität Linz)

prof.dr.ir. J. Schoukens (Vrije Universiteit Brussel)

dr. L. Eriksson (Linköping University)

prof.dr.ir. P.M.J. Van den Hof

Adviseurs: dr.ir. T.A.C. van Keulen



Contents

v

Contents v

Glossary ix

1 Introduction 1
1.1 Requirements on the Air-Path Control System . . . . . . . . . 6
1.2 State of the Art of Engine Control . . . . . . . . . . . . . . . 8

1.2.1 Production Engines . . . . . . . . . . . . . . . . . . . . 8
1.2.2 Literature . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3 Opportunities for Improvement . . . . . . . . . . . . . . . . . 11
1.4 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.5 Main Contributions . . . . . . . . . . . . . . . . . . . . . . . . 14
1.6 Overview of this Thesis . . . . . . . . . . . . . . . . . . . . . 16

2 Fundamentals of Diesel Engines and Combustion 19
2.1 The EURO VI Engine Layout . . . . . . . . . . . . . . . . . . 19

2.1.1 Fuel Path . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.1.2 Air Path . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.1.3 Exhaust Aftertreatment . . . . . . . . . . . . . . . . . . 22

› Selective Catalytic Reduction . . . . . . . . . . . . . . 23
› Diesel Particulate Filter . . . . . . . . . . . . . . . . . 23

2.2 Emission Formation and Fuel Efficiency . . . . . . . . . . . . 24
2.2.1 Combustion Process . . . . . . . . . . . . . . . . . . . . 24
2.2.2 Emission Formation . . . . . . . . . . . . . . . . . . . . 26

› Nitrogen Oxides . . . . . . . . . . . . . . . . . . . . . 26
› Particulate Matter . . . . . . . . . . . . . . . . . . . . 27



vi

2.2.3 Fuel Efficiency . . . . . . . . . . . . . . . . . . . . . . . 28
2.2.4 Simultaneously Low NOx, PM and BSFC? . . . . . . . . 31

2.3 Emission Legislation . . . . . . . . . . . . . . . . . . . . . . . 32
2.3.1 EURO VI Legislation . . . . . . . . . . . . . . . . . . . 34

› Stationary Testing . . . . . . . . . . . . . . . . . . . . 34
› Transient Testing . . . . . . . . . . . . . . . . . . . . 35
› Not-To-Exceed Tests . . . . . . . . . . . . . . . . . . . 35
› In-Service Conformity . . . . . . . . . . . . . . . . . . 37
› Implications for Engine Design and Control . . . . . . . 38

3 Literature Overview 41
3.1 Controlled Outputs . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1.1 Track Boost Pressure and Fresh Air Flow . . . . . . . . . 42
3.1.2 Minimize NOx Emissions . . . . . . . . . . . . . . . . . 43
3.1.3 EGR Rate and Air-Fuel Ratio . . . . . . . . . . . . . . . 44
3.1.4 Direct Emission Control . . . . . . . . . . . . . . . . . . 45

3.2 Model Predictive Control . . . . . . . . . . . . . . . . . . . . 46
3.3 Transient Control . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Modeling, Identification and Analysis 59
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2.1 Engine . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.2 Actuators . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.3 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.3 Design of the Input Signal . . . . . . . . . . . . . . . . . . . . 65
4.3.1 Multisine . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3.2 Influence of Input Quantization . . . . . . . . . . . . . . 68

4.4 Analysis of the Identification Accuracy . . . . . . . . . . . . . 69
4.4.1 Frequency Response Function . . . . . . . . . . . . . . . 71
4.4.2 Accuracy of the Frequency Response Function . . . . . . 72
4.4.3 Classification of Nonlinearities . . . . . . . . . . . . . . 74
4.4.4 Time-Domain Validation . . . . . . . . . . . . . . . . . 77

4.5 Frequency Response Function Measurement Results . . . . . . 82
4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86



vii

5 Feedback Control for Disturbance Rejection 89
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2 Control Problem . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3 Conceptual Design . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3.1 Actuators . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3.2 Controlled Outputs . . . . . . . . . . . . . . . . . . . . 95
5.3.3 Input-Output Controllability . . . . . . . . . . . . . . . 96
5.3.4 Control Design . . . . . . . . . . . . . . . . . . . . . . 96
5.3.5 Simulation Result . . . . . . . . . . . . . . . . . . . . . 97

5.4 Experimental Design . . . . . . . . . . . . . . . . . . . . . . . 102
5.4.1 Selection of Controlled Outputs . . . . . . . . . . . . . . 102
5.4.2 Input-Output Analysis . . . . . . . . . . . . . . . . . . 107
5.4.3 Control Design . . . . . . . . . . . . . . . . . . . . . . 111

› Decoupling . . . . . . . . . . . . . . . . . . . . . . . . 112
› Feedback Control Design . . . . . . . . . . . . . . . . 113

5.4.4 Experimental Results . . . . . . . . . . . . . . . . . . . 117

6 Control on the Full Speed-Load Range 125
6.1 Feedback Control . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.1.1 NOx Measurement . . . . . . . . . . . . . . . . . . . . . 128
6.1.2 Decoupling . . . . . . . . . . . . . . . . . . . . . . . . 129
6.1.3 PI control . . . . . . . . . . . . . . . . . . . . . . . . . 132
6.1.4 Implementation . . . . . . . . . . . . . . . . . . . . . . 134

› Nominal Inputs and Setpoint Values . . . . . . . . . . 134
› Safety . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.1.5 Experimental Results . . . . . . . . . . . . . . . . . . . 136
6.2 Feed-Forward Control . . . . . . . . . . . . . . . . . . . . . . 138

6.2.1 Control Design . . . . . . . . . . . . . . . . . . . . . . 140
6.2.2 Tuning Process . . . . . . . . . . . . . . . . . . . . . . 141
6.2.3 Torque Step Experiments . . . . . . . . . . . . . . . . . 143

6.3 Experimental WHTC Tests . . . . . . . . . . . . . . . . . . . 145

7 Conclusions & Recommendations 151
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

7.1.1 Disturbance Rejection . . . . . . . . . . . . . . . . . . . 151
7.1.2 Design Effort . . . . . . . . . . . . . . . . . . . . . . . 152
7.1.3 Summary of the Main Results . . . . . . . . . . . . . . . 153

› Identification . . . . . . . . . . . . . . . . . . . . . . . 153



viii

› Disturbance Rejection . . . . . . . . . . . . . . . . . . 154
› Full Operating Range . . . . . . . . . . . . . . . . . . 155

7.2 Recommendations for Future Research . . . . . . . . . . . . . 156
7.2.1 Improved Air Path Control . . . . . . . . . . . . . . . . 156

› Control Algorithm . . . . . . . . . . . . . . . . . . . . 156
› Controlled Outputs . . . . . . . . . . . . . . . . . . . 157
› Experiments . . . . . . . . . . . . . . . . . . . . . . . 158
› Transients . . . . . . . . . . . . . . . . . . . . . . . . 158

7.2.2 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . 159
7.2.3 Integrated Engine Control . . . . . . . . . . . . . . . . . 160

Bibliography 163

Summary 171

Samenvatting 175

Dankwoord 179

Curriculum Vitae 183



Glossary

ix

ACEA Association des Constructeurs Européens d’Automobiles; English: Euro-
pean Automobile Manufacturers Association

AFR Air-Fuel Ratio

AMOX AMmonia OXidation catalyst

a.u. arbitrary units

AVL Anstalt für Verbrennungskraftmaschinen List

BDC Bottom Dead Center

BLA Best Linear Approximation

BMEP Brake Mean Effective Pressure

BPV Back Pressure Valve

BSFC Brake Specific Fuel Consumption

CA50 Crank Angle at which 50% of the combustion heat is released

CO Carbon monoOxide

CO2 Carbon diOxide

CR Common-Rail

DFT Discrete Fourier Transform

DOC Diesel Oxidation Catalyst

DOE Design Of Experiments

DPF Diesel Particulate Filter

ECE R49 Regulation No. 49 of the Economic Commission for Europe

ECU Engine Control Unit



x

EEA European Environment Agency

EGR Exhaust Gas Recirculation

ESC European Stationary Cycle

ETC European Transient Cycle

EU European Union

FERVENT Further Emission Reduction, Vehicle Efficiency gains and Neutral
Thermal loading

FRF Frequency Response Function

HC Hydro Carbons

HCCI Homogeneous Charge Compression Ignition

HD Heavy Duty

HTAS HighTech Automotive Systems

IDFT Inverse Discrete Fourier Transform

IJPT International Journal of PowerTrains

IMC Internal Model Control

IMEP Indicated Mean Effective Pressure

FMEP Friction Mean Effective Pressure

LPV Linear Parameter Varying

LQG Linear Quadratic Gaussian

LTC Low Temperature Combustion

LTI Linear Time Invariant

MAF fresh Mass Air Flow

MAP Manifold Absolute Pressure, (also: Manifold Air Pressure)

MIMO Multi-Input Multi-Output

MISO Multi-Input Single-Output

MPC Model Predictive Control

NEDC New European Driving Cycle

NL NonLinear

NMHC Non-Methane Hydro Carbons

NOx Nitrogen Oxides



xi

OBD On-Board Diagnostics

ODE Ordinary Differential Equations

PCCI Premixed Charge Compression Ignition

PC Personal Computer

PEMS Portable Emission Measurement System

PI Proportional Integral controller

PID Proportional Integral Derivative controller

PM Particulate Matter

PMEP Pumping Mean Effective Pressure

PN Particle Number

ppm parts per million

RGA Relative Gain Array

RMS Root Mean Square

RPM Revolutions Per Minute

SCR Selective Catalytic Reduction

SISO Single-Input Single-Output

SOI Start Of Injection

SVD Singular Value Decomposition

SQP Sequential Quadratic Programming

TDC Top Dead Center

THC Total HydroCarbon

TITO Two-Input Two-Output

TNO Nederlandse organisatie voor Toegepast-Natuurwetenschappelijk Onderzoek

TU/e Eindhoven University of Technology

UEGO Universal Exhaust Gas Oxygen

US United States

VGT Variable Geometry Turbine

WNTE World-harmonized Not-To-Exceed

WHSC World-Harmonized Steady-state Cycle

WHTC World Harmonized Transient Cycle





1 Introduction

1

The goal of this research is to design a control system for heavy-duty diesel engines
that is capable of combining a low fuel consumption with low emissions of Nitrogen
Oxides (NOx) and Particulate Matter (PM). In addition, these properties should
be maintained when disturbances are present. A feature of the to be designed
control system should be that the required design effort is low. The relevance of
such a control system is further detailed in this introduction.

Fuel efficiency and reliability made diesel engines the most popular means
of propulsion for commercial Heavy-Duty (HD) trucks. In spite of their fuel
efficiency and accordingly low CO2 emissions, diesel engines are known to cause
more pollution than gasoline engines (Guzzella and Amstutz, 1998). The lean
diffusion combustion in diesel engines produces more PM and makes the use of
three-way catalysts ineffective, resulting in higher NOx emissions.

The 2013 report of the European Environment Agency (EEA) on emissions in
the European Union (EU) between 1990 and 2011 (European Environment Agency,
2013), provides data on the recent evolution of harmful emissions in the EU. Road
transport is one of the main contributors to these emissions. In 2011, 40% of
the total NOx emissions originated from road transport, equally divided between
passenger cars and commercial HD vehicles. Also, 17% of the total fine PM
emissions originated from road transport, slightly more from passenger cars than
from HD vehicles. To protect man and his environment against the air pollution
caused by these emissions, the EU restricts these emissions via legislation. As a
result, the total emissions of NOx decreased with 48% between 1990 and 2011.
For the PM emissions, a 20% reduction was achieved between 2000 and 2011. The
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Figure 1.1: The evolution of the heavy-duty steady-state emission limits for NOx
and PM in the European Union. Data source: DieselNet (2013).

EU goal for 2020 is to achieve a further 42% and 22% decrease in the overall NOx

and PM emissions, respectively, with the 2005 emissions as the baseline.

Figure 1.1 shows the evolution of the limits for NOx and PM emissions of
HD diesel engines in the European Union. With EURO VI, the emission limits
have reached near zero impact levels. Moreover, to increase the practical impact
of the tightened legislation, World harmonized Not-To-Exceed (WNTE) and in-
service conformity emission limits are introduced with EURO VI (see Section 2.3.1
for more details). The drive cycle, ambient conditions, fuel composition, produc-
tion tolerances and ageing can all influence the produced emissions. This makes
guaranteeing compliance with in-service emission limits particularly challenging.

Considering the NOx and PM emission goal for 2020, the low emission limits
in EURO VI and the natural phasing out of EURO III, EURO IV and EURO V
vehicles, further drastic cuts in the allowed emission levels are not expected in
the near future. Instead, legislation restricting the CO2 emissions, or almost
equivalently, the fuel consumption, is anticipated. In the United States (US), fuel
consumption legislation for 2014-2018 engines is already finalized. Up until the
introduction of increasingly stringent emission legislation, a trend was observed
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that fuel economy improved in newer vehicles. Because reducing the emissions
of NOx and PM required the implementation of measures that conflict with fuel
efficiency, this trend has stopped, despite the advancements in technology. Fuel
consumption is, and has been, a major competitive factor for truck manufacturers.
Any cost effective solution to reduce the fuel consumption is therefore readily
adopted in production vehicles (ACEA, 2010). When needed for compliance with
legislation, fuel-reduction technologies that have not proven to be cost-effective
will be implemented as well.

For engine manufacturers, the increasingly stringent legislation requires con-
stant innovation of their engines. Complying with emission legislation in a cost
effective manner and with minimum impact on the fuel consumption, resulted in
the adoption of several new hardware components. A typical EURO VI engine
comprises components that provide control over the air intake and fuel injection,
and reduce the emissions via exhaust gas aftertreatment. Figure 1.2 lists the
components typically available in a modern EURO VI HD diesel engine.

To utilize the flexibility provided by the new components and release their
full potential, a digital, electronic control system is used. This system provides
settings for each component, based on the actual engine speed, torque demand and
sensor measurements. Along with the increase in the number of components, the
complexity of this control system increased as well. The time and effort needed to
design and calibrate a control system that achieves optimal, or at least satisfactory,
engine performance increased significantly.

In this thesis, control design for the diesel engine air path is considered. Air-
path control is particularly interesting. It is challenging and time consuming to
calibrate using current control methods. Moreover, the air path contains a variety
of sensors and actuators, which means that within the current hardware constraints,
various control layouts are possible. The main actuators in the air path are the
Variable Geometry Turbine (VGT) and Exhaust Gas Recirculation (EGR) valve.
Figure 1.3 shows the air path of an EGR diesel engine including a VGT and EGR
valve.

Exhaust Gas Recirculation (EGR) is used in diesel engines to reduce the NOx

emissions. By diluting the intake air with cooled exhaust gas, the combustion
temperature is lowered, which reduces the NOx formation. The combination of a
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VGT and EGR valve provides control over the flows of fresh air and exhaust in the
engine. This affects the NOx and PM emissions as well as the fuel efficiency. More
details on the functioning of the VGT and EGR are provided in Section 2.1.2.

For EURO VI, emission control has gained importance. The allowed emission
limits were drastically reduced, which makes tight compliance with legislation
increasingly important to minimize the fuel consumption. Moreover, to ensure
in-service conformity, which is required for EURO VI, the effects of disturbances
and uncertainties in the engine have to be accounted for. Via the VGT and EGR
valve actuators, the air-path controller affects the NOx and PM emissions and the
fuel consumption. The air-path controller is therefore a key part of the design of a
fuel efficient, EURO VI compliant diesel engine.

Air-path control for diesel engines is considered challenging. Several conflicting
and tight requirements are present (Alberer et al., 2012). Minimizing the engine-
out NOx emissions can result in excessive PM emissions and vice versa. To
achieve EURO VI compliance, both emission species must be mainted within tight
bounds. To be economically viable, the fuel consumption must be minimized. The
dynamic behavior of the air path can be characterized as coupled, nonlinear and
nonminimum phase. These characteristics complicate control design. Also, the
external disturbances and internal uncertainties that are present affect both the
outputs of the system and the dynamic input-output response. A successful control
design should have regard for all the above aspects.

The use of EGR, controlled via the EGR valve and VGT, is not limited to
current EURO VI engines. Advanced combustion concepts such as Low Tempera-
ture Combustion (LTC), Homogeneous Charge Compression Ignition (HCCI) and
Premixed Charge Compression Ignition (PCCI) also rely heavily on the use of
EGR. Engines using these combustion concepts are currently being investigated in
academic literature. They have the potential to combine extremely low emissions
with a high fuel efficiency. In particular for HCCI and PCCI engines, very high
EGR rates are necessary for proper functioning. EGR is used to reduce the oth-
erwise excessive combustion rate and can also be used to control the combustion
phasing. For these engines, control is even more important than for the EURO
VI diesel engines considered in this thesis. Their operation is not naturally stable,
which makes the use of feedback control a necessity.
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1.1 Requirements on the Air-Path Control System

The main purpose of a diesel engine in a commercial vehicle is to provide propulsion.
The control system provides some essential tasks in achieving this in the best way
possible.

On a high level, the goals of a diesel engine control system are as follows.

• Drivability Achieve a satisfactory level of drivability, i.e., comply with the
drivers torque demand.

• Legislation Comply with the EURO VI emission legislation, both for type
approval and in use.

• Fuel consumption Minimize the operational costs of the vehicle, which are
largely determined by the fuel consumption.

• Constraints Remain within limits for safety, noise and durability.

The control system is not the only factor that determines whether or not the
above goals are met. The synergy between the engine hardware, its control system
and the external conditions determines the achieved engine performance. As a
subsystem of the overall engine control system, the air-path controller can provide
a partial contribution to achieving the above goals. The following list provides the
main aspects where the air-path controller can contribute.

• Enable overall low emissions and low fuel consumption The air path
affects the engine-out NOx and PM emissions as well as the fuel efficiency.
The air-path controller should therefore apply settings that result in simulta-
neously low NOx and PM emissions and a low fuel consumption.

• Improve the robustness The real-world emissions of a diesel engine are
affected by disturbances and uncertainties such as ambient conditions, fuel
composition, production tolerances and ageing. In particular for EURO VI
engines, where not-to-exceed and in-service conformity limits are enforced,
reducing the effects of these disturbances and uncertainties on the NOx

and PM emissions is important for tight compliance with the limits set in
legislation.
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• Decrease the turbo lag The turbocharger is responsible for providing the
fresh air flow that is required to generate a high brake torque. When the
torque demand is low, the turbocharger speed is low as well. Due to its
inertia, the turbocharger cannot instantly speed up and provide the boost
pressure and air flow needed to generate the peak torque. Consequently,
when the driver demands a fast change from low to high torque, turbo lag
is observed, while the turbocharger speeds up. In an engine equipped with
a VGT and EGR system, the EGR flow and pressures in the intake and
exhaust manifold can be influenced by the VGT and EGR valve. This can
result in a faster acceleration of the turbine and an additional increase in the
fresh air flow ahead of the increase in turbine speed. Control using the VGT
and EGR valve therefore affects the observed turbo lag.

The control design in this thesis focusses on performance with respect to the
above aspects. For a practical integration into a production engine, other aspects
are relevant as well.

• Design time An increase in the design time and effort results in an increase
in the costs associated with control design. Moreover, the time to market of
new engines increases. The increase in flexibility due to additional actuators
and sensors resulted in a significant increase in control design effort. It is
even expected that by 2020, the effort associated with control design exceeds
the effort associated with the design of the engine hardware. Considering
this, the effort needed for control design is a considerable factor to take into
account.

• Computational complexity The computational power of a modern Engine
Control Unit (ECU) and the memory available for storage are limited. The
footprint on the ECU should therefore be small and be compatible with
current production ECUs.

• Use currently available hardware Research engines can be equipped with
an extensive sensor set and additional actuators. In production engines, the
means are much more limited. Size, cost-effectiveness and reliability limit the
availability of sensors and actuators and a control design should fit within
these restrictions.
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• Flexibility Engines will have different modes that are selected depending on
the current requirements, e.g., during warm-up, the engine will be controlled
differently than during normal operation. A control system should be able
to cope with this and remain functional.

• General applicability The control design method should be applicable for
a range of engine topologies. Moreover, the controller should work without
further modification on a full production series during the complete live cycle
of the engines.

• Integration into the control system As shown in Figure 1.2, the air-path
control system constitutes only a part of the engine control system. In
consequence, a synergy with the other parts of the control system is required.

The practical considerations above are important and will be kept in mind
during control design. Compliance with these aspects is flexible, e.g., when a
significant improvement of the fuel efficiency can be achieved, a failure to meet
any of the above practical aspects may be justified.

1.2 State of the Art of Engine Control

1.2.1 Production Engines

The control systems that are used in production engines are typically confidential
and undisclosed. The details of the state-of-the-art control systems as applied in
production engines are therefore not available.

It is however known that production control systems rely heavily on so called
engine maps (Stewart et al., 2010) to control the engine. These maps provide
settings for all actuators depending on the speed-load operating point of the engine.
By means of Design Of Experiment (DOE), they can be calibrated efficiently. Also,
when using a nominal engine, under nominal and steady-state conditions, an engine
map is a nonconservative control method, i.e., under these conditions control via
a well-calibrated engine map is sufficient to achieve optimal performance.

When disturbances are present or the engine is in a transient state, i.e., the
engine speed or torque is not constant, an engine map that provides settings based
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on the operating point is no longer sufficient for optimal performance. Therefore,
additional maps are implemented that adapt the base engine map using sensor
measurements as input. Although they are based on sensor data, the adaptations
are usually of the feed-forward type, i.e., the sensor measurement is not directly
affected by the actuator setting that is adapted. This type of control design
can theoretically be nonconservative. Suppose that all engine states, external
disturbances and uncertain parameters are accurately measured. And also that
based on all these measurements, a multidimensional map is created that contains
the optimal settings for each actuator. This type of control is nonconservative and
optimal performance is achieved.

In a practical setting, achieving optimal performance using the method de-
scribed above is not a feasible approach. First of all, not all measurements that are
theoretically required are available. But also, the control design effort will be enor-
mous. For example, even using only five internal and three external measurements,
and a grid density of 10 control settings per measurement, a total of 108 actuator
settings have to be calibrated and stored for each actuator. The exponential in-
crease in the complexity when the number of measurements or actuators increases
makes this method of control prohibitively complex, when optimal performance is
strived for.

To reduce the control design effort, subsystems are identified that are calibrated
individually, largely neglecting possible interactions. This reduces the complexity,
but also introduces conservatism. Despite this, the control design effort is immense
(Stewart et al., 2010; Pachner et al., 2012; Henningsson, 2012; Guzzella and Am-
stutz, 1998). Moreover, when sensors and actuators are added to the engine, the
complexity rapidly increases even further.

In addition to map-based feed-forward control, feedback control is also applied
in production engines. Feedback control can make the achieved performance
more robust against disturbances. Also, feedback control can be an effective way
of reducing the performance requirements on the feed-forward control system,
because it can compensate for the remaining inaccuracies. This potentially reduces
the required calibration effort. Details of the applied feedback strategies are not
disclosed. Considering the increasing design time that is widely reported, it can
be concluded that thus far, a feedback control solution that provides a reduction
in calibration effort and accurate disturbance compensation is not available.
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1.2.2 Literature

In literature, diesel engine control and also air-path control are extensively studied.
A brief review is presented here, with a more elaborate version in Chapter 3.
To determine the state of the art in current academic research on control using
the VGT and EGR valve, two paths are distinguished. First, the use of new
control algorithms is proposed to make control design more efficient, improve on
the achieved performance, or both. Second, the use of new control problems with
different output combinations, often using different, newly available sensors is
proposed. This results in new control problems that may better reflect the actual
high-level objectives as listed in Section 1.1. Generally, the use of feedback control
is widespread in academic literature.

In terms of control schemes used for air-path control, the current state of the
art is arguably Model Predictive Control (MPC). Several versions of MPC for
air-path control have been proposed as listed in Section 3.2. MPC allows for a sys-
tematic and optimal control design procedure that can take into account nonlinear
system behavior, and constraints on the actuator range and internal engine states.
This makes MPC very suitable for air-path control from a performance perspective.
In consequence of the complexity of the MPC algorithm, several simplifications are
needed to enable an experimental demonstration on an engine. These simplifica-
tions complicate the control design and can hamper the performance obtained by
the controller. The differences between the papers listed in Section 3.2 are mostly
found in the simplifications that are used. Variations are found in the considered
constraints, the modeling method used to take into account the nonlinear engine
behavior, prediction and control horizon, and the algorithm used to synthesize the
controller.

The studied control problems found in literature evolve towards more direct
control of emissions. Initially control designs used control of fresh Mass Air Flow
(MAF) and Manifold Absolute Pressure (MAP). Sensors to measure these quantities
are present by default in the air path of a production engine. Sensors for measuring
PM emissions are lacking in current HD production engines, and the use of a
NOx sensor is often dismissed due to the slow sensor dynamics of the available
NOx sensors. Direct control of NOx and PM (using a research opacity sensor to
determine PM) is used in Tschanz et al. (2013). Earlier works often also thrive
towards direct emission control, but use substitute measurements, e.g., EGR rate



1.3. Opportunities for Improvement 11

instead of NOx, and λ instead instead of PM. In terms of controlled outputs,
a very elaborate study is done in Karlsson et al. (2010), where Indicated Mean
Effective Pressure (IMEP), combustion phasing, maximum pressure derivative,
NOx emissions and exhaust opacity are controlled. This work also employs MPC
control, but in a simplified linear version, which is applicable only at a single
speed-load operating point.

1.3 Opportunities for Improvement
With the goals of this research in mind: enable low average emissions and a low
average fuel consumption, improve the robustness and decrease the turbo lag.
And also considering the current issues with the high control design effort, the
state-of-the-art is reviewed to distinguish opportunities for improvement.

In terms of performance potential, MPC is a very suitable control technology.
Moreover, it is very flexible in terms of modeling and can work with a wide range of
optimization criterions. However, with robustness as a main goal, MPC falls short.
Stability, or robust stability, a basic aspect of any practical control algorithm, is
not guaranteed by default. Moreover, the approaches presented in the literature
show that the computational complexity of the resulting control law pushes the
boundaries of what is possible with current ECU hardware. Considering this, the
presented MPC approaches are not very suitable to reduce the control design effort
in a practical setting. A systematic, low-complexity control design is likely to
improve upon this.

In terms of the considered outputs, is has been shown that the classical ap-
proach of MAF-MAP control is not effective for disturbance rejection on the
engine-out NOx and PM emissions. Even high-end control algorithms that achieve
accurate tracking of MAF-MAP do not necessarily improve the performance on
the high-level objectives. In Chapter 5 of this thesis, it is shown that control of
NOx and PM, using the air-path actuators, is not compatible with robust stability
and may deteriorate the fuel efficiency in a low emission engine. Control solutions
that take into account both fuel efficiency and emissions are scarce in literature,
with Henningsson (2012) and Wahlström et al. (2010) as the main contributions.
The work of Henningsson (2012) is intended as an academic showcase and is not
suitable for implementation due to the control algorithm and the use of sensors
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Figure 1.4: An overview of the proposed control scheme.

that are available only on research engines. The work of Wahlström et al. (2010)
does not use the currently available emission sensors and aims mostly to minimize
the pumping work. Disturbance rejection on NOx and PM emissions as well as
fuel efficiency can improve on the current approaches found in literature.

1.4 Approach
The control structure that is proposed in this thesis consists of three parts. First,
a base engine map defining nominal VGT and EGR settings based on engine speed
and torque request, and corresponding setpoints. Second, a feedback controller
to reduce the effects of disturbances. Third, a dynamic feed-forward controller to
improve the torque response and reduce the PM emissions during torque transients.
This control layout is illustrated in Figure 1.4.

The steady-state engine map, which is a map with input settings, u0, for all
speed-load operating points, is available a priori and its design is not discussed in
this work. Although it largely determines the actual performance of the engine,
standard Design Of Experiments (DOE) techniques are adequate to calibrate the
parameters in the engine map. Using DOE, optimal settings for stationary engine
speed and load can be found in a reasonable amount of time. Feed-forward by
means of a map is very flexible and, when a dense enough grid is used, it is
nonconservative for stationary performance under nominal conditions.

The feedback controller is the main part of the new control design. Its purpose
is to adapt the VGT and EGR valve, such that the optimal tradeoff between
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NOx, PM and fuel efficiency is maintained as closely as possible when disturbances
are present. Moreover, the feedback controller keeps the NOx and PM emissions
close to their nominal values, to ensure tight compliance with emission legislation.
By applying feedback control, the effects of uncertainties and disturbances are
compensated for. The external disturbances include, e.g., ambient changes in
temperature, pressure and humidity, and differences in fuel quality and composi-
tion. Also, engine temperature variations, aging, production tolerances, fouling of
the engine and aftertreatment system, and actuator imperfections and hysteresis
affect the achieved emissions and fuel efficiency. To make feedback control most
effective, outputs are selected that are directly related with the high-level objec-
tives. The NOx emissions, PM emissions and fuel efficiency are represented by
NOx emissions, air-fuel equivalence ratio, λ, and pressure difference between the
intake and exhaust manifold, ∆p, respectively. The output value that is obtained
under nominal conditions is used as a setpoint value. When the feedback controller
actively maintains the outputs close to their respective setpoint values, the effects
of changing conditions on the emissions and fuel efficiency is counteracted. The
design of the feedback controller is further discussed in Chapter 5.

During transient engine operation, the combination of the engine map with
feedback control is no longer sufficient. To ensure a fast torque response and reduce
the PM emissions when a large increase in torque demand is applied, additional
functionality is needed. For this reason a dynamic feed-forward controller is
implemented. This controller takes additional control actions based on the variation
of the torque demand. This speeds up the response of the fresh air flow and turbine
speed. A simple structure with a small number of parameters is used such that
manual tuning on a dynamometer test setup is possible. With the extensive
emission measurement capabilities available on a dynamometer setup, the feed-
forward parameters can be calibrated to achieve a desirable combination of NOx

emissions, PM emissions and torque response.

Apart from the performance of the controller, the design effort is also a bottle-
neck in the design process. Both the proposed feedback controller and feed-forward
controller require a short design time. The design of the feedback controller is
completely model based. This shifts the design effort from manual calibration on
an engine towards model design and identification. The multisine identification
procedure elaborated in Chapter 4 offers a time-efficient identification procedure.
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The resulting linear Frequency Response Function (FRF) models are directly suit-
able for the design of the proposed feedback controller. Moreover, the identification
procedures allows an extensive analysis of the accuracy of the identified models.
The effects of nonlinearities and noise are quantified separately, which provides
confidence in the accuracy of the resulting models and identification procedure.
Based on the FRF models, a control design consisting of decoupling and classical
control design is proposed. It is shown that despite the nonlinear behavior, a linear
controller is effective. This results in a feedback controller with both a low design
and implementation effort. The calibration of the dynamic feed-forward controller
is performed manually on a dynamometer test setup. Here, the design effort is low
due to the small number of parameters (four) that require calibration.

1.5 Main Contributions

The main contributions of this work are: a new feedback and feed-forward control
design method; multisine FRF identification and analysis applied to the diesel
engine air path; a representative testing procedure. To achieve a reduction in
the control design time, this aspect is taken into consideration in all parts of the
control design process. This is explained below in more detail.

• New feedback control strategy A new choice of controlled outputs is
made. The NOx sensor, λ sensor are combined with a measurement of
the pressure difference between intake and exhaust manifold, ∆p. These
outputs have a direct relation with the performance measurements of a diesel
engine. This selection is aimed at improving the robustness of the engine.
Robustness has two interpretations in this context. First, maintaining closed-
loop stability in case of uncertainty of the input-output response. Second,
maintaining the performance (emissions, fuel consumption, torque response)
when disturbances are present. Both aspects of the robustness improve as a
result of this selection. It is shown that with this new selection of controlled
outputs, a linear feedback controller can be used in almost the complete
operating range. This is a significant simplification over alternative control
methods, which reduces the complexity of the controller and reduces the
design time.
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• New feed-forward control strategy The feed-forward controller has a new
structure, which is efficient to implement and easy to calibrate. A dynamome-
ter test setup that is equipped with emission measurement equipment and
torque sensors is used during calibration. Using a small number of parame-
ters, manual tuning for optimal performance is possible. Combined with the
measurement equipment available on a dynamometer setup, direct optimiza-
tion of the high-level objectives can be achieved. Compared with previous
approaches, the design complexity and possibility for direct optimization of
the high level objectives are improvements.

• Time-efficient and accurate system identification Linear system identifi-
cation using multisine excitation signals was used to model the input-output
dynamics. The local behavior and accuracy of the identification were exten-
sively analyzed. This analysis includes the ability to quantify to what extent
the local behavior is linear. Moreover, the effects of noise and nonlinearity
are separated from the identified models and individually quantified. It was
found that using 10 minutes of measurement time, an accurate local model
can be identified at a single speed-load operating point. The identified models
naturally include both sensor and actuator dynamics, which is important
for the intended application: the design of feedback controllers. Also, the
ability to model any measured output, including emissions, is an advantage;
the emissions are very difficult to model using first-principles models. Both
the multisine FRF identification procedure and the analysis are not found in
literature for the application of engine control. Moreover, when the operating
point is fixed, the accuracy of the resulting models is very high, compared
with alternative modeling approaches found in literature.

• Representative testing procedure The control design presented in this
thesis is demonstrated and tested experimentally on a EURO VI type engine.
The performance is validated while additional disturbances are applied as
well as using the World Harmonized Transient Cycle (WHTC). This cycle
is designed to be a realistic representation of actual world-wide usage of
engines in commercial vehicles and is also used in the EURO VI emission
test procedure. Although in industrial practise the use of realistic test cycles
is common, in academia, controllers are often evaluated on simplified test
cycles only.
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1.6 Overview of this Thesis
The remainder of this thesis is organized as follows.

Chapter 2 contains background information regarding diesel engines and in
particular emission formation and legislation.

In Chapter 3, an overview and review of relevant academic literature in the
field of air-path control and diesel engine control is presented.

Chapters 4 considers modeling, identification and analysis of the dynamic
behavior of the air-path. The chapter elaborates on the identification procedure,
accuracy of the resulting models and sources of distortion. The contents of this
chapter are also submitted for journal publication.

Chapter 5 deals with feedback control for disturbance rejection around a
single speed-load operating point. The purpose of this controller is to reduce the
effect that disturbances and uncertainties have on the achieved emissions and fuel
efficiency. In this chapter, the selection of both sensors and actuators is discussed.
Also, the properties of the control problem are analyzed. A feedback controller is
designed and its ability to counteract disturbances is experimentally validated.

In Chapter 6, the design procedure of a controller to be used with varying
engine speed and load is detailed and executed. The results of Chapter 4 and
Chapter 5 are used and in addition a dynamic feed-forward controller is designed.
The resulting controller is suitable for transient operation in the complete speed-
load operating range. A time efficient design process is an important consideration
for the controller in this chapter. The performance of the engine using this controller
is evaluated on the WHTC.

The thesis ends with conclusions and directions for future research. The
presented control design and performance are reviewed and suggestions for further
improvements are provided. Also, suggestions for further integration of the air-path
controller into the engine control structure are made.
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This chapter details the working principles of a modern diesel engine. The layout
of a modern HD EURO VI diesel engine is described in Section 2.1. Section 2.2
is dedicated to diesel combustion, emission formation and fuel consumption and
how the available actuators can influence these parameters. The current emission
legislation is detailed in Section 2.3.

2.1 The EURO VI Engine Layout
Various layouts and additional subsystems can be considered for a EURO VI
engine. In this section the layout of the studied EURO VI engine is described. The
functionality of the engine hardware outside of the cylinder block is subdivided
into three parts, which are all interconnected, but all serve different purposes: the
fuel path, air path and aftertreatment. Figure 2.1 illustrates this.

The main purpose of a HD diesel engine is provide propulsion for the vehicle.
For this, chemical energy that is stored in diesel fuel is converted into heat during
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Figure 2.1: A block scheme of the high-level layout of a diesel engine.
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combustion in the cylinders. As a result of the heat release, the temperature
and pressure of the air-exhaust-fuel mixture within this cylinder increase. During
expansion of the mixture, the high pressure adds mechanical work to a moving
piston, which ultimately provides the desired propulsion to the wheels of the
vehicle.

This process should occur with a high conversion ratio of the chemical energy
stored in the fuel into the mechanical work that drives the wheels. Moreover,
the composition of the produced exhaust gas should comply with the EURO VI
legislation. This is realized by precise timing and dosing of the fuel injection,
controlling the amount and composition of the intake air mixture and cleaning the
exhaust gases. The following sections detail the hardware components that achieve
this.

2.1.1 Fuel Path

To inject the fuel, a Common-Rail (CR) fuel injection system is used. In a CR
system, a single accumulator (common rail) is used to store fuel at a high pressure.
From this accumulator, fuel is distributed to the fuel injectors. The fuel in the rail
is stored at a high, controllable pressure. Pressures up to and sometimes over 2 500
bar can be achieved and are controlled by the engine ECU. High pressures are
beneficial for the atomization of the injected fuel, which increases the combustion
efficiency and decreases the PM emissions, but also require additional power for
the fuel pump.

Fuel injectors are also controlled by the ECU and are used to inject the
high-pressure fuel from the rail into the cylinders. Combined with a common rail,
multiple injections with controllable start and end of injection are possible. A main
injection can be combined with a smaller pilot injection to reduce the combustion
noise and emissions. In a modern CR system, even multiple pilot injections and
post injections per cycle are possible.
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2.1.2 Air Path

The purpose of the air path is to provide a fresh air-exhaust mixture of the desired
composition and with sufficient oxygen into the cylinders. To achieve this, a com-
pressor, charge air cooler, intake and exhaust valves, Variable Geometry Turbine
(VGT), Exhaust Gas Recirculation (EGR) valve, EGR cooler, Back Pressure Valve
(BPV) and intake throttle can be used. Figure 1.3 shows the basic layout of an
EGR engine, including most parts mentioned above. In addition to what is shown
in Figure 1.3, an intake throttle can be placed before the compressor, and a BPV
after the turbine. The intake and exhaust valves are located at the cylinders.

In a turbocharged engine, disregarding EGR for the moment, air enters through
the air intake. The density of the air is first increased by the compressor and is
secondly further increased by the charge-air cooler. When the intake valves open,
the high-density air is aspirated into the cylinders, where it is used for combustion.
Due to the increased air density, more oxygen is available and consequently, more
fuel can be efficiently combusted in the cylinders. Thus increasing the maximum
torque that can be produced by the engine. After combustion, the exhaust valves
open and the exhaust gas flows through a turbine, where the excess energy in the
exhaust gas is used to power the turbine.

When the turbine is of the VGT type, the nozzle geometry at the inlet of
the turbine can be varied. This way, the flow properties of the turbine can be
influenced. Modifying the inlet directly affects the turbine power, pressure in the
exhaust manifold and flow through the turbine. The VGT can therefore be used
in an air-path control system.

The considered engine is equipped with a high-pressure, cooled EGR system.
Therefore, a part of the exhaust gas is recirculated. It flows via a controllable
EGR valve and EGR cooler from the exhaust manifold into the intake manifold.
By adding cooled exhaust gas to the intake air, the composition, specific heat
capacity and total mass of the intake air mixture can be influenced. This affects
the combustion process and thus the produced emissions. EGR is used in particular
for reducing the engine-out NOx emissions. The pressure difference between the
intake and exhaust manifold is the driving force for the EGR flow. Therefore, both
the VGT and the EGR valve affect the EGR flow. Similarly, when the amount
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Figure 2.2: The parts of a typical HD EURO VI exhaust aftertreatment system; the
Diesel Oxidation Catalyst (DOC), Diesel Particulate Filter (DPF), Selective Catalytic
Reduction (SCR) and AMmonia OXidation catalyst (AMOX)

of recirculated exhaust gas is increased, the turbine flow and the intake air flow
reduce. The VGT and EGR therefore naturally form a coupled system.

The optional use of an intake throttle and BPV adds flexibility to the use of
the turbine, but also induces additional pumping work when (partially) closed.
Partially closing the intake throttle will reduce the intake flow and intake manifold
pressure and thereby increase the EGR flow. Closing the BPV (partially) reduces
the turbine power and increases the back pressure. This also reduces the flow of
fresh air and exhaust and increases the EGR flow. These effects can be desired,
e.g., for engine braking, or to increase the EGR flow beyond what can be achieved
using the VGT. Also, the increased exhaust gas temperature resulting from the
use of a BPV can increase the efficiency of the exhaust gas aftertreatment system.

2.1.3 Exhaust Aftertreatment

In this thesis, engine-out emissions rather than tailpipe-out emissions are considered.
The difference between these two is caused by the aftertreatment system. To
achieve EURO VI compatible emissions, some form of aftertreatment is necessary
as with currently applied technology, the engine-out emissions exceed the EURO VI
acceptable emission levels. A typical aftertreatment system, shown in Figure 2.2,
combines a Selective Catalytic Reduction (SCR) system to reduce NOx and a Diesel
Particulate Filter (DPF) to filter PM. In addition, a Diesel Oxidation Catalyst
(DOC) is used to reduce the amount of CO and HC in the exhaust gas and convert
NO into NO2 and an AMmonium OXidation catalyst (AMOX) is used to oxidize
the ammonia slip from the SCR.
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Selective Catalytic Reduction

The SCR system is the commonly used NOx reduction system in HD EURO VI
engines. In an SCR system, ammonia, which is supplied via urea, reacts with
NO and NO2 to form nitrogen and water. To make this reaction possible with
a high conversion efficiency, a catalyst material, often zeolite, and an elevated
exhaust temperature are required. With favorable conditions for this reaction,
NOx conversion efficiencies of 95% and above can be achieved.

The main disadvantages of an SCR system are added costs for the equipment,
the costs of the urea consumption, possible ammonium slip and the required high
exhaust temperature. The ammonium slip is typically small, but to achieve this, a
control system to carefully dose the urea flow and an AMOX catalyst are needed.
When the exhaust temperature is increased to increase the SCR efficiency, more
energy is present in the exhaust gas, which induces a fuel penalty. More details on
the SCR system are provided in the reference (Willems and Cloudt, 2011) and the
references therein.

Diesel Particulate Filter

A DPF filters PM from the exhaust gas and stores it in the filter. A DPF can
remove over 98% of the PM from the exhaust gas. To avoid clogging of the filter,
which would cause an increased back pressure, the filter is regenerated by oxidizing
the stored particulates. This regeneration is done in part passively, when NO2

in the exhaust gasses reacts with the particulates. Also active regeneration is
used, for this, the exhaust gas temperature is artificially increased at times, by
burning additional fuel. With the resulting high exhaust gas temperature, the
excess oxygen in the exhaust gas oxidizes the particulates stored in the DPF.

High engine-out PM emissions often combine with a reduced fuel efficiency
for two reasons. First, the engine-out PM emissions are the result of incomplete
combustion, i.e., not all chemical energy that is available in the injected fuel is used
effectively to generate heat. Second, active regeneration of the DPF induces a fuel
penalty. Therefore, even with a DPF that filters PM with a very high efficiency,
low engine-out PM emissions should be aimed for. Additional information on the
DPF system can be found in, e.g., (Koji and Kazuhiro, 2012) and the references
therein.
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2.2 Emission Formation and Fuel Efficiency
To effectively control a clean diesel engine, knowledge of emission formation and fuel
efficiency and an understanding of how the available actuators affect these aspects
is a prerequisite. A brief overview is provided in this section. More information on
emission formation can be found in, e.g., Seykens (2010). This section describes
the combustion process in diesel engines and how this process can be affected via
the available actuators. Also, the basic principles of NOx and PM formation, and
the conversion of chemical energy into mechanical work are detailed.

2.2.1 Combustion Process

In a diesel engine, an air-exhaust mixture is brought to high pressure and temper-
ature inside a cylinder by means of compression by a piston. When diesel fuel is
injected into this cylinder, it combusts as a result of the high temperature and
pressure. The combustion further increases the pressure and temperature of the
in-cylinder mixture. Therefore, the work transfer from the in-cylinder gases to the
piston during the subsequent expansion stroke exceeds the work transfer from the
piston to the in-cylinder gases during the compression stroke and mechanical work
is created.

Figure 2.3 shows a schematic representation of the pressure and cylinder volume
during a four-stroke diesel cycle. During the intake stroke, the piston moves from
Top Dead Center (TDC) to Bottom Dead Center (BDC) and aspirates the fresh
air-exhaust mixture from the intake manifold. In the compression stroke, the
piston moves from BDC to TDC. After Intake Valve Closing (IVC), the in-cylinder
air-exhaust mixture is compressed via isentropic compression, increasing both its
pressure and temperature. Close to TDC, the fuel injection and, subsequently, the
combustion start (SOC). The heat that is generated by the combustion further
increases the in-cylinder pressure. When the piston moves from TDC to BDC
during the expansion stroke, the mechanical work is generated. At the end of this
stroke the exhaust valve opens (EVO). The piston again moves to BDC and the
exhaust gases are expelled through the exhaust valve.

The chemical energy of the fuel is released during combustion. Combustion
in diesel engines occurs in two stages. When the fuel spray is injected into the
cylinder, a portion of the fuel mixes with oxygen during the ignition delay. When
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Figure 2.3: A schematic PV-diagram. The labels inside the graph indicate: Intake
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Volume at Bottom Dead Center (VBDC), intake manifold pressure (pin), exhaust
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this portion ignites, it oxidizes rapidly in a premixed flame. After this premixed
combustion phase, the remaining main portion of the fuel oxidizes in a mixing-
controlled diffusion flame.

Figure 2.4 shows a schematic representation of a diesel diffusion flame. Diffusion
combustion in a diesel engine is an inhomogeneous process, i.e., the nature of the
combustion varies spatially. The combustion starts in a premixed zone (different
from the initial premixed combustion) where air that mixed with the fuel spray
partially oxidizes the fuel. The products resulting from this initial combustion
form the interior of the flame. When these combustion products mix with the
air-exhaust mixture in the cylinder, they further oxidize and release the remainder
of their chemical energy. This mixing-controlled diffusion flame forms the flame
exterior.



26 Chapter 2. Fundamentals of Diesel Engines and Combustion

Figure 2.4: Diffusion combustion of a diesel spray. On the left: the effect of the local
temperature and fuel-air equivalence ratio, i.e., 1/λ, on the formation of soot (PM)
and NOx. The line indicates the temperature-equivalence ratio combinations that
are present during diesel combustion. On the right: a steady-state diesel flame, with
premixed combustion and diffusion combustion. The figure is taken from: Seykens
(2010), where additional details on the assumptions used for the creation of this
figure can be found.

2.2.2 Emission Formation

Nitrogen Oxides

Nitrogen Oxides (NOx) are formed during combustion, when nitrogen and oxygen,
which are both present in the fresh intake air, react. This reaction takes place
as a result of the high temperatures and pressures during combustion. The NOx

formation reaction is very sensitive to temperature; at 2000K, a 1% increase
in temperature increases the formation rate of NOx with 20% (Seykens, 2010).
Particularly in the area surrounding the diffusion flame, a high temperature is
combined with an oxygen-rich air-fuel mixture. These conditions are ideal for high
NOx formation.

To influence the NOx formation rate, either the temperature, or the availability
of oxygen has to be modified. The main NOx reduction method is Exhaust
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Gas Recirculation (EGR), i.e., cooled exhaust gas that is recirculated and mixed
with the intake air. This reduces the in-cylinder temperature reached during
combustion by increasing the specific heat capacity of the intake air mixture.
Also, the inert exhaust gases dilute the air-mixture, which lowers the oxygen
concentration. All these aspects reduce the NOx formation rate. Because this
slows down the combustion, decreases the peak temperature and involves pumping
work, using EGR decreases the fuel efficiency, but when used moderately, this
effect is small. The fuel injection also affects the NOx emissions. The Start Of
Injection (SOI) can be retarded to move the combustion center further away from
TDC. This reduces the peak temperature, resulting in a lower NOx formation rate.
Because this moves the pressure peak away from TDC, this also decreases the fuel
efficiency.

External conditions influence the NOx formation as well, which is investigated
in Van Helden et al. (2004). In this reference the influences of ambient humidity,
ambient temperature, variations in fuel properties, engine-to-engine variations,
wear and maintenance state are investigated. Significant variations are found.
When the ambient humidity increases, the NOx emissions decrease: an increase
of water vapor in the ambient air by 1 g/kg decreases the NOx emissions by 1%.
An increase in manifold air temperature of 1 ◦C increases NOx by 0.6% to 1.2%.
With all effects combined, the effects are considerable and variations in NOx of
up to 35% are anticipated as a result of climate variations, when compared with
standard laboratory conditions.

Particulate Matter

Particulate Matter (PM) is the particulate residue in the exhaust gas. It consists
mainly of soot, but also contains quantities of other small particles. The soot
is formed in the fuel-rich interior of the diffusion flame. After the premixed
combustion at the start of the diffusion flame, a mixture of combustion products
remains at a high temperature inside the diffusion flame. These products form
small nuclei that agglomerate into soot particles. Most of this soot is oxidized in
the diffusion flame. However, when the soot remains in a region with insufficient
oxygen or temperature for combustion until the end of the combustion stroke, it
will not oxidize and end up in the exhaust. Soot emissions therefore increase when
the injected fuel mass increases. Also, when the engine speed increases, the time
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that is available for combustion decreases and, consequently, the PM emissions
increase.

Soot formation is an intermediate step in the combustion process and can
only be avoided by fundamentally changing the combustion type, e.g., using HCCI
or PCCI combustion. In conventional diesel engines, the amount of PM is best
reduced by increasing the soot oxidization, rather than preventing soot formation.
Measures that improve the conditions for rapid and complete combustion of the
injected fuel decrease the PM emissions. These measures include: increasing the
atomization of the fuel spray by increasing the injection pressure, advancing the
SOI and increasing the oxygen-fuel equivalence ratio.

2.2.3 Fuel Efficiency

The fuel efficiency of an engine is expressed as Brake Specific Fuel Consumption
(BSFC), i.e., the ratio between the fuel mass flow and the resulting brake power,
and is typically expressed in g/kWh:

BSFC = ṁfuel
P

=
mfuel,injNcyl

4πτ , (2.1)

with the fuel mass flow, ṁfuel, the break power, P , the fuel mass per injection,
mfuel,inj, the number of cylinders, Ncyl and the brake torque, τ .

To further specify the generation of torque in a diesel engine, the Brake Mean
Effective Pressure (BMEP) is considered, which is instrumental for understanding
torque generation in diesel engines. The BMEP of a four-stroke engine can be
expressed as a function of the brake torque, τ , and engine displacement, Ve:

BMEP = 4π τ
Ve

. (2.2)

The BMEP can be decomposed into two parts:

BMEP = IMEP + FMEP, (2.3)

with the Indicated Mean Effective Pressure (IMEP) and the Friction Mean Effective
Pressure (FMEP). IMEP can be defined as:

IMEP = 1
Ve

∮
cycle

pdV, (2.4)
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the circular integral over the four-stroke engine cycle, with the in-cylinder pressure,
p, and the actual cylinder volume, V . For analysis, it is insightful to further
decompose the IMEP:

IMEP =

IMEPg︷ ︸︸ ︷
1
Ve

∫
compression,

expansion

pdV +

PMEP︷ ︸︸ ︷
1
Ve

∫
intake,
exhaust

pdV (2.5)

with the gross Indicated Mean Effective Pressure (IMEPg) and the Pumping Mean
Effective Pressure (PMEP). IMEPg can be observed in Figure 2.3 as the area filled
using a rising hatch pattern. This is where the fuel is effectively converted into
mechanical energy. PMEP can be observed in Figure 2.3 as the area filled using a
falling hatch pattern. The cross-hatched area is part of both PMEP and IMEPg.
Typically, PMEP has a negative value and, consequently, a detrimental effect on
the produced torque. FMEP is the equivalent pressure needed to overcome the
engine friction and always has a negative value. It is not caused by the in-cylinder
pressure and can therefore not be observed in Figure 2.3. To specify how the
available actuators affect the torque generation and fuel efficiency, the effects of
the available actuators on the IMEPg, PMEP and FMEP are detailed.

The main factor contributing to IMEPg is the injected fuel amount. During
combustion this is converted into heat. The resulting increase in pressure then
drives the pistons and the engine. This process can be optimized by maximizing
the combustion efficiency1 and optimizing the timing of the combustion. Increasing
the combustion efficiency moves the line between End Of Combustion (EOC) and
Exhaust Valve Opening (EVO) upwards in Figure 2.3. Centering the combustion
timing closer to TDC extends the area of IMEPg towards the top left of the figure
in Figure 2.3.

The combustion efficiency can be increased by increasing the fuel atomization
via an increased injection pressure, reducing the EGR fraction, increasing the
amount of oxygen and optimizing the timings and amounts of the pilot and main
injection.

1The combustion efficiency is defined here as the ratio between the amount of heat released
during combustion and the heating value of the injected fuel.
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A heat release closer to TDC also increases IMEPg. This can be achieved
by increasing the combustion speed and correctly timing the combustion. The
combustion timing can be influenced directly using the injection timing. Because
the ignition delay depends on in-cylinder conditions such as temperature and air-
exhaust composition, these should be accounted for when determining the injection
timing. The combustion speed can be increased by reducing the EGR fraction and
increasing the injection pressure.

The above measures for increasing the IMEPg all result in an increase in
engine-out NOx emissions. Improving the BSFC via an increased IMEPg therefore
increases the NOx emissions and a tradeoff between BSFC and NOx needs to be
made.

The PMEP causes a net work transfer between the piston and the in-cylinder
gases during the inlet and exhaust strokes. This is mainly attributed to the
pressure difference between the intake and exhaust manifold. Assuming the in-
cylinder pressure during the intake and exhaust stroke is equal to the pressure in
the intake and exhaust manifold, respectively, the PMEP is approximated with:

PMEP = 1
Ve

∮
intake,
exhaust

pdV ≈ pin−pex, (2.6)

where pin and pex represent the intake and exhaust manifold pressure, respectively.
When the exhaust manifold pressure is higher than the intake manifold pressure,
which is required for a positive EGR flow, the pumping work constitutes a loss to
the BMEP. Exceptions are possible in turbocharged engines, where, theoretically,
the intake pressure can exceed the exhaust pressure and PMEP can positively
contribute to the BMEP. The air-path actuators that affect the intake and exhaust
manifold pressures affect the PMEP and, thereby, the BMEP and BSFC. The VGT,
EGR valve, intake throttle and exhaust throttle all affect the PMEP. Because these
actuators also affect the engine-out emissions and temperature, again a tradeoff
between emissions and fuel efficiency should be made.

The FMEP is mainly affected by the engine speed and engine hardware. Its
effect on the BSFC is most notable when the brake torque is low. The engine
speed is determined by the vehicle speed and gear ratio. The actuators available for
engine control do not have a significant effect on the engine speed and, consequently,
the FMEP.



2.2. Emission Formation and Fuel Efficiency 31

2.2.4 Simultaneously Low NOx, PM and BSFC?

From the above sections on NOx, PM and BSFC, it can be concluding that several
conditions for minimal NOx, PM an BSFC are conflicting. Changing an actuator
setting to improve one aspect will come at a cost of a deterioration in another aspect.
Making an engine more fuel efficient will therefore not coincide with reducing its
engine-out NOx and PM emissions.

Particularly after calibrating the engine, the tradeoff between emissions and
fuel efficiency will be pronounced. The engine calibration will be designed such
that minimum fuel efficiency is combined with low engine-out emissions, resulting
in tailpipe emissions that fit within the requirements of legislation. Any method for
reducing the emissions without deteriorating the fuel consumption, or vice versa,
will be exploited in this calibration. Further simultaneous improvements by means
of control should therefore not be expected.

This situation changes when disturbances are taken into consideration. As
a result of disturbances, the emissions and fuel consumption change and the
achieved tradeoff shifts. Because the NOx production increases exponentially
with temperature, the increase in NOx due to an increase in temperature exceeds
the decrease in NOx due to a decrease in temperature of the same magnitude.
Similarly, the increase in PM due to a decrease in λ exceeds the decrease in PM
due to an increase in λ of the same magnitude. Therefore, the average NOx and
PM emissions are expected to increase as a result of disturbances.

Also, as a result of disturbances the exhaust emissions are uncertain. To
comply with legislation despite this uncertainty, margins between the limits set in
legislation and the achieved emissions have to be implemented to ensure in-service
conformity. For this, both the NOx and PM emissions have to be reduced. In
consequence of the tradeoff between emissions and fuel consumptions, an increase
in the fuel consumption has to be permitted to realize this.

With improved feedback control, this situation can be mediated. When the
actual engine performance is measured, the inputs can be adapted by means
of feedback control to counteract the disturbances and keep the emissions and
fuel consumption close to nominal. This can reduce the detrimental effect of
disturbances on the average emissions. Moreover, when the emissions remain
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closer to nominal, the margins between the nominal emissions and the limits set
in legislation can be reduced. The decrease of the average emissions and the
opportunity for reduced margins can both be exploited to further improve the fuel
efficiency.

2.3 Emission Legislation
The European Union (EU) defines emission legislation for the entire EU region.
Because lowering the exhaust emissions requires more complex and more costly
hardware and can induce an increase of the fuel consumption, legislation is needed
as an incentive for producing cleaner engines. Without requirements in legislation,
clean engines are not economically viable. Legislation is therefore a necessary
driving factor for innovation in diesel engines.

In this thesis, the European emission legislation is considered. In other parts
of the world, different, but often similar, emission legislation is used to limit the
exhaust emissions of on-road vehicles. A similar trend with tightening legislation is
observed worldwide. In the US, e.g., the latest legislation, US2010, requires similar
exhaust emissions as EURO VI.

Legislation for heavy-duty diesel engines defines limits for several exhaust gas
quantities: Carbon mono Oxide (CO), Total HydroCarbon (THC), Hydro Carbons
(HC), Non-Methane Hydro Carbons (NMHC), Ammonia (NH3), Nitrogen Oxides
(NOx), Particulate Matter (PM) and Particle Number (PN). For diesel engines, the
most restricting limits in practice are for NOx and PM. The evolution of the limits
for these quantities, according to European legislation, is depicted in Figure 1.1.

The emission test procedure is specified in legislation as well. Up to EURO II,
the emissions were tested using steady-state test cycles. Such a test cycle consists
of a sequence of stationary engine modes with predefined engine speed and torque
at each mode. With the introduction of EURO III, transient test cycles were
included. For a transient test, a predefined engine speed and torque trajectory
is completed on a dynamometer test setup. With EURO VI, the test procedures
changed again to require low exhaust emissions under a wider range of conditions;
not-to-exceed emission limits and in-service conformity tests using a Portable
Emission Measurement System (PEMS) are added. More details on EURO VI are
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Table 2.1: The evolution of the steady-state emission limits for heavy-duty diesel
engines in the European Union. For EURO III, IV and V, also smoke limits were
defined. Source: (DieselNet, 2013).

Year Test CO HC NOx PM PN
g/kWh g/kWh g/kWh g/kWh #/kWh

EURO I 1992 ECE R49 4.5 1.1 8 0.36 -

EURO IIa 1996 ECE R49 4 1.1 7 0.25 -

EURO IIb 1998 ECE R49 4 1.1 7 0.15 -

EURO III 2000 ESC 2.1 0.66 5 0.1 -

EURO IV 2005 ESC 1.5 0.46 3.5 0.02 -

EURO V 2008 ESC 1.5 0.46 2 0.02 -

EURO VI 2013 WHSC 1.5 0.13 0.4 0.01 8 ·1011

Table 2.2: The evolution of the transient emission limits for heavy-duty diesel
engines in the European Union. Source: (DieselNet, 2013).

Year Test CO NMHC NOx PM PN
g/kWh g/kWh g/kWh g/kWh #/kWh

EURO III 2000 ETC 5.45 0.78 5 0.16 -

EURO IV 2005 ETC 4 0.55 3.5 0.03 -

EURO V 2008 ETC 4 0.55 2 0.03 -

EURO VI 2013 WHTC 4 0.16 0.46 0.01 6 ·1011

provided in Section 2.3.1. The emission limits and corresponding test cycles are
listed in Tables 2.1 and 2.2. With every update of the legislation, the emission
limits got increasingly stringent. With the current EURO VI legislation, the steady-
state emission limits for NOx and PM are reduced by 80% and 50%, respectively,
compared with EURO V (2008-2013). When EURO VI is compared with EURO I
(1992-1996), the NOx and PM limits are reduced with 95% and 97%, respectively,
resulting in comparatively near-zero values.
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Table 2.3: The EURO VI emissions limits.

CO THC NOx NH3 PM PN
g/kWh g/kWh g/kWh ppm g/kWh #/kWh

WHSC 1.5 0.13 0.4 10 0.01 8 ·1011

WHTC 4 0.16 0.46 10 0.01 6 ·1011

WNTE 2 0.22 0.6 - 0.016 -

In-service conformity 6 0.24 0.69 - - -

2.3.1 EURO VI Legislation

Currently, the EURO VI legislation is applicable in the European Union. With
the introduction of EURO VI, both the emission limits and test procedures have
changed. The most important changes with respect to EURO V are a drastic
reduction of the limits for NOx and PM, a change from European test cycles to
worldwide test cycles and the introduction of in-service conformity and not-to-
exceed limits. In this section, the most relevant parts of the EURO VI legislation
for commercial vehicles (European Commission, 2011) are summarized. Apart from
restricting exhaust emissions, EURO VI also dictates requirements for On-Board
Diagnostics (OBD) to monitor the produced emissions on road going vehicles. The
requirements on the OBD are found in (European Commission, 2011), but are not
detailed in this thesis.

To test for EURO VI type approval, a combination of stationary tests, transient
test cycles, not-to exceed limits and on-road tests using PEMS are conducted. For
each test, emission limits are specified as listed in Table 2.3. Furthermore, in-service
conformity tests are conducted during the useful life of the vehicle.

Stationary Testing

The steady-state emissions are tested on the World-Harmonized Steady-state Cycle
(WHSC). This cycle contains a sequence of stationary engine modes with predefined
engine speed and brake torque. The modes are maintained for a predefined interval
length and connected via 20 second linear ramps in engine speed and torque.
The WHSC cycle is shown in Figure 2.5 and the limits for the average emissions
produced during this cycle are provided in Table 2.3.
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Figure 2.5: The WHSC; the stationary test cycle used for the EURO VI emission
tests.

Transient Testing

The World Harmonized Transient Cycle (WHTC), shown in Figure 2.6, is a tran-
sient test cycle, designed to be representative for the global use of engines in
commercial vehicles. It consists of an 1800 s engine speed and torque trajectory
that contains parts representative for urban, rural and motorway driving and in-
cludes idling and coasting. Two types of WHTC tests are conducted: cold start
and hot start. Depending on the type of emission aftertreatment system, that
can either operate continuous or require periodic regeneration, the hot-start test
procedure is adapted such that a representative measurement is obtained. The
weighted average emissions over the cold and hot tests are calculated, where 14%
and 86% weights for the cold-start test and the average of the hot-start tests are
used, respectively. The emission limits for the weighted average emissions over the
WHTC tests are provided in Table 2.3.

Not-To-Exceed Tests

The World-harmonized Not-To-Exceed (WNTE) limits specify off-cycle maximum
emissions that are active in a part of the speed-load operating range. The WNTE
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Figure 2.6: The WHTC; the transient test cycle used for the EURO VI emission
tests. The conversion between torque and speed expressed in % into Nm and RPM,
respectively, is defined in (European Commission, 2011).
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Figure 2.7: The WNTE region for the EURO VI emission tests. P30 denotes 30%
of the peak power, T30 denotes 30% of the peak torque. N30 denotes the engine
speed at 30% of the speed range between idle speed and Nhi; Nhi denotes the
highest engine speed where at least 70% of the maximum power is available.
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limits must be complied with, regardless of the drive cycle, both during transient
and steady-state conditions. The WNTE area is bounded by a minimum and
maximum engine speed and minimum torque and minimum power. The area is
shown in Figure 2.7 and defined in (European Commission, 2011).

Compliance with the WNTE limits must be shown both on a dynamometer
and on a vehicle. The cycles for these tests are not rigidly defined and contain
aspects of randomness. The dynamometer test procedure consists of a series of
stationary points connected via 20 s ramps that are randomly chosen within a grid
in the WNTE area. The vehicle test procedure involves driving in urban, rural and
motorway conditions using a PEMS. When the engine is within the WNTE area
for at least 30 s, a WNTE event is constituted. The emissions during the WNTE
dynamometer tests and of the WNTE events during vehicle testing must comply
with the limits in Table 2.3. The WNTE emission limits are higher than for the
WHTC and WHSC, but the uncertainty in the test cycle makes the test procedure
more challenging. The use of random cycles prevents adapting the calibration for
low emissions only during the cycle tests.

In-Service Conformity

The in-service conformity tests are conducted during the useful life of the vehicle,
i.e., 700 000 km or seven years. For the tests, a truck equipped with additional
emission measurement equipment, i.e. PEMS, is driven on the road. The vehicle
must be operated under normal conditions; bounds on the ambient conditions and
payload are specified in (European Commission, 2011). The trip must be at least
90 minutes long and contain urban, rural and motorway driving and the work
performed should be at least five times the work performed during a WHTC. Only
the gaseous emissions are restricted by the in-service conformity legislation, i.e.,
the PM emissions are not restricted or measured in this test. Compared with
the WHTC tests, the emissions limits are less strict; a relative increase of 50% is
allowed in CO, THC, NMHC, CH4 and NOx. The test is challenging nonetheless,
because ageing, an unknown drive cycle and ambient conditions all influence and
possibly increase the resulting emissions.
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Implications for Engine Design and Control

To comply with EURO VI legislation, modifications are made to both the hardware
and the software of the engine. The introduction of stricter emission limits requires
a combination of combustion control systems and aftertreatment technology (Gense
et al., 2006) and hence more complex hardware. To comply with the WNTE limits
and in-service conformity limits, engine control strategies gain importance. The
change from ESC and ETC to WHSC and WHTC test cycles does not require any
fundamental changes for diesel engines.

Engines of the EURO V generation typically used SCR to achieve compliance
with the EURO V NOx limits. To further reduce the NOx emissions, SCR is com-
bined with EGR in EURO VI engines. To control the flow of EGR, a combination
of an EGR valve and VGT is used. The use of these two actuators greatly enhances
the flexibility of the air-path control system. Combined with SCR, low tailpipe
NOx emissions in compliance with EURO VI levels can be achieved.

To comply with the WNTE and in-service conformity limits, the engine control
system has to guarantee low emissions for a wide range of conditions, including
changing ambient conditions, ageing, production tolerances and an unknown drive
cycle. This makes the use of control strategies that are able to reduce the effects
of disturbances and uncertain conditions on the emissions increasingly relevant.
Feedback control therefore gained importance with the introduction of EURO VI.

Also, the tightened emission legislation has an indirect effect on control during
torque transients. To comply with the lowered NOx emission limits, increased EGR
rates (Körfer et al., 2008) are used. And, as a consequence of this, the air-fuel
equivalence ratio, λ, is reduced. The amount of excess oxygen affects the natural
ability of the engine to quickly respond to an increase in torque demand. The
reduction of λ deteriorates the natural torque response. Control algorithms to
quickly increase the fresh air flow during torque transients therefore gain importance
when lower engine-out NOx levels are required.

The combination of SCR deNOx aftertreatment systems and a low emission
diesel engine enables the design of control systems that interact with both systems
simultaneously. This can be beneficial for both systems. The diesel engine can
be controlled such that the exhaust gas is conditioned for efficient aftertreatment.
Also, the allowed engine-out NOx levels can be varied depending on the current
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state (temperature) of the aftertreatment system. Willems et al. (2013) shows
the potential benefits of such a control design. This temperature has to be in a
certain range, depending on the chosen catalyst material, to achieve a high NOx

conversion efficiency. When the aftertreatment temperature is in this range, the
BSFC can be reduced by allowing for increased engine-out NOx emissions, which
are compensated for by the increased aftertreatment efficiency. In this thesis, only
engine-out emissions are considered; the interactions with aftertreatment are not
exploited in the proposed controllers and not further elaborated in this thesis.
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This chapter presents a review of recent academic literature on control of diesel
engines, focussing on air-path control and emission control. Control for diesel
engines using the VGT and EGR has been explored extensively in academic litera-
ture. Various control problems are formulated and solved, resulting in a variety of
control types. This section discusses a selection of the available literature, aimed at
determining the path to the current state of the art of air-path control. Research
in this field is actively ongoing, as can be concluded from Figure 3.1. The novelty
of the published approaches can often be found in a new control goal, typically via
new controlled outputs, or a different control algorithm for improved performance
on a previously studied control problem. The focus of this overview is control
using VGT and EGR, but some contributions included here extend this choice of
actuators or substitute one for another actuator.
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Figure 3.1: The number of publications found using a Google ScholarTM search on
"EGR, VGT, diesel". For ’13, the results up to 28-6-2013 are included.
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In 1998, an overview paper was published detailing the state-of-art of air-path
control: (Guzzella and Amstutz, 1998). The combination of VGT and EGR control
was, at this point, an emerging technology. The reference (Dekker and Sturm, 1996)
is mentioned, where the EGR valve is controlled in open loop and is either fully
open or closed. The VGT is used to control either the intake or exhaust manifold
pressure. Also, papers are mentioned where the use of a Universal Exhaust Gas
Oxygen (UEGO) sensor is explored to measure and control λ, for better control of
the emissions. In the outlook of Guzzella and Amstutz (1998), a way to speed up
the calibration process is mentioned as the most urgently needed improvement in
engine control. Since 1998, several changes in control strategies can be observed.
In this chapter, first various control problems that are found in literature are
discussed, which are ordered by the selection of controlled outputs. Section 3.2 is
dedicated to engine control using Model Predictive Control (MPC), which gained
a lot of attention in recent literature. Control during torque transients is often
treated as a separate subject; the control techniques used for transient control
are discussed in Section 3.3. A number of remaining challenges are identified in
Section 3.4. The articles discussed in this chapter are listed in Tables 3.1, 3.2, 3.3,
which can be found at the end of this chapter.

3.1 Controlled Outputs

3.1.1 Track Boost Pressure and Fresh Air Flow

The default approach for feedback control of the engine air path is to control the
fresh Mass Air Flow (MAF) with the EGR valve and the intake Manifold Absolute
Pressure (MAP, alternatively expanded as Manifold Air Pressure) with the VGT.

Sensors that measure the actual MAF and MAP are available on typical
HD diesel engines. Moreover, the MAF and MAP largely determine the flows
and, thereby, the mixtures in the air path. Control of MAF and MAP outputs to
reference values reduces the uncertainty on the intake air-exhaust mixture and also
reduces the actuator uncertainty due to production tolerances ageing and hysteresis.
This way, MAF-MAP control eliminates part of the uncertainty in the emission
formation. Moreover, the MAF is important for the torque response, improved
control of MAF can therefore also make the torque response more consistent.
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The coupled nature of the actions of VGT and EGR makes the use of the
SISO control loops used in Dekker and Sturm (1996) conservative. More advanced
control algorithms can improve the tracking performance, which implies that the
achieved engine performance improves as well. This motivates the use of complex
control structures such as Model Predictive Control (MPC) (Ferreau et al., 2007;
Ortner and Del Re, 2007; Stewart et al., 2010; Zhao et al., 2013), Linear Parameter
Varying control (LPV) (Jung and Glover, 2006; Wei and Del Re, 2007) or sliding
mode control (Brahma, 2005). In van Nieuwstadt et al. (2000) and Wahlstrom
and Eriksson (2013), it is shown that the choice of setpoints and controlled outputs
is, however, more important for the achieved engine performance than the choice
of the control algorithm that tracks the setpoints. In Wahlstrom and Eriksson
(2013), a comparison is made between three controllers: MPC control of MAF and
MAP is compared with MPC control of EGR rate and the oxygen-fuel equivalence
ratio, λO, and PID control of EGR rate and λO. The EGR rate and λO are closely
related with NOx and PM emissions, respectively. The MAF and MAP controller
using MPC is outperformed by the other two controllers in terms of maintaining
the EGR rate and λO close to their nominal values. By extension, this implies that
MAF and MAP are not a favorable choice of controlled outputs, when maintaining
the emissions close to nominal is aimed for.

3.1.2 Minimize NOx Emissions

In Stefanopoulou et al. (2000), a controller is designed aimed at minimizing the
NOx emissions, while preventing visible smoke. Minimizing NOx is achieved by
maximizing the EGR ratio, also denoted burned gas rate, in the intake manifold.
To keep the PM emissions at an acceptable level and prevent visible smoke, a
lower bound on the air-fuel ratio of 25 (1.7 times more lean than stoichiometry) is
maintained. It is observed that control at a Pareto optimal point of burned gas
rate and λ results in a rank-deficient local static input-output response, when the
burned gas fraction and air-fuel ratio are used as outputs.

The burned gas rate rate and air-fuel ratio are not readily available for feedback
control on their experimental setup. A control scheme is proposed, where the
nominal stationary MAF and MAP values that correspond with the desired burned
gas rate and air-fuel ratio are used as controlled outputs for feedback control. The
VGT and EGR are used as actuators. To account for the observed rank deficiency,
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feedback control is applied only in the input direction that corresponds with
maximum gain in the burned gas rate and air-fuel ratio. It is shown that limiting
control to one direction significantly decreases the actuator usage, but only has a
minor impact on the achieved burned gas rate and air-fuel ratio.

3.1.3 EGR Rate and Air-Fuel Ratio

A more direct relation between the controlled outputs and the actual performance
measures improves the effectiveness of a feedback controller. The EGR rate can
be used as a substitute measurement for NOx emissions, when an actual NOx

measurement is not available. Increasing the EGR rate increases the thermal heat
capacity of the intake mixture and decreases the availability of oxygen. Both
effects lower the NOx formation rate. The EGR rate is considered representative
for the effect the air path has on the NOx emissions. The air-fuel ratio is used
as a substitute for PM measurements. Increasing the air-fuel ratio increases the
soot combustion, resulting in lower PM emissions. Both the relation between NOx

and EGR rate and between PM and air-fuel ratio were also remarked in Sections
2.2.2.1 and 2.2.2.2, respectively.

In Jankovic et al. (2000), a nonlinear feedback controller is designed to track
the EGR rate and air-fuel ratio using the VGT and EGR valve. The constructive
Lyapunov approach and a third-order nonlinear model are used to design the
controller. The controller is implemented on an experimental dynamometer setup
and is shown to provide a fast air-fuel ratio response.

In Wahlström et al. (2010), a control scheme is proposed that minimizes
the pumping work under certain conditions. The pumping work is the net work
transfer between the piston and the cylinder gases during the inlet and exhaust
stroke. Reducing the pumping work is beneficial for the fuel economy of a diesel
engine, which was also noted in Section 2.2.3. The pumping work is minimized by
keeping the VGT fully opened as long as the EGR rate exceeds its setpoint value;
and opening the EGR valve as much as possible, while satisfying a lower limit on
the oxygen-fuel equivalence ratio, λO. The value λO is used as a substitute for
the PM emissions and should be more representative for the PM emissions than
the more common λ measurement based on the fresh air flow. In case the λO

value that is obtained using this controller is lower than otherwise achieved, the
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pumping work decreases. Although lowering the air-fuel ratio might also reduce
the combustion efficiency, the net effect should be beneficial for the fuel economy.

3.1.4 Direct Emission Control

To reduce the effect of disturbances and uncertainties on the produced emissions,
direct feedback control of the measured engine-out emissions has the best perfor-
mance potential.

Körfer et al. (2008) presents a feedback control method using a NOx sensor.
Two PID control loops are designed. The first loop is used to control either
the intake pressure or the exhaust pressure via the VGT. The second loop is
used to control the NOx concentration via the EGR valve. These input-output
systems physically interact and output-decoupling is used to reduce the effects
of interaction in the control loops. A series of models, sensors and observer-like
structures is used to generate the pressure setpoints and improve the accuracy of
the NOx measurement. The performance of the controller is demonstrated on an
unspecified torque step with a ramp time close to 3.5 s. Accurate tracking of both
the NOx concentration and the exhaust pressure is achieved in 7 s after the start
of the transient.

In Alfieri (2009), a NOx concentration sensor is combined with a λ sensor
for control of the emissions, where the λ sensor is used as an indicator for PM
emissions. This study does not use the EGR valve for control, instead the injection
timing and the VGT are used as actuators. Because the injection timing has
a negligible influence on λ, a triangular input-output system is obtained, which
is convenient for Multi-Input Multi-Output (MIMO) control design, as coupling
between the inputs and outputs no longer affects the stability. Successful tracking
of the NOx concentration and λ is obtained. However, the use of the injection
timing for emission control using these outputs is questionable. Even when λ

remains constant, changing the injection timing changes the PM emissions, as
shown in, e.g., Guzzella and Amstutz (1998). PM control is therefore not achieved.
Moreover, controlling NOx by shifting the injection timing influences the thermal
efficiency as well as the exhaust temperature (Guzzella and Amstutz, 1998; Brahma,
2005). Using this control scheme can therefore have a detrimental effect on the
fuel efficiency.
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In Tschanz et al. (2013), the principle of direct emission control is further
developed. Direct control of measured NOx and PM emissions is implemented.
To measure the PM emissions, a smoke sensor is used in the experimental setup.
Such a sensor is neither available currently nor suitable for use in production
HD diesel engines. To reduce the effects of the dynamic response of the emission
measurements, two linear observers are implemented. These observers combine
the emission measurements with an emission model based on the measured engine
speed, fuel quantity and deviations in the burned gas rate, boost pressure, start of
injection and swirl-valve position. A cascaded control structure using four actuators
is proposed. The observed PM emissions are closed-loop controlled using the swirl
valve. The observed NOx concentration is controlled in a cascaded fashion. The
controller adapts the SOI, but also uses integral action to adjust a lookup-table
with setpoint values for the EGR rate. A lower level controller is implemented that
uses the EGR valve and VGT to control the intake manifold pressure and EGR
rate. This method successfully achieves emission control and improves on the work
of Alfieri (2009). However, the proposed control strategy is applicable only in the
low load, low speed part of the operating range, due to the limited influence of the
swirl valve outside of this range. Also, reachability issues that can occur when the
emission setpoint is not feasible are not addressed. Particularly with low, close to
Pareto optimal, setpoints for the emissions, reachability can easily be compromised
by disturbances or uncertainties.

3.2 Model Predictive Control

Several recent papers use Model Predictive Control (MPC) to control the air path
of a diesel engine. MPC can provide a flexible, systematic framework for optimal
control. It can handle nonlinear dynamics, input saturation and constraints on,
e.g., emissions, turbine speed or boost pressure, which are difficult to take into
account using conventional feedback control methods. Moreover, an MPC controller
combines feedback of measured signals with predictive (feed forward) control. This
can improve the response to known disturbances.

The challenge for MPC is an implementation including all the above features.
The optimal control problem requires simplifications to make its solution solvable
and implementable in real time within the computational and memory constraints
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of the available controller hardware. As a result, several alternative implementa-
tions are found in literature.

In Herceg et al. (2006), nonlinear MPC is applied in simulation. A third-order
nonlinear mean-value model is used to describe the system dynamics. The goal is to
track setpoints for the intake and exhaust pressure, and turbine power, while also
satisfying constraints on the intake and exhaust pressure. The proposed nonlinear
MPC method solves this problem directly and online, resulting in an implicit MPC
implementation. A 0.1 s and 0.9 s control and prediction horizon were used. The
controller is only suitable for simulation; due to the computational effort needed
to run the controller it cannot be implemented in real time.

In Ferreau et al. (2007), an MPC controller is used to control MAF and
MAP. The model used to describe the engine dynamics consists of two local linear
submodels for low and high engine speed, respectively. Using an advanced quadratic
programming algorithm, a control horizon of 0.25 s (five samples) and a prediction
horizon of 5 s can be implemented in real time.

Ortner and Del Re (2007) also use an MPC controller to control MAF and
MAP. The model used to describe the engine dynamics consists of twelve local
linear submodels, covering the full speed-load range. To remain within memory and
CPU speed bounds, the control horizon was limited to one sample. The prediction
horizon was set to 5 s. With the new controller, an increase of the engine-out NOx

emissions with 36%, and a decrease of the PM emissions with 46% are achieved
on the NEDC, when compared with the production engine controller.

García-Nieto et al. (2008) implement nonlinear MPC to track MAF and MAP.
The model used for control design consists of a series of fifteen local linear sub-
models, where each submodel consists of two second-order models. The controller
was designed using a control horizon of one second (ten samples) and a prediction
horizon of five seconds and is implemented on a Pentium PC.

Ortner et al. (2009) also use nonlinear MPC to track setpoints on MAF and
MAP. Four first-order LPV models, using VGT and engine speed as scheduling
variables, describe the engine dynamics. The nonlinear MPC controller uses a
control horizon of 0.15 s (three samples) and a prediction horizon of six seconds
and is only tested in simulation.
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In Stewart et al. (2010), MPC is proposed as a systematic method of control
design. A control design framework is presented that also includes mean-value mod-
eling and identification. They propose that the systematic, model-based approach
to control design that MPC uses is a more time efficient method than conventional
tuning and calibration of engine maps. The presented control design methodology
consists of scheduled, explicit linear MPC. They do not directly specify an engine
configuration, sensors or actuators.

In Alberer and Del Re (2010), linear MPC, designed using a high-order linear
model, is tested both in simulation and in experiments. The VTG, EGR valve and
fuel rate are the considered actuators, the intake and exhaust oxygen concentration,
and engine torque are used as outputs. Limited by computational power, the control
horizon for the experiments consists of four samples distributed within a three
second (150 samples) prediction horizon. The experiment shows a potential for
reduced transient emissions, compared with the production engine controller. But
the experimental comparison that is shown is limited to a single transient and
not fully convincing. The increase of fuel flow during the presented transient was
slowed down, indicating that the torque response is slower. Moreover, the equilibria
at the start and end of the transient were not entirely consistent in the compared
cases.

In Karlsson et al. (2010), the SOI, fuel-injection duration, EGR valve and
VGT are used to control several outputs linked with high-level objectives. The
considered outputs are the Indicated Mean Effective Pressure (IMEP), combustion
phasing, maximum pressure derivative, engine-out NOx concentration and exhaust
opacity. The first three outputs are derived from the measured in-cylinder pressure
trace of a single cylinder. The operating range is limited to a small area around
a single speed-load operating point. Therefore, the input-output behavior of the
engine can be modeled with a single linear dynamic model, which enables the
application of linear MPC. The designed controller uses the engine cycles 0, 2
and 4 as the control horizon and a prediction horizon of 100 engine cycles. A
controller is designed that minimizes a weighted quadratic sum of tracking errors,
where tracking of IMEP, combustion phasing, opacity, NOx and VGT position
is implemented. For NOx the setpoint is zero, which is not physically possible;
effectively, the quadratic NOx emissions are minimized in the weighted sum. Fuel
efficiency was not optimized explicitly, because a linear model cannot suitably
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describe the change in fuel efficiency close to its optimum as the input-output gain
changes sign there.

In Wang et al. (2011), two MPC control algorithms are compared. Both control
designs use the VGT and EGR valve to control MAF and MAP. The first design
uses a multi-linear model similar to Ortner and Del Re (2007), a control horizon
of one sample, a prediction horizon of 120 samples, and a sample rate of 0.05 s.
The second controller uses an LPV model similar to Ortner et al. (2009), a control
horizon of three samples, a prediction horizon of 120 samples, and a sample rate of
0.05 s. It is found that the second controller achieves the best tracking performance.

In Wahlstrom and Eriksson (2013), two MPC controllers using a different out-
put selection (MAF, MAP vs. λO, burned gas rate, pumping losses) are compared
with each other and a PID based controller using (λO, burned gas rate, pumping
losses) in simulation. A series of local linear models are used for MPC control
design, with a control horizon of two samples and a prediction horizon of 50 sam-
ples. The controllers are compared in simulation using a mean-value model. It is
concluded that the MPC controller based on MAF and MAP is the least effective
in controlling emissions. The other MPC controller has a small advantage over the
PID controller with the same inputs and outputs, reducing the error in the EGR
rate with 10% and the pumping work with 1%, while having a similar error in λO.

In Zhao et al. (2013), explicit MPC control of both the air path and the
fuel path is considered. An air-path controller using the EGR valve and VGT
is designed for tracking of MAF and MAP. Also, a fuel-path controller using the
SOI, rail pressure and ratio between pilot and main injection mass is designed for
tracking of the exhaust temperature, NOx concentration and CA50 (crank Angle
at which 50% of the combustion heat is released). A series of 20 local linear models
with orders ranging between 2 and 6 is used for the design of the MPC controller.
The control and prediction horizons are 2 and 8 samples respectively, with a sample
rate of 0.1 s. The performance of the air-path and fuel-path controllers is evaluated
separately on step tests. During the air-path controller test, the fuel-path actuators
are fixed and vice versa. The tracking performance of the air-path controller is
tested using torque steps from 375Nm to 475Nm at 1550RPM with ramp times
of 2 s and 10 s. The performance is compared with control using fixed actuator
settings. In this test, an improved tracking performance is shown. In comparison
with most other works discussed here, the tracking performance can be considered
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poor; a slow bandwidth and visible oscillations are observed. The performance of
the fuel-path controller is evaluated using a torque step from 375Nm to 475Nm
at 1550RPM with a ramp time of 5 s. The performance is compared with the
ECU controller. The ECU controller does not follow the setpoints, whereas the
new MPC controller does. With the MPC controller, control of the CA50 signal is
accurate, but slow response times and poor tracking are observed in the the NOx

and exhaust temperature responses.

3.3 Transient Control
In literature, control solutions dedicated to improve the engine behavior during
tip-in transients can be found. A tip-in transient is a sudden increase in the
driver torque demand. In a turbocharged diesel engine, a large tip-in transient
from low to high torque requires a large change in the intake air flow. To achieve
this, the compressor speed has to increase accordingly, which cannot be realized
instantaneously due to the inertia of the turbocharger. The turbocharger therefore
becomes a bottleneck during these large transients. To achieve a satisfactory
torque response, the fresh air flow and hence turbocharger speed have to increase
quickly, which requires control actions. Several control solutions for this problem
are described in literature.

In Dekker and Sturm (1996), it is proposed to completely close the EGR valve
when a large tip-in transient is detected. When the EGR valve is closed, the VGT
is used to keep the exhaust pressure at or below the maximum allowed pressure.
This control strategy minimizes the response time of the air path, resulting in
the fastest possible pedal response. On the other hand, the EGR flow is stopped
completely, maximizing the NOx emissions. Also, maximizing the exhaust manifold
pressure maximizes the pumping work, lowering the momentary BSFC.

In Chauvin et al. (2008), a motion planning strategy is proposed for transient
control of the air path of an HCCI diesel engine. Using some unconventional
assumptions such as that the turbocharger is in steady state, a second-order mean-
value model is derived. A smooth, monotonic, third-order polynomial trajectory
for the boost pressure and burned gas fraction in the intake manifold is designed,
which leads from the initial state to a target state. Using model inversion, taking
into account the input constraints, the fresh air and EGR flow corresponding with
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these trajectories are derived. Conventional PID controllers are used to adapt the
EGR valve and VGT to track these trajectories.

In Alfieri (2009), two feed-forward strategies for the EGR valve are considered.
The first strategy is based on a approximation of the static system inverse. It
calculates a desired EGR valve setting using measurements of the EGR mass flow,
EGR temperature, intake manifold pressure and exhaust manifold pressure. This
strategy is dismissed, because it causes unwanted oscillations during simulation
tests. The second strategy adds a correction to the EGR valve setting based on
the estimated deviation of the actual λ, combined with a linear gain. The linear
gain is used as a tuning parameter to obtain a desirable response. The second
strategy is tested experimentally and performs adequately.

In Section 3.2, Alberer and Del Re (2010) is discussed, which also focuses on
transient performance and shows a potential for reduced emissions.

The transient control methods mentioned above do not directly optimize a
performance criterion explicitly based on the emissions, fuel efficiency and torque
response. Even though these measures are considered the most important during
load transients. Using optimal control, direct optimization of these high-level
objectives is possible, which is also studied in the literature.

In Alberer and Del Re (2009), an objective function of torque tracking, NOx

and PM emissions is optimized with fuel flow, EGR valve and VGT as inputs. The
iterative optimization procedure uses an actual engine to evaluate the objective
function. Due to the time needed for optimization, only a single transient is
considered. The optimal control signals are compared with a standard controller,
the NOx peak is significantly reduced, the opacity peak is effectively erased and
the torque response shows a minor deterioration. Unfortunately, the initial states
(initial oxygen concentration) in the compared transients are not equal. It is
therefore not clear to what extent the achieved improvement is due to the improved
control actions.

In Benz (2010), optimal control using the VGT and EGR valve and fuel actu-
ators is studied. Sequential Quadratic Programming (SQP) is used for numerical
optimization of the engine performance in transient operation. The objective
function consists of a combination of the predicted emissions and torque response.
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Using a mean-value model, a potential for an improved emission tradeoff and im-
proved transient response is shown. The optimal input trajectories, however, do
not have smooth characteristics.

In Sequenz et al. (2011), the squared deviation from nominal of PM and NOx

emissions is minimized using numerical optimization. The trajectories of the EGR
valve, VGT and crank angle of 50% mass fraction burnt are used as input variables
for the optimization. The latter input is available only indirectly and is controlled
using the injection angle. The optimal results show a much smaller peak in PM,
combined with an increase in NOx emissions.

3.4 Discussion
In current literature, a wide variety of choices for sensor selection, actuator selection
and control algorithms is made. Nonetheless, a control structure that completely
meets all the demands listed in Section 1.1 is not found and further challenges
remain.

• Reduce the average BSFC and engine-out emissions to reduce the demands
on the aftertreatment system and improve the fuel economy. It is difficult
to quantify to what extent this is possible by only making changes to the
control system, when a production control system is used as a benchmark.
When no disturbances are present, or all disturbances are compensated for by
means of feed-forward maps, open-loop map-based control does not introduce
conservatism. In this thesis, a potential for net performance improvement
by remaining close to the nominally optimal performance is aimed for. This
should reduce the occurrence of excessive emission deviations and the associ-
ated increase of the average emissions.

• Increase the robustness of the the engine performance, i.e., reduce the
effect disturbances have on the achieved emissions and fuel efficiency. This is
particularly relevant due to the introduction of in-service conformity emission
limits in the EURO VI legislation. The problem of remaining tightly within
the emission limits, while minimizing the BSFC remains to be solved. Control
of emissions is studied in Tschanz et al. (2013) and Karlsson et al. (2010),
but both methods cannot be applied in the full speed-load operating range
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and require sensors that are only available for research. In this thesis the
robustness is improved by remaining close to the nominal emissions and
fuel consumption that were found optimal during calibration. Moreover,
a production engine sensor layout is used and the full speed-load range is
considered.

• Improve tip-in transient emissions and torque response. A practical that
enables the optimization of a combination of emissions, fuel efficiency and
torque response by means of control was not found in literature. In this thesis,
a feed-forward control method is presented, which is aimed at achieving this.

• Reduce the design, calibration and implementation effort to reduce the
engine design time and development costs. The trend for more systematic
control designs mainly resulted in the use of more complex, rather than easy
to implement, control structures. Moreover, a correlation between the use
of computational resources by the controllers and a reduction in emissions
or fuel consumption is not observed. In this thesis, the focus is therefore
on reducing the complexity of the design to achieve the desired low design,
calibration and implementation effort.
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Abstract

In this chapter1, multisine frequency response function identification is used for
non-parametric modeling of the air path of a turbocharged diesel engine around a
fixed operating point. The Variable Geometry Turbine (VGT) and Exhaust Gas
Recirculation (EGR) valve are used as inputs. The nitrogen oxide emissions, air-fuel
equivalence ratio and pressure difference between the intake and exhaust manifold
are the considered outputs. A time-efficient and accurate identification procedure
for this input-output system is devised, analyzed and executed experimentally
for a range of operating points. The analysis quantifies the individual effects of
noise and nonlinearities and shows to what extent the local engine behavior can
be captured by a linear model.

4.1 Introduction
Stringent legislation of Nitrogen Oxide (NOx) and Particulate Matter (PM) emis-
sions implies a need for tight control of the combustion conditions in heavy-duty
diesel engines. Due to the tightening emission legislation, the complexity and the
number of actuators of diesel engines increased significantly in recent years (Pach-
ner et al., 2012). This rapid evolution in engine dynamics requires new control

1This chapter is accepted as a paper for publication in a special issue on Engine Combustion
Optimisation and Control in the International Journal of Powertrains (IJPT), title: A Control Oriented
Multivariable Identification Procedure for Turbocharged Diesel Engines, authors: Chris Criens, Thijs
van Keulen, Frank Willems and Maarten Steinbuch (Criens et al., 2013a). The contents are slightly
adapted to match the thesis style
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Figure 4.1: A schematic representation of the engine layout.

techniques and corresponding control-relevant modeling techniques. A common
heavy-duty engine configuration, depicted in Figure 4.1, enables control over both
the oxygen quantity and concentration of oxygen in the intake air mixture, using
a valve for Exhaust Gas Recirculation (EGR) and a Variable Geometry Turbine
(VGT). This combination of actuators effectively enables control over both the NOx

and PM emissions. Simultaneously, these actuators influence the fuel consumption
(Wahlström, 2009). The controlled engine should meet the emission legislation
with minimum fuel consumption, while uncertainties are present in, e.g., ambient
conditions, production tolerances and aging. A multivariable control design is
required to govern the EGR valve and VGT position in a coordinated fashion.
Sensors are available to measure the NOx and oxygen concentration and several
other quantities. The input-output behavior, from the actuators to the sensor sig-
nals mentioned above, exhibits nonlinear behavior, sign changes and non-minimum
phase behavior (Wahlström, 2009), which complicates control design. In order to
effectively design a controller, an accurate and control relevant model is required.

The models that are used for VGT-EGR control design are often of the mean-
value type (Wahlström, 2009; Stefanopoulou et al., 2000; Del Re et al., 2009;
Guzzella and Onder, 2004; Jankovic et al., 2000; Stewart et al., 2010; Wahlström and
Eriksson, 2011). These nonlinear first-principles models use lumped volumes for the
manifolds and averaging of the reciprocating behavior of the engine to approximate
the engine dynamics using low-order Ordinary Differential Equations (ODE). Due
to the nonlinear dynamics and the ODE description (which typically includes
maps or polynomial relations to represent physical relations) the identification
procedure for mean-value models can be complex (Pachner et al., 2012; Wahlström,
2009; Ferreau et al., 2007; Wahlström and Eriksson, 2011). Furthermore, the
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formation of emissions during combustion, if included in the model, is based
on complex empirical or phenomenological relations (Benz, 2010; Seykens, 2010;
Hirsch et al., 2010). Finally, for feedback control design, the entire dynamic input-
output behavior is important; sensor and actuator dynamics must be taken into
account. In mean-value models sensor and actuator dynamics are often neglected
(Wahlström, 2009; Stefanopoulou et al., 2000; Guzzella and Onder, 2004; Jankovic
et al., 2000; Kolmanovsky et al., 1999; Wahlström and Eriksson, 2011), which limits
their accuracy (Guardiola et al., 2012).

In contrast with the nonlinear mean-value models, control design for the air
path is often based on linear and quasi-linear techniques. Numerous examples
of, e.g., linear control, scheduled linear control, Linear Parameter Varying (LPV)
control or Model Predictive Control (MPC) are available in academic literature
(Stewart et al., 2010; Ferreau et al., 2007; van Nieuwstadt et al., 2000; Ortner
and Del Re, 2007; Tschanz et al., 2013). For these control designs, the nonlinear
engine behavior is reduced to a series of linear submodels, where each submodel
describes the engine behavior in a part of the speed-load operating range. Since
the controllers are designed using the local linear properties, they do not make
full use of the actual nonlinear system description. It can therefore be beneficial
to directly determine the local linear input-output response from identification
data. This has the advantage that averaging in time and lumping of volumes is no
longer needed to describe the system in terms of an ODE and actuator and sensor
dynamics are naturally included in the model.

For control design, linear black-box modeling is used in a small number of
papers, e.g., in Ferreau et al. (2007) and Ortner and Del Re (2007). Contributions
on (quasi)-linear modeling are found as well. A notable contribution on black-box
modeling of diesel engines is Henningsson et al. (2012), where local parametric
linear models are identified and clustered depending on the dynamic response. In
Wei and Del Re (2007), a low-order black-box LPV model is identified. In Verma
(2013), the local accuracy of mean-value models is compared with a linear model
and measurements in both the time and frequency domain.

In this chapter, it is proposed to use Frequency Response Function (FRF)
measurements for identifying the local linear response of the diesel engine air path.
FRF measurements are often used to make a control-relevant non-parametric model
of the system dynamics (Ljung, 1999). When broadband multisine excitation
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signals are used for measuring the FRF, optimal identification accuracy in minimal
measurement time is obtained (Pintelon and Schoukens, 2001). Also, the nonlinear
influences in the system can be detected and quantified. This is particularly relevant
for our application, because the air-path is known to be highly nonlinear. Because
this modeling method does not rely on predetermined first-principles models, the
modeled outputs can be chosen flexibly. Any output that can be measured during
an identification experiment, including emissions, can be modeled this way. For
the application of air-path modeling and analysis, this approach is unique in the
literature. The work of Stamati et al. (2012) is related, however, in Stamati et al.
(2012) multisine excitation is used to determine the parameters of a mean-value
model of a diesel engine air path.

Two main difficulties arise when frequency response measurements, i.e., linear
black-box modeling, are used for modeling engine dynamics. First, the description
of the system dynamics in terms of an FRF is limited to linear dynamics. Second,
black-box models typically require more measurement data for their identification
than gray-box mean-value models (Pachner et al., 2012). In this chapter both
issues are addressed.

The main contribution of this chapter is the application and analysis of mul-
tisine FRF identification of a diesel engine air path. A systematic and efficient
procedure for the application of multisine FRF identification is presented. This
results in a MIMO model describing the local input-output dynamics, with the
VGT and EGR valve as inputs and NOx, air-fuel equivalence ratio and pressure
difference between intake and exhaust manifold as outputs. The accuracy of the
FRF identification is extensively analyzed; the accuracy is quantified and different
sources of distortion are distinguished and quantified. This analysis reveals how
accurate the linear behavior is determined, as well as to what extent the actual
local behavior of the air path can be captured using a linear model. It is shown
that, using ten minutes of measurement data, the linear engine dynamics for a
single operating point are accurately captured. The models and analysis are pre-
sented mostly in the frequency domain, which is particularly relevant for linear
feedback control design. Compared with alternative methods, the identified models
represent the local engine behavior with a high accuracy, as is shown in Section 4.6.

The remainder of this chapter is structured as follows. Section 4.2 describes
the measurement setup, including sensors and actuators. Section 4.3 describes the
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design of the multisine identification experiment. In Section 4.4, the accuracy of
the identification method is analyzed. The nonlinear behavior of the system is
explicitly included in the analysis and both quantified and classified. It is shown
that the engine dynamics can largely be described using linear FRF models. Also, a
time-domain validation is performed to illustrate the accuracy in the time domain.
Section 4.5 presents FRF measurements on a grid of speed-load operating points.
This shows the variation of the dynamic response over the entire operating range.
In Section 4.6, the limitations and possible extensions of the modeling approach
are discussed. The chapter ends with conclusions.

4.2 Measurement Setup

4.2.1 Engine

The test engine is a modern 6-cylinder heavy-duty diesel engine, equipped with a
common-rail injection system, cooled, high-pressure EGR and a VGT. The engine
is mounted on an electric dynamometer. This dynamometer governs the engine
speed, ω. Also, the dynamometer provides additional measurements, such as the
produced net torque, τ . As demonstrated in Section 4.5, the local dynamic behavior
changes at different operating points of the engine (combination of ω and τ).

To control the air path, an Exhaust Gas Recirculation (EGR) valve and a
Variable Geometry Turbine (VGT) are available. In a VGT, an actuator is available
to adjust the guide vanes in the turbine inlet, which changes the flow properties of
the turbine. Figure 4.1 shows a schematic representation of the engine focusing on
the air path.

The engine was calibrated before the start of the dynamic identification ex-
periments. The actuator settings for nominal, stationary operation were extracted
from this calibration. The excitation signal used for identification was added to
these nominal EGR and VGT settings. A dSPACE AutoboxR© was used as an I/O
board for both controlling the actuators and collecting the sensor signals with a
sampling interval of Ts = 0.01 s.



64 Chapter 4. Modeling, Identification and Analysis

yNOx

yλ
y∆p

uEGR

uVGT

ω τ

ENGINE sensorsactuators

Figure 4.2: The studied input-output relations of the engine in a block scheme.
The torque, τ , is controlled via the fuel flow.

4.2.2 Actuators

For identification of the dynamic behavior of the engine air path, two actuators
are of main interest: the EGR valve and VGT actuator. These actuators will be
controlled by the dSPACE AutoboxR©. Any other available actuators, e.g., the fuel
injection equipment or exhaust throttle valve, are not included in this dynamic
identification and are controlled by the engine ECU, although it is possible to extend
or change the identification procedure to include other actuator configurations.
Both the EGR valve and VGT position are electrically actuated. The input signals
to these actuators:

u= {uVGT,uEGR} , (4.1)

both have a range between 0% and 100%, with a quantization resolution of 0.5%
and 0.1% for uVGT and uEGR, respectively. Internal control loops in the actuators
control the VGT and EGR valve to the requested settings.

4.2.3 Sensors

The identification procedure is demonstrated on three different outputs: the engine-
out NOx emissions, yNOx , engine-out air-fuel equivalence ratio, yλ, and the pressure
difference between intake and exhaust manifold, y∆p. The latter two measurements
are selected because of their link with the PM emissions and fuel efficiency, respec-
tively. These measurements provide insight into the behavior and performance of
the engine air path and are relevant for control design (Wahlström et al., 2010;
Alfieri, 2009; Criens et al., 2013b). The outputs are denoted:

y =
{
yNOx ,yλ,y∆p

}
. (4.2)

The yNOx measurement is based on the engine-out NOx sensor. This sensor
measures NOx levels in ppm. They are converted to g/kWh using the the engine
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speed, injected fuel mass, dynamometer torque measurement2 and a measurement
of the exhaust mass flow. The second signal, yλ, is derived from the oxygen
concentration sensor measurement. Both the NOx sensor and λ sensor are placed
downstream of the turbine, as shown in Figure 4.1. The third measurement signal,
y∆p, is the pressure difference between the intake and exhaust manifold. Both
the intake, pin, and exhaust manifold pressure, pex, are measured in kPa and
y∆p is calculated using: y∆p = pex−pin. Figure 4.2 summarizes the input-output
relations in a block scheme.

4.3 Design of the Input Signal
The result of the identification experiment and the available analysis methods
depend largely on the input signal. In Section 4.3.1, the design of the multisine
input signal is detailed. Then in Section 4.3.2, the effect of input quantization on
the experiment is discussed.

4.3.1 Multisine

Amultisine signal is particularly useful as an excitation signal for FRF identification.
The frequency content can be chosen flexibly and multisine identification combines
minimum measurement time with maximum identification accuracy. When the
excitation frequencies are selected suitably, multisine identification can also be
used to detect, classify and quantify nonlinear behavior (Pintelon and Schoukens,
2001). This is particularly useful due to the fact that the engine dynamics are
known to be nonlinear.

A multisine signal consists of a sum of sinusoidal signals. Realization k of a
multisine signal for input m is defined as:

u
[k]
m (t) =

Nm∑
n=1

Am,n sin
(

2πf0 lm,n t+φ
[k]
m,n

)
(4.3)

with amplitudes Am,n, excitation frequencies f0 lm,n and phase φ[k]
m,n. The spectral

lines are selected from lm,n ∈ N, where N is the set of nonnegative integers. When
2A torque measurement is not typically available on diesel engines. This sensor can be replaced

with an estimate, e.g., using the fuel flow, to enable control of NOx in g/kWh when the engine is
not installed on a dynamometer.
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the multisine signal is constructed according to this definition, a periodic signal
with period length T = 1/f0 is obtained. It was found that selecting T = 600 s,
gives accurate identification results, which is analyzed in Section 4.4. A total
of Nm spectral lines are present in the multisine. The subscript m is used to
distinguish between the EGR and VGT input, i.e., m ∈ {EGR, VGT} in the rest
of the chapter.

In aid of the analysis of the identification accuracy, a random multisine is used.
For each realization k, a different phase φ[k]

m,n is chosen randomly in the interval
[−π,π). Figure 4.3 shows a realization of the multisine excitation signal in both
the frequency and time domain. For the identification experiments, this signal is
added to the nominal VGT and EGR valve positions. In the next subsections, the
choices made for the frequencies, f0 lm,n, and amplitudes, Am,n are discussed and
motivated.

Excitation Frequencies

Two considerations are made when choosing the excitation frequencies: first, the
identification of nonlinearities and second, the distribution of uncertainties of the
FRF.

For identification of nonlinear behavior, it is beneficial to use only odd multiples
of f0 in the excitation signal (Vanhoenacker et al., 2001). The odd and even
harmonic content of the measured output signals will then distinguish between the
effects of odd and even nonlinear behavior. Moreover, when only odd frequencies
(odd multiples of f0) are used in the input signal, even nonlinearities do not disturb
the FRF measurement, which is beneficial for an accurate measurement of the
linear behavior.

These arguments for using only odd frequencies do not hold when only even
multiples of f0 are used. Using even frequencies exclusively will render both even
and odd nonlinear distortions at even frequencies; their effects can no longer be sep-
arated and both will distort the FRF measurement. For an accurate measurement,
it is therefore not recommended to use even frequencies.

A property that is often encountered in dynamic systems is that the features
that determine the FRF (resonances, poles and zeros) are distributed approxi-
mately logarithmically over the frequency space. To obtain a similar accuracy over
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Figure 4.3: The multisine excitation signal. From top to bottom: the magnitude
spectrum; phase spectrum; and first 20 s of the 600 s excitation signal. In black
uVGT, in gray uEGR.

the entire frequency range, which is desired, the excitation frequencies, f0 lm,n

should then also be distributed logarithmically over the frequency range. For the
experiments, the ideal logarithmic frequency distribution is approximated by a
quasi-logarithmic distribution that fits Equation (4.3) by rounding lm,n to the near-
est odd spectral line such that lm,n ∈ (2N+1). The number of excitation frequencies
in the excitation signals for the VGT and EGR equals: NVGT =NEGR = 35. The
highest excitation frequency is 10Hz, which is well beyond the expected bandwidth
of a closed-loop controlled system.
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Particularly at frequencies over 1Hz, the logarithmic distribution of excitation
frequencies on the linear frequency grid of the Discrete Fourier Transform (DFT) is
very sparse. For identification of nonlinear effects, a more dense linear distribution
is preferred over the sparse logarithmic distribution (Vanhoenacker et al., 2001).
However, for our purposes, an accurate detection of the low frequency linear
behavior has a higher priority than an accurate detection of the high frequency
nonlinear behavior. Therefore, the logarithmic distribution is preferred.

To separate the response due to excitation of the EGR valve from the response
due to excitation of the VGT actuator, two non-overlapping grids of spectral lines,
lm,n, are used for the inputs. This enables a separation of the linear effects of
the individual inputs in the frequency domain and only one experiment is needed
to identify the Multi-Input Multi-Output (MIMO) system. In Dobrowiecki and
Schoukens (2007), it is shown that the level of nonlinear distortions for MIMO
FRF measurements using non-overlapping frequency grids is similar to that of an
optimized experiment using multiple experiments.

Excitation Amplitude

The amplitude Am,n of the individual sinusoids is chosen such that the amplitude
of the combined multisine signal, u[k]

m (t), is similar to the expected amplitude of
the input signal when a feedback controller for EGR and VGT is active. In this
way, the nonlinear effects that arise during identification are similar to those that
are present during feedback operation. This consideration resulted in a constant
amplitude of Am,n = 0.7% of the maximum actuator position for both inputs and
all excited frequencies.

4.3.2 Influence of Input Quantization

The amplitude of the individual sinusoids is chosen Am,n = 0.7%, whereas the
quantization in the VGT actuator allows only steps of 0.5%. Consequently, the
values in the smooth multisine signal are rounded towards the nearest integer
multiple of 0.5%. Therefore, concerns arise regarding the smoothness and accuracy
of the quantized signal that excites the VGT actuator.

To evaluate the influence of quantization of the VGT input, a smooth multisine
signal is compared with a simulated quantized multisine signal. The relative power
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of the difference between the quantized multisine, u[k]
q,VGT, and the actual, smooth

multisine, u[k]
VGT, is calculated as follows:

e
[k]
q =

N∑
n=1

∣∣∣u[k]
q,VGT(tn)−u[k]

VGT(tn)
∣∣∣2

N∑
n=1

∣∣∣u[k]
VGT(tn)

∣∣∣2 , (4.4)

where N = T/Ts = 60000 equals the number of samples in the excitation signal,
measured in discrete time, tn, and n denotes the sample number. In the frequency
domain, the relative power of the difference between U [k]

q,VGT and U [k]
VGT, evaluated

only at lVGT,n, the excited spectral lines in U [k]
VGT, is:

e
[k]
q,exc =

NVGT∑
n=1

∣∣∣U [k]
q,VGT(lVGT,n)−U [k]

VGT(lVGT,n)
∣∣∣2

NVGT∑
n=1

∣∣∣U [k]
VGT(lVGT,n)

∣∣∣2 . (4.5)

The capital U denotes the Fourier transform of the input u. The parameter e[k]
q

quantifies the total error, whereas e[k]
q,exc only takes into account the error at the

measurement frequencies. The difference between e[k]
q and e[k]

q,exc is the energy of
the quantized input signal at non-excited frequency lines.

For the multisine signal shown in Figure 4.3, the values e[1]
q = 2.425 ·10−3 and

e
[1]
q,exc = 6.316 ·10−6 are obtained3. Both e[1]

q and e[1]
q,exc are much smaller than one.

This means that the relative influence of quantization on the frequency content of
the input signal is very small. The influence of quantization on the identification
experiment is therefore not explicitly taken into account during the further analysis.

4.4 Analysis of the Identification Accuracy
Before using multisine excitation to measure FRFs, the accuracy of the identifica-
tion procedure is studied using a more extensive identification procedure. A series
of experiments using multiple periods of multiple random-phase multisine realiza-
tions is performed at a single operating point (1455 rpm and 120mg/inj). The

3The exact values of both e[k]
q and e[k]

q,exc depend on the phase realization, k, of the multisine
signal, but they have approximately the same value for all phase realizations.
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Figure 4.4: Scheme of the analysis experiment. For every phase realization k of the
multisine signal, J = 6 periods are measured and a total of K = 6 different phase
realizations of the multisine signal are used. Before measuring the periodic response,
a waiting time of Tt is introduced to prevent startup transients from disturbing the
periodic measurement (Schoukens et al., 2005).

extended procedure is constructed to analyze the effects of noise and nonlinearities
on the FRF estimate. The analysis also separates nonlinear behavior from the
linear behavior; the nonlinear part is then quantified and classified into even and
odd nonlinear behavior. This analysis is performed in the frequency domain and is
to a large extent similar to Rijlaarsdam et al. (2010), where the nonlinear behavior
of a single-input industrial motion stage is studied. This section also includes a
validation in the time domain, to further illustrate the model accuracy.

For the purpose of this identification and analysis, the MIMO system can
be split into three separate Multi-Input Single-Output (MISO) systems. The
calculations and also the analysis are performed for each output separately. To
keep the notation as short as possible, subscripts to denote the individual outputs
are omitted.

To help illustrate the method, Figure 4.4 schematically depicts the execution
of the experiment. For each phase realization, k, a multisine input signal u[k] is
applied to the inputs, while the output is measured for J consecutive periods. In
this chapter, K = 6 phase realizations of the multisine are applied for J = 6 periods
each. In this way, a total of J ·K = 36 periods of measurement data is obtained.
Before measuring the periodic response, a waiting time of at least Tt = 60 s is used
for a sufficient decay of startup transients. The measurement corresponding to a
single period j of realization k is denoted y[k]

j . The length of y[k]
j equals one period

of the excitation signal, T = 600 s, and it contains N = 60000 samples. Capital
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U and Y , are used to denote the DFT of respectively the inputs u and measured
outputs y. Measuring multiple periods using the same excitation signal makes
it possible to determine the influence of noise. Using multiple realizations of the
input signal makes it possible to determine the influence of nonlinearities on the
identified FRF.

4.4.1 Frequency Response Function

Using the DFT of the applied periodic inputs and measured outputs, the FRF can
be calculated using a division of the transformed signals. The estimated FRF is
defined only at the Nm frequencies present in the input signal: f0 lm,n.

For each input m, period j and realization k, the FRF is calculated as follows:

H
[k]
j,m(lm,n) =

Y
[k]
j (lm,n)

U
[k]
m (lm,n)

. (4.6)

Using all periods of realization k, an average FRF is determined for each
realization:

H̄
[k]
m (lm,n) = 1

J

J∑
j=1

H
[k]
j,m(lm,n). (4.7)

The use of multiple periods reduces the influence of noise on the FRF estimate.
The variance of H̄ [k]

m due to noise is a factor J lower than the variance of the
individual estimates H [k]

j,m.

When all realizations of the multisine are used, the FRF estimate can be
improved further:

HBLA,m(lm,n) = 1
K

K∑
k=1

H̄
[k]
m (lm,n), (4.8)

where HBLA,m gives the Best Linear Approximation (BLA) (Schoukens et al., 2005)
using the available data. The variance of HBLA,m due to nonlinearities is a factor
K smaller than that of the single realization estimates H̄ [k]

m . Also the variance
due to noise decreases by a factor K. For an infinite number of random phase
realizations, HBLA,m converges to the actual best linear approximation, which
depends only on the power spectrum of the excitation signal.
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4.4.2 Accuracy of the Frequency Response Function

To analyze the accuracy of the FRF of a single period, H [k]
j,m, two sources of

distortion are separated: noise and nonlinearities.

First, the variance due to noise is quantified. Noise causes a repeated exper-
iment with the same input signal to have a different outcome. To estimate the
expected distortion of H [k]

j,m due to noise, the variance of the FRF is calculated for
each realization. Next, these variances are averaged over all realizations:

vH,noise,m = 1
K (J −1)

K∑
k=1

J∑
j=1

∣∣∣H [k]
j,m− H̄

[k]
m

∣∣∣2 . (4.9)

The distortion due to nonlinear behavior is the same for all periods of the
same realization, but changes when a different phase realization of the input signal
is used. The variance of H̄ [k]

m therefore quantifies the expected distortion of H [k]
j,m

due to nonlinear behavior:

vH,NL,m = 1
K−1

K∑
k=1

∣∣∣H̄ [k]
m −HBLA,m

∣∣∣2− 1
J
vH,noise,m, (4.10)

where a correction for the expected bias due to noise is used. Figure 4.5 shows∣∣HBLA,m
∣∣ and the standard deviations σH,noise,m = √vH,noise,m and σH,NL,m =

√
vH,NL,m for the studied outputs.

The variances calculated in Equations (4.9) and (4.10) are the variances of
H

[k]
j,m. The variances of HBLA,m and H̄ [k]

m are lower and can be deduced by dividing
by J and K, according to the methods provided in Section 4.4.1.

Figure 4.5 shows that the expected deviation of the FRF due to nonlinearities
dominates over the expected deviation due to noise. Where

∣∣HBLA,m
∣∣ is an order

of magnitude larger than the deviation due to either noise or nonlinearities, H [k]
j,m

is considered an accurate estimate of HBLA,m. Which implies that an FRF that
is made using a single period of ten minutes is an accurate estimate of the actual
BLA. The values of

∣∣HBLA,VGT
∣∣ are larger than those of

∣∣HBLA,EGR
∣∣, whereas

their respective standard deviations have similar values. This means that the
relative accuracy of

∣∣HBLA,VGT
∣∣ is higher. Nonlinear distortions are the largest

cause of variance. Therefore, increasing the number of periods, J , is much less
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Figure 4.5: Analysis of the variance of H [k]
j,m for the operating point 1455RPM

and 120mg/inj. The response of the VGT and EGR inputs is depicted in respectively
black and gray. The lines show

∣∣HBLA,m
∣∣; the ’x’ and ’o’ symbols show respectively

σH,noise,m and σH,NL,m.

effective at improving the accuracy of HBLA,m than increasing the number of
realizations, K.

Particularly for the ∆p output, the variances due to noise and nonlinearities
are very low, i.e., HBLA,m is very accurate for the ∆p output. This is also reflected
in the smoothness of

∣∣HBLA,m
∣∣ for the ∆p output.

The measurement of
∣∣HBLA,m

∣∣ for the NOx output is, at the anti-resonance
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around 0.6Hz, of the same magnitude as σH,NL,m. A single measurement of
H

[k]
j,m will, therefore, not suffice to reliably determine HBLA,m for this frequency.

However, the presence of the anti-resonance can be determined reliably from a
single measurement, because σH,NL,m is significantly smaller than the FRF values
surrounding the anti-resonance.

4.4.3 Classification of Nonlinearities

The previous section dealt with determining how accurate the BLA of the FRF is
determined. This section deals with determining how accurate this BLA describes
the actual system behavior. Opposed to the FRF models discussed in the previous
section, which only describe the linear behavior of the system, this section focusses
on quantifying and classifying the remaining nonlinear part of the system. An
analysis of the measured outputs at non-excited spectral lines reveals the quantity
of the output power omitted from the linear model.

The response of a linear system that is excited with a periodic input signal is
again a periodic signal containing only the frequencies present in the input signal.
The response of a nonlinear system includes frequencies that are not present in the
input signal. By analyzing the spectral content of the measured data at non-excited
frequencies, the nonlinear behavior can be analyzed. The nonlinear part of the
response can be classified into an even and an odd part. The frequency content of
the higher-order harmonics generated by the even part of the nonlinear behavior
consists of even multiples of the excitation frequencies and vice versa for the odd
part.

The input signals u[k]
m consist of only odd frequencies (odd multiples of f0).

Odd multiples of odd frequencies result again in odd frequencies. Even multiples of
the odd frequencies in the excitation signal result in even frequencies. Therefore, a
separation of the spectrum of y[k] into even and odd multiples of the base frequency
separates of the effects of even and odd nonlinear behavior.

The average DFT of the output spectrum of a single realization is given by:

Ȳ [k] = 1
J

J∑
j=1

Y
[k]
j (4.11)
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and the variance of Ȳ [k] due to noise is given by:

v
[k]
Ȳ,noise = 1

J (J −1)

J∑
j=1

∣∣∣Y [k]
j − Ȳ

[k]
∣∣∣2 . (4.12)

Using Ȳ [k] and v[k]
Ȳ,noise, the power in the output spectrum due to nonlinearities,

corrected for the expected bias due to noise, is:

PNL = 1
K

K∑
k=1

∣∣∣Ȳ [k]
∣∣∣2− 1

K

K∑
k=1

v
[k]
Ȳ,noise. (4.13)

To make the results of (4.13) of the same units as the FRF (HBLA,m) and
thereby easier to interpret, the square root of the power is calculated and scaled
with the magnitude of the input signal. This results in DNL:

DNL =
√
PNL

Ū
(4.14)

and for the estimated noise bias of DNL:

Dnoise =

√
1
K

K∑
k=1

v
[k]
Ȳ,noise

Ū
, (4.15)

where Ū =
∣∣∣U [k]
j,m (lm)

∣∣∣ = 1
2N ·Am,n is used to scale the results with the input

amplitude. A constant amplitude is used for both inputs at all excited frequencies,
therefore Ū is also constant, as can be observed in Figure 4.3.

To separate the even and odd nonlinear behavior, the data of DNL in (4.14) is
split into two different frequency ranges, which separate the odd frequencies (lo ∈
Lo = {l ∈ 2N+ 1 | l 6= lm,n ∀m,n}) from the even frequencies(le ∈ Le = (2N+ 2)) .

Figure 4.6 shows a comparison between
∣∣HBLA,m

∣∣, DNL(le), DNL(lo) and
Dnoise. At high frequencies Dnoise is of similar magnitude as DNL, which indicates
that the values for DNL are unreliable. Except for the anti-resonance in the
NOx-output and the frequency range around 10Hz, the nonlinear part of the
system behavior, DNL, is an order of magnitude smaller than the linear behavior,∣∣HBLA,m

∣∣. This means that a linear FRF relevantly describes the actual dynamic
system behavior. This result extends beyond multisine identification; it implies
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Figure 4.6: Frequency content of the non-excited spectral lines. The engine oper-
ating point is 1455RPM and 120mg/inj. The black and gray line show respectively∣∣HBLA,VGT

∣∣ and ∣∣HBLA,EGR
∣∣. The medium gray, light gray and dark gray dots

show respectively Dnoise, DNL(le) and DNL(lo).

that when the input signals are similar to those during the identification, linear
techniques are relevant for analysis of the dynamics and linear control theory is
suitable for the design of local controllers.

Particularly for ∆p a difference between odd and even nonlinearities is ob-
served. At low frequencies, the effect of the even nonlinearities is an order of
magnitude higher. Because only odd frequencies are used for measuring the FRF,
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the significantly larger even nonlinearities do not distort the FRF measurement,
which is beneficial for the accuracy of the FRF.

Comparing Figure 4.5 and 4.6 shows that the odd nonlinear effects are similar
at excited and non-excited spectral lines, i.e., DNL(lo) is an indication for the
uncertainty that is present in the FRF measurements. This is particularly interest-
ing, because, apart from the noise bias correction, DNL(lo) can also be calculated
using a single measurement period j and single realization k. This enables a quick
estimation of the accuracy of the FRF using only a single measurement, which will
be used in Section 4.5.

4.4.4 Time-Domain Validation

In Section 4.4.3, the use of a linear model structure was shown to be relevant; the
effects of the nonlinear behavior are an order of magnitude smaller than the linear
behavior. Also, it was shown in Section 4.4.2 that the distortions on the FRF
estimate due to noise and nonlinearities are an order of magnitude smaller than
the actual estimate. Hence, the method for determining FRF models is accurate
and the resulting models are an accurate representation of the measured engine
behavior. To further illustrate the accuracy of the linear FRF models in the time
domain, a validation experiment is performed.

For this validation, an estimate of HBLA,m is made using five out of six
realizations, where each realization contains all six periods. This model will be
used to predict the results of the sixth realization. The FRF estimate is:

H
[1:5]
BLA,m(lm,n) = 1

5

5∑
k=1

H̄
[k]
m (lm,n). (4.16)

In the discrete Fourier domain, the prediction of the sixth realization is calculated.
The output change predicted by H [1:5]

BLA,m as a result of input u[6]
m is:

Y
[6]
pred,m(lm,n) =H

[1:5]
BLA,m(lm,n) U [6]

m (lm,n). (4.17)

This frequency-domain representation, Y [6]
pred,m, is converted to the time domain

using the Inverse Discrete Fourier Transform (IDFT):

y
[6]
pred,m(t) = 2

N

Nm∑
n=1
<
(
Y

[6]
pred,m(lm,n) ei2πf0lm,nt

)
. (4.18)
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The nominal static output is not predicted by the FRF measurements. The average
output over the first five realizations is used instead:

y
[1:5]
s = 1

5N

5∑
k=1

N∑
n=1

y[k](tn). (4.19)

Using the superposition principle, the sum of y[1:5]
s and y[6]

pred,m evaluated for both
the VGT and EGR produces the prediction of y[6]:

y
[6]
pred(t) = y

[1:5]
s +y

[6]
pred,VGT +y

[6]
pred,EGR. (4.20)

Figure 4.7 shows a comparison between y
[6]
pred(t) and the measured output

of the sixth realization averaged over all periods: ȳ[6](t) = 1
J

∑J
j=1 y

[6]
j (t). As

expected from the earlier frequency domain results, a close match between the
model prediction and measured output is observed.

Various aspects of the accuracy of the model fit are quantified. The total
relative error is calculated using:

etotal =

N∑
n=1

(
y

[6]
pred(tn)−y[1:5]

s − ȳ[6](tn) + ȳ
[6]
s
)2

N∑
n=1

(
ȳ[6](tn)− ȳ[6]

s
)2

, (4.21)

where ȳ[6]
s = 1

N

∑N
n=1 ȳ

[6] (tn). A correction for the static values is used, such that
etotal quantifies only errors in the dynamic behavior; the prediction of the static
output is not of interest for FRF modeling.

The fraction of the power of the measurement signal at frequencies that are
not present in the excitation signal is given by:

eo/e =

No/e∑
n=1

∣∣∣Ȳ [6](lo/e,n)
∣∣∣2

N∑
l=1

∣∣Ȳ [6](l)
∣∣2 , (4.22)

with lo/e ∈ (Lo ∪Le), the non-excited spectral lines and No/e = N/2− (NVGT +
NEGR), the number of non-excited spectral lines. The error eo/e indicates the
relative influence of nonlinear behavior.
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−0.04

−0.02

0

0.02

0.04

E
rr

or
 λ

0 5 10 15 20 25 30 35 40 45 50
−4

−2

0

2

E
rr

or
 ∆

p 
in

 k
P

a

Time in seconds

Figure 4.7: The first 50 s of y[6]
pred and ȳ[6]. In the larger plots, the black line depicts
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pred;

the straight thin lines show the y[1:5]
s and y[6]

s in black and gray, respectively. The
smaller plots show the difference between the prediction and the measurement.
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The relative error at the frequencies present in input signal m equals:

em =

Nm∑
n=1

∣∣∣Y [6]
pred,m(lm,n)− Ȳ [6](lm,n)

∣∣∣2
Nm∑
n=1

∣∣Ȳ [6](lm,n)
∣∣2 (4.23)

and for both inputs combined:

eexc =

∑
m∈{VGT,EGR}

Nm∑
n=1

∣∣∣Y [6]
pred,m(lm,n)− Ȳ [6](lm,n)

∣∣∣2
∑

m∈{VGT,EGR}

Nm∑
n=1

∣∣Ȳ [6](lm,n)
∣∣2 . (4.24)

The values em and eexc quantify the error that is made in predicting the linear
behavior of the engine.

In Table 4.1, an overview of the differences between the measurement ȳ[6] and
model prediction y[6]

pred is presented. Note that none of the error measures use a
bias correction for noise or nonlinearities. Therefore, when a different number of
periods or realizations is used, the expected values of these error measures changes.
Figures 4.5 and 4.6 and Equations (4.9), (4.10), (4.14) and (4.15) provide less
ambiguous error measures in this sense. The comparison also differs from the
comparison in Figures 4.5 and 4.6, it is not aimed at determining the accuracy of
an FRF model made using a single measurement period. Instead, the prediction
of an average FRF model is compared with the expected value of a single experi-
ment. In this comparison nonlinear effects are present mostly in the measurement.
Because multiple realizations are used for determining y[6]

pred,m, nonlinear effects
are averaged in the prediction. Noise has a very small effect on the accuracy of
y

[6]
pred,m and averaging of six periods is used to decrease the effects of noise from
the measurement.

The relative power of the error is at most 2.8 percent for all outputs. Surpris-
ingly, the NOx measurement is predicted more accurately than the ∆p measure-
ment, even though the relative variance of the FRF was significantly smaller for
∆p. When looking at eexc it can be seen that indeed the linear part of the ∆p
response is recreated with the highest accuracy, but nonlinear effects are the main
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Table 4.1: The relative difference between model and measurement.

etotal eo/e eexc eVGT eEGR

NOx 1.41% 1.23% 0.18% 0.11% 0.70%

λ 2.80% 2.55% 0.26% 0.15% 0.89%

∆p 1.64% 1.61% 0.03% 0.02% 0.07%

cause of etotal. The even nonlinear behavior observed in the ∆p measurement did
not disturb the FRF measurement, but does show up in eo/e. When only eexc,
eVGT and eEGR are considered, which only quantify errors in the linear part of
the response, the ∆p prediction is the most accurate.

For all outputs, eo/e constitutes the largest part of etotal. Only nonlinear
models can capture these effects. To significantly decrease the remaining error, a
nonlinear model is needed.

The errors in Table 4.1 might be surprisingly small, but two remarks are in
place here. First, the relative power of the error is considered. This means that
compared to Figures 4.5 and 4.6, the relative difference is squared. Second, the
parts of the FRF with high gains are identified most accurately. These parts also
constitute a relatively large part of the power of the output signal. This also favors
low errors in the time-domain validation compared with the frequency-domain
results in Figures 4.5 and 4.6.

In the presented form, the FRF models are not directly suitable for simu-
lating the response to a general input signal that includes different frequencies.
Approximations are needed to enable a calculation of the response at frequencies
that are not present in the excitation signal. Furthermore, it is known that the
BLA depends on the power spectrum of the input. For inputs with smaller or
larger amplitudes, the BLA will change. Using common knowledge of the nonlin-
ear behavior of the air path, it is expected that the accuracy will degrade when
larger input amplitudes are considered, because nonlinear effects will constitute a
larger part of the output spectrum. When the input amplitude is decreased, the
relative influence of noise and quantization will increase, but the nonlinear effects
are expected to decrease. As noise and quantization currently constitute a minor
effect, the approximation error is expected to decrease when the input amplitude
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is decreased. For the presented identification results, the input amplitude was
chosen to make the input signal resemble the output of a feedback controller. This
makes the identification results and accuracy analysis particularly suited towards
feedback control design.

4.5 Frequency Response Function Measurement
Results

From Section 4.4, it is concluded that the standard deviation of the resulting FRF
measurements is an order of magnitude smaller than the actual FRF itself, even
when a single measurement period is used. When the conclusion of this analysis
holds for all operating points, the FRF at a different operating point can be identi-
fied efficiently using a single 600 s period. To check this assumption, the accuracy of
the FRF and encountered nonlinearities can be determined using Equation (4.14).
The bias estimate cannot be included, because only one measurement period is
available.

To characterize the differences in the input-output behavior of the diesel engine
at different operating points, FRF measurements on a 3x3 grid of engine speeds
(1011, 1455, 1700 rpm) and loads (60, 120, 200 mg/inj) are performed. Ten minutes
of measurement time is used for each operating point and the FRF is calculated
using Equation (4.6). Figure 4.8 shows the resulting FRFs in a Bode plot. Using
Equation (4.14), it is concluded that the ratio between the linear and nonlinear
contributions is similar to Figure 4.6, which implies that indeed the analysis of
Section 4.4 will render similar results for all operating points.

Some salient features of the dynamic behavior of the engine in the different
operating points are observed in Figure 4.8. The gain differences between different
operating points are of a full order of magnitude and are present for all input and
output combinations. On the other hand, the variations in phase between the
different operating points are remarkably small; apart from some large variations
which are discussed separately.

The FRFs of the VGT are of similar magnitude as the FRFs of the EGR for
all outputs. This means that coupling is present between all inputs and outputs.
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Figure 4.8: A Bode plot of the FRF of the engine measured in different operating
points. Different engine speeds, ω, are plotted in different colors: light gray ω =
1011RPM; black ω = 1455RPM; dark gray ω = 1700RPM. Different symbols are
used for different output torques, τ , that are obtained by varying the fuel input: ’o’
denotes 60mg/inj; solid line denotes 120mg/inj; ’x’ denotes 200mg/inj.
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For control design this means that MIMO design techniques are required to obtain
the best performance.

In the phase plot of the VGT-λ FRF, a low frequency sign change is observed at
1700 rpm and 200 mg/inj. This potentially induces difficulties for feedback control
design. In Wahlström (2009), the gain differences, coupling and sign changes are
also observed, using a mean-value model of a different engine with a similar layout.

The anti-resonance found in the EGR-NOx FRF changes between minimum
and non-minimum phase. A closer analysis of the individual sensor data of the
NOx sensor and air-flow sensor explains this behavior and has shown that this
anti-resonance is caused by the interaction of different sensor dynamics and is not
a physical property of the engine dynamics.

The FRF measurements indicate that sensor dynamics form a significant part
of the dynamic input-output behavior. In the phase plots in Figure 4.8, the delay in
the response of the system can be observed. In particular for the NOx measurement,
delay has a significant influence on the phase of the FRF. For frequencies over 0.3Hz,
the phase lag due to delay largely determines the phase of the FRF. Moreover, the
observed time scales are different for each output, which could also be observed
in Figure 4.7. The NOx response contains less power at high frequencies (over
1Hz) than the ∆p response. Both the delay and observed difference in time scales
indicate the influence of sensor dynamics.

It should be noted that the results on the 3x3 speed-load grid are only intended
to assess the global properties of the engine in a qualitative manner. Only at the
selected operating points, the accuracy is comparable with the results of Table 4.1.
To model the engine behavior in between the grid points, interpolation can be
used, but the prediction accuracy will depend much more on the nonlinearity of
the engine behavior than on the accuracy with which the local behavior at the grid
points was captured.

For control applications, a different grid can be selected. The most suitable
grid size depends on the type of controller. Some examples are found in literature:
the controller in Ortner and Del Re (2007) uses 12 grid points and Ferreau et al.
(2007) uses only two grid points. In Henningsson et al. (2012), the engine behavior
is modeled only at 1200RPM and up to mid-load. It is shown that when 4 or 6 grid
points in this small range are selected, 10% or 5% accuracy is lost, respectively.
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4.6 Discussion

The presented non-parametric modeling approach shows a high accuracy and is
efficient in terms of the required measurement time, when applied to the diesel
engine air path. The intended use of the FRF models is air-path feedback control
design. For this purpose, the dynamic input-output response around an operating
point is important. Feed-forward controllers, that bring the engine operating
conditions close to the nominal conditions, are assumed to be present in the
engine control system. In this case, the identified local models provide a relevant
description of the dynamic behavior. Under these conditions, the identification
accuracy is very high. From the results in Table 4.1, it can be deduced that the
Variance Accounted For (VAF) is at least 97.2% for the considered outputs. This
value can be compared with alternatives found in the literature. In Henningsson
et al. (2012), a VAF between 64.3% and 93.5% is obtained. The LPV model
used in Wei and Del Re (2007) obtains a VAF of 85%. The achieved accuracy
with the proposed modeling approach exceeds the accuracy of alternative methods.
However, for applications other than control design and analysis, the usability of
the presented FRF models is limited.

The identification accuracy, as shown in this chapter, largely depends on the
linearity of the input-output response. Although the local behavior (i.e. the behav-
ior around a fixed state) of a nonlinear system is often close to linear, this it is not
necessarily true for a relevant input range. This dependency gives rise to a concern
when different inputs or outputs are selected. Moreover, when different outputs
are chosen, the noise characteristics will differ, which influences the identification
accuracy. This is why it is critical that the model accuracy can be quantified, as is
done is Section 4.4, and it is revealed to what extent the identified linear system
description is accurate.

For accurately modeling or simulating large operating-point variations, or for
modeling input variations spanning the full actuator range, the presented method-
ology is not well-suited. It can be expected that the analysis for nonlinearities will
show that linear models no longer relevantly describe the engine behavior and the
model quality will degrade. In Figure 4.7, it can be observed that the model accu-
racy decreases at output peaks. Modeling the engine behavior for conditions that
significantly deviate from nominal is outside the scope of this article. Models that
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describe this behavior accurately have to be nonlinear, e.g., mean-value models are
much more valuable for this.

Despite these disadvantages, the FRF models have numerous advantages re-
lated to control design. The FRF representation used in this article is suitable
to describe systems for which linear dynamics are dominant and is fit to work
with broadband multisine identification. Also, classical (PID) controllers can be
designed directly in the frequency domain using FRF models, which is done for
air-path control in Criens et al. (2014). Moreover, the FRF models can provide
strong analysis results, e.g., for decoupling control design or can be used to ana-
lyze the dynamic properties achieved with various controllers. For simulation or
integration with model-based control synthesis, e.g., Linear Quadratic Gaussian
(LQG) optimal control or MPC, a state-space or transfer-function representation
is necessary. Software tools are available to convert the measurement data into a
transfer function. The n4sid algorithm of the System Identification Toolbox in
MATLABR©, as applied in Henningsson et al. (2012), can be used for this. The
BLA can be approximated with arbitrary accuracy by increasing the approximation
order. Depending on the application, a suitable system order should be selected.
In Henningsson et al. (2012), a model order of 7 is proposed and it is shown that
model orders below 5 lead to a poor prediction, whereas in Wei and Del Re (2007)
a model of order 3 is used to facilitate quasi-LPV control design.

4.7 Conclusions

Multisine identification is successfully used as an efficient method for determining
the local dynamic behavior of a diesel engine air path, using the VGT and EGR
valve as inputs. An accurate non-parametric model of the linear MIMO behavior of
the engine, in the form of an FRF, is identified using ten minutes of measurement
data. The FRF provides a control-relevant description of the local input-output
behavior at a single operating point, naturally including sensor and actuator
dynamics. The considered outputs are NOx, air-fuel equivalence ratio and pressure
difference between intake and exhaust manifold. In particular NOx emissions are
difficult to model using first-principles models, but straightforward to include using
FRFs.
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Quantifying the influences of noise and nonlinearities on the FRF measurement
is an essential part of the presented identification method. The nonlinear part of
the engine behavior is quantified and classified and the ability of linear models to
describe the encountered behavior is quantified. It was discovered that the influence
of nonlinear behavior is an order of magnitude smaller than the magnitude of the
linear behavior. This means that linear dynamics largely determine the local engine
behavior and linear techniques are relevant for system analysis and control design.
It is shown that, using a linear FRF model, validation data can be reproduced
with errors below 2.8%. The remaining error is largely caused by the lack of a
description of the nonlinear behavior.

To characterize the global behavior of the engine, multisine identification was
used to identify FRFs for a range of engine operating points. The behavior varies
significantly as a function of the operating point: gain differences of a full order
of magnitude, sign changes and large phase variations are captured using FRF
identification.
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5.1 Introduction
With the recent introduction of EURO VI, not-to-exceed and on-road emission
limits are introduced. These limits restrict the exhaust emissions of diesel engines
under diverse and uncertain conditions. The WNTE and in-service emissions are
affected by the uncertain drive cycle. The in-service emissions are also affected by
external factors, e.g., ambient temperature, ambient pressure, humidity and fuel
quality, and also internal factors, e.g., ageing, engine wear, production tolerances,
engine temperature and actuator hysteresis. These uncertain factors make the
measured emissions over these two tests less predictable and reproducible.

To comply with the new legislation, despite the uncertain factors, two ap-
proaches are possible. Either, additional margins between the nominal exhaust
emissions and the legislation limits are introduced, such that the worst case sce-
nario still complies with the emission legislation. Or, adaptations of the engine
settings should be made, such that the engine adapts to the unknown conditions
to ensure that the exhaust emissions always remain close to the nominal levels
that are known to comply with legislation. The former option may seem beneficial
for the environment, because the nominal pollutant emissions are reduced. But,
as a result of the tradeoff between emissions and fuel efficiency, a fuel penalty is
involved with reducing the engine-out emissions. This increases the operational
costs and the increased CO2 emissions and use of hydrocarbons have a negative
environmental effect. Moreover, the emission limits set in EURO VI require drastic
reductions of the tailpipe NOx and PM exhaust emissions, compared with EURO
V and are very challenging. This makes reducing the emissions beyond these limits
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practically unacceptable. Consequently, a control strategy is needed to ensure
that the achieved exhaust emissions remain close to the nominal exhaust emissions
despite the influences of uncertain factors.

In this chapter, the design of an air-path control system for disturbance rejec-
tion in diesel engines is elaborated. First, the control problem is described in more
detail. Next, a conceptual control design for disturbance rejection is presented and
tested in simulation. Based on this conceptual design, but adapted for the current
engine hardware, a second controller is designed. This controller is implemented on
prototype control hardware and experimentally tested and evaluated on a modern
engine.

5.2 Control Problem

The high-level goals of the engine control system in a heavy-duty diesel engine are
to provide the requested amount of torque with minimum fuel consumption, while
complying with emission legislation and remaining within safety and durability
limits.

In this chapter, only disturbance compensation is considered. It is assumed
that the operating point is quasi-stationary, such that all control aspects related to
speed and load dynamics can be disregarded. Second, optimal input setting that
achieve the above high-level control goal at the current stationary operating point
under nominal conditions are assumed to be a priori available. When the engine
behavior or the external conditions deviate from nominal, the nominal, optimal
input settings should be adapted to maintain optimal performance. The aim of
this chapter is to design a control algorithm that achieves this.

To minimize the fuel consumption within the emission constraints defined in
legislation, a complex tradeoff between the allowed engine-out emissions and fuel
efficiency is made. The emissions and fuel efficiency vary over the engine speed
and load range, such that the expected in-service fuel consumption is minimized.
When the nominal actuator settings are used as determined during calibration,
while disturbances are present, the engine-out emissions and fuel consumption will
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deviate. Unless the aftertreatment system is able to counterbalance this, compli-
ance with legislation is no longer guaranteed. Also, an increased fuel consumption
might be observed. In consequence, the high-level goals are no longer achieved.

In this chapter, a controller is designed to improve on the above situation.
The high-level control goals are, however, not very suitable to be used directly
in a control design. Compliance with emission legislation is determined over a
cycle and cannot be determined unambiguously from measurements at a single
point in time. Similarly, the fuel consumption should be evaluated over a full
and realistic drive cycle, rather than instantaneously. These are unfortunate
properties, as it is difficult to determine whether additional control actions are
needed and also to evaluate if the current emissions and fuel consumption are
optimal. Therefore, rather than aiming directly for minimum fuel consumption
while achieving compliance with emission legislation, a goal that is better suited
for control design is formulated:

Maintain the BSFC, NOx emissions and PM emissions at all times as
close as possible to the values obtained under nominal conditions.

After calibrating the engine, the nominal values for the BSFC, NOx and PM
will be such that a simultaneous reduction of all three aspects is not possible.
Any known possibility for reducing all three performance aspects simultaneously,
that does not require violating a constraint, will be exploited in the calibration
process. The BSFC, NOx and PM after calibration therefore form a Pareto optimal
point. This implies that functional controllability of these three outputs is not
possible. Moreover, it is likely that the exact same values for BSFC, NOx and PM
that are obtained under nominal conditions are either no longer reachable or no
longer optimal, when disturbances are present. For this reason, rather than aiming
for exact tracking, the goal is to remain as close as possible to the performance
measures.

Disturbance rejection in this form offers the following three potential advan-
tages.

• Reduced variation of the engine-out emissions and fuel consumption. This
provides an opportunity to reduce the margins needed to ensure compliance
with the in-service conformity legislation.
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• Reduced average emissions as a result of preventing excessively high emis-
sions. As a result of the exponential increase of NOx with temperature,
the increase in NOx due to disturbances will be larger than the decrease
in NOx. Consequently, the average NOx will increase due to uncertainties.
Similarly, the PM emissions increase rapidly when the air-fuel equivalence
ratios approaches unity, whereas they become relatively insensitive to in-
creases towards higher air-fuel equivalence ratios. Disturbance rejection can
therefore decrease the average NOx and PM emissions.

• Reduced fuel consumption through improved calibration. As a result of both
the reduced variation of the emissions and the reduced average emissions,
the nominal emission levels can be allowed to increase. In consequence of
the tradeoff between the emissions and fuel consumption, this provides an
opportunity to reduce the fuel consumption at the expense of an increase in
the nominal emissions.

The goal of this chapter is to design a controller that combines all three
advantages.

An important design specification of a feedback control design is the band-
width1. To determine an appropriate value, the conditions where the feedback
controller is used are analyzed. Several disturbances or uncertainties that poten-
tially affect the emissions and fuel consumption are present, when a diesel engine
is used in a commercial vehicle. External factors such as the ambient temperature,
ambient pressure, humidity and fuel quality, and also internal factors, such as age-
ing, engine wear, production tolerances and engine temperature can be considered.
A similarity between these disturbances is that the typical time scale on which
they act is several minutes, hours or more. The target bandwidth for the feedback
controller is however much faster than the time scale of the disturbances. Speed
and load variations that occur in a typical drive cycle of a diesel engine have to be
taken into account. The time scale associated with these speed and load variations
is of the order of several seconds. In a typical control layout, feed-forward control
schemes are used to accommodate these operating point variations. Nonetheless,
the feedback controller should readapt the inputs after the operating point has

1In this thesis, bandwidth is defined as the frequency up to which the magnitude of the highest
singular value of the sensitivity is below 0 dB.
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changed to maintain the desired disturbance rejection. Therefore, a target band-
width of 0.2Hz will be used. Results in the literature such as Stewart et al. (2010);
Wahlström and Eriksson (2008); Alfieri (2009); Stefanopoulou et al. (2000) indicate
that similar values for the bandwidth are used. A much faster bandwidth will
interfere with the operating point transients; a much slower bandwidth will result
in a poor tracking performance with dynamic drive cycles.

5.3 Conceptual Design
A feedback controller uses sensor measurements, a control algorithm and actuators
to influence the behavior of the system. For the studied engine control problem,
the choice for all three parts is nontrivial. This section motivates the choices for
all three parts.

5.3.1 Actuators

The main actuators in a heavy-duty diesel engine that affect the NOx and PM
emissions and fuel efficiency are the Variable Geometry Turbine (VGT), Exhaust
Gas Recirculation (EGR) valve and Start Of Injection (SOI)2. To be the least
conservative and have the best performance potential, generally all three available
actuators should be used in the control design. However, to successfully employ
an actuator in a feedback controller, sensors are equally important as actuators.
For this reason the use of the SOI as an actuator is reconsidered.

The SOI can have a large effect on the engine-out emissions and fuel efficiency
of a diesel engine (Guzzella and Amstutz, 1998; Brahma, 2005). Also, its fast,
almost instant, dynamic response makes the SOI convenient for closed-loop control.
However, sensors to measure the effects of the SOI are lacking in heavy-duty
production engines, which hinders the usability of the SOI in a feedback loop. The

2Other actuators can be considered as well. A variable swirl valve or variable valve actuation
can be available on some engines, but these are not available on the considered engine type. A
back-pressure valve or intake throttle can be used on heavy-duty engines, but because additional
throttling of the air flow has a detrimental effect on fuel efficiency, they are only used when
necessary and fully opened otherwise. The rail pressure in the fuel path can also be used as an
actuator. However, to simultaneously minimize the engine-out NOx and PM emissions, the rail
pressure is typically set as high as possible. This makes these actuators not very suitable for
feedback control
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effect of the SOI on the engine-out NOx emissions is measured by means of a NOx

sensor, but sensors to determine the effects of the SOI on the PM emissions and
fuel efficiency are not available currently. The use of equipment for measuring PM
emissions or smoke (as used in Karlsson et al. (2010) and Tschanz et al. (2013)) is
limited to research engines and is not available in production yet. Also, in-cylinder
pressure sensors3 (as used in Karlsson et al. (2010) and Zhao et al. (2013)) or torque
sensors to measure the effects of the SOI on the fuel efficiency are not available on
current heavy-duty production engines. Such sensors would be required to benefit
from using SOI in a feedback loop. The combustion timing is directly affected by
the SOI and both early and late combustion have a detrimental impact on the fuel
efficiency. Moreover, late combustion timing increases the PM emissions. When
the SOI is adapted based on the measured NOx emissions only, a simultaneous
effect on the BSFC and PM emissions will be present, but this effect will not
be measured by the engine sensors. Both the BSFC and the PM emissions will
increase, when NOx is reduced via the SOI. Without the proper sensors, it cannot
be determined if the achieved change in NOx outweighs the increase in PM and
BSFC. And similarly if this adaptation of the SOI brings the engine performance
closer to a desired situation, when all three performance measures are taken into
consideration. The SOI is therefore not used as an actuator for feedback control.
This reduces the available feedback actuators to the VGT and EGR valve:

ufb =
[
ufb,VGT ufb,EGR

]ᵀ
. (5.1)

Limiting the actuators used for feedback control to the VGT and EGR valve
does not change that the PM emissions and BSFC cannot be measured directly.
However, because the VGT and EGR valve act on the air path, measurements
in the air path can be used to substitute direct PM and torque measurements,
which is elaborated in Section 5.3.2. This enables a control design that takes all
three performance aspects into account, despite the shortcomings of the available
sensors. Similar substitutions to measure the effects of the SOI are not available.

3When in-cylinder pressure sensors are available, the control problem changes considerably.
These sensors are well suited to be combined in a feedback loop with the actuators in the fuel
path and provide various opportunities for combustion control. This is briefly discussed in
Section 7.2.1.2. The difference in time scales that exists between the air path and fuel path likely
still allows for a separate control design, without inducing a significant performance penalty.
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5.3.2 Controlled Outputs

To make feedback control most effective, the controlled outputs are chosen to
reflect the main performance measures: NOx emissions, PM emissions and fuel
efficiency, as directly as possible. For each performance measure, a relevant output
is selected.

To quantify the engine-out NOx emissions and PM emissions, direct measure-
ments are used in this conceptual design. It is known that the NOx sensor used
on production diesel engines suffers from sensor dynamics, which complicates its
use in feedback control systems. Moreover, on current production engines, PM
measurements are not available. For this conceptual design, these shortcomings are
overlooked. The engine-out NOx and PM emissions are assumed to be measured
accurately and instantaneously.

Taking into account the BSFC is more complex than the emissions. The BSFC
at a certain operating point is affected by several factors; the air path, the fuel
path, external disturbances and internal uncertainties all affect the fuel efficiency.
It is not desirable that the VGT and EGR valve compensate for all contributing
factors. Consider and example case where the friction losses increase compared
with the nominal situation. Using the VGT and EGR valve, the friction cannot be
influenced. But the increased BSFC can be compensated for by increasing the air-
fuel ratio, decreasing the EGR flow and decreasing the pumping work. When these
compensations are applied, the BSFC will decrease, but the in-cylinder conditions
will deviate more from the nominal conditions than when they are not applied.
This will compromise the performance elsewhere. It is therefore not an effective
method for disturbance rejection; an alternative measure for fuel efficiency should
be used.

The air-path affects the BSFC in two ways. First via IMEPg and second via
PMEP. IMEPg is affected by the in-cylinder air mixture. This mixture though
is largely determined to obtain low engine-out NOx and PM emissions, rather
than to maximize IMEPg. The NOx and PM emissions are already selected as
controlled outputs and via control of these emissions the intake mixture will be
adapted to have the desired composition with respect to these outputs. The
remaining effect of disturbances in the air path on IMEPg can be expected to
be small and moreover necessary to maintain the emissions at the desired level.
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Therefore, PMEP is the relevant measure to determine the effect of the air path
on the BSFC. Controlling PMEP decreases the effect of disturbances on the BSFC
and prevents that control actions to correct for NOx and PM deviations result in
excessive pumping losses. The PMEP is controlled via the pumping torque, which
is available in the simulation model.

The selected controlled outputs are therefore:

yfb,c =
[
yNOx yPM yτpump

]ᵀ
(5.2)

Controlling these outputs corrects for all disturbances in NOx, all disturbances in
PM and the main effect of the air path on the BSFC.

5.3.3 Input-Output Controllability

With three outputs and only two inputs, the control problem is underactuated.
Functional controllability can therefore not be obtained. It must be noted though
that even with additional actuators, functional controllability will be very difficult
to achieve. The controlled outputs BSFC, NOx emissions and PM emissions will
under nominal conditions be chosen at a Pareto optimal point. Therefore, even
when additional actuators are taken into consideration, an ill-conditioned control
problem will be constituted. The static input-output gain matrix will at most
have two directions with a nontrivial gain. Using only two actuators will therefore
not significantly hamper the achieved feedback performance. Section 5.4.2 further
investigates the input-output controllability properties using measured system
data.

5.3.4 Control Design

This section briefly addresses the control design. The control design is very similar
to the controller in the upcoming Section 5.4.3, where the design procedure is
elaborated in more detail. Further details can be also found in Criens et al.
(2013b), where the current control design was originally published.

The system to be controlled can be characterised as Multi-Input Multi-Output
(MIMO) and underactuated. To control this system, first a part of the system is
separated that is square and does have a full-rank static gain matrix. This leaves
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Figure 5.1: A high-level block scheme of the feedback controller.

a Two-Input Two-Output (TITO) system. For this TITO system, a multivariable
feedback controller is designed. A high-level block scheme of this control layout is
shown in Figure 5.1.

By converting the three-output system to a two-output system, the output
direction where the inputs have no gain is separated. In this direction it is physically
not possible to apply feedback control. Hence feedback control and disturbance
rejection are not applied in this direction.

The multivariable feedback controller combines static SVD-decoupling with
two Single-Input Single-Output (SISO) Proportional Integral Derivative (PID)
controllers. The PID controllers are designed using sequential loop shaping. By
combining PID control with static decoupling, a directly implementable and tune-
able control design is made that combines a low implementation effort with low
computational requirements.

5.3.5 Simulation Result

A selection of the results presented in Criens et al. (2013b) is shown here. The
main purpose of the feedback controller is to maintain the performance of the
diesel engine close to nominal when disturbances are present. This is tested using
a model of a diesel engine and artificial disturbances.

The model used in the simulations is a mean-value model developed by TNO
Automotive (Seykens, 2009). Mean-value models use lumped volumes to describe
the dynamics in the air path of the engine. Moreover, the effects of the reciprocating
behavior of the engine on the air and exhaust flows are removed by averaging. The
model describes a six-cylinder 12.9 liter US2010-type engine equipped with a VGT
and EGR valve. This engine type is similar to the studied EURO VI engines. The
model predicts the flows, pressures, temperatures and compositions in the air path
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and, through these parameters, also the fuel efficiency and engine-out emissions of
NOx and PM. The six-state engine model is described by the differential equations:

ẋ = f(x,ufb,w), (5.3)

yfb,c = g(x,ufb,w), (5.4)

with states:

x =
[
pim mair,fresh minert pem Tem ωturb

]ᵀ
, (5.5)

external inputs:

w =
[
mfuel ωe Tamb pamb

]ᵀ
, (5.6)

and inputs and outputs according to Equations (5.1) and (5.2), respectively. The
symbols for the states represent the intake manifold pressure, intake manifold
fresh air mass, intake manifold inert air mass, exhaust manifold pressure, exhaust
manifold temperature and turbine speed, respectively. The symbols for the external
inputs represent the fuel mass per injection, engine speed, ambient temperature
and ambient pressure, respectively.

The emission model consists of multi-variable nonlinear functions that are
implemented in the form of lookup tables or mathematical formulas. The emission
model is of the form:

yNOx = fNOx (ωe, ṁf , Tcoolant, ṁexhaust, λ, XEGR, Tim) , (5.7)

yPM = fPM (ωe, ṁf , Tcoolant, pim, ṁintakeair, λ) . (5.8)

The required inputs to these functions are all derived from x and w. The symbols
of the inputs for the NOx and PM models represent the engine speed, fuel mass
per injection, coolant temperature, exhaust mass flow, air-fuel equivalence ratio,
EGR rate, intake manifold temperature, intake manifold pressure and intake air
flow. The EGR rate that is used is defined as XEGR = ṁEGR/(ṁEGR+ṁintake air),
with ṁEGR the EGR mass flow.

The engine is simulated around a single speed and load operating point:
1375RPM and 775Nm. The resulting engine power is equivalent with the power
needed for driving a 40 ton commercial vehicle on a flat road at 80 km/h. To main-
tain the desired load, the load is controlled via the injected fuel mass. Various
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Table 5.1: The disturbances applied in the comparison simulation.

Nominal Deviation Unit

Ambient temperature 300 15 K

Ambient pressure 1.1 ·105 5 ·103 Pa

Engine speed 1375 25 RPM

Engine torque 775 25 Nm

VGT 24.5 2 %

EGR valve 68.3 2 %

disturbances are applied to the model as listed in Table 5.1. Disturbances on
the ambient conditions are applied to simulate driving under diverse conditions.
Disturbances on the engine speed, engine torque, VGT setting and EGR settings
are applied to act in place of production tolerances and aging. Combined, this
simulates driving under various conditions using an engine that can deviate from
nominal. All disturbances are applied as slowly varying sinusoidal disturbances
with frequencies between 0.02Hz and 0.03Hz. The frequencies of the disturbances
are chosen as non-rational multiples of each other. This results in a non-repetitive
signal, where all possible combinations of disturbances are encountered over infinite
time, although a finite simulation time of 3000 s is used.

This simulation is performed twice, while applying the exact same disturbances.
In the first simulation, the input settings for nominal conditions are used and no
disturbance compensation is applied. In the second simulation, the feedback
controller designed in this section is implemented to adapt the VGT and EGR
valve to compensate for the disturbances.

The NOx emissions, PM emissions and fuel consumption according to the
engine model are analyzed. Table 5.2 shows the average emissions and their average
deviation from nominal (RMS error). Figure 5.2 depicts the results graphically in
a phase plot.

Figure 5.2 shows the simulation results in three dimensions, with two-dimen-
sional projections on the axes. It is observed that with feedback control enabled,
the effect of disturbances is significantly reduced in all three directions.
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Figure 5.2: A comparison between feedback controlled (black) and open-loop
controlled (gray) systems with disturbances according to Table 5.1. The large cloud
in the center shows the simulation results in a three-dimensional phase plot. On the
axes, smaller dots are used to project the results in two-dimensional phase plots.

Table 5.2: The effects of disturbance reduction by means of feedback control in
simulation. The simulation data used to obtain these numbers is shown graphically
in Figure 5.2.

Nominal Feedback control Open-loop control

Mean RMS error Mean RMS error

NOx in g/kWh 1.3 1.304 0.05 1.464 0.695

PM in g/kWh 0.0927 0.094 0.016 0.112 0.081

Pumping in Nm -73.56 -73.56 0.361 -74.16 5.12

BSFC in g/kWh 216.58 216.58 - 218.18 -
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In Table 5.2, a comparison is made between three situations:

• Nominal: without disturbances

• Feedback controlled: with disturbances and using the feedback controller
designed in this section, the black dots in Figure 5.2

• Open-loop controlled: with disturbances and using the nominal input values,
the gray dots in Figure 5.2.

The direct goal of the feedback controller is to keep the difference between the
nominal outputs and the actual outputs as small as possible. This is reflected
in the RMS error, which becomes 12, 5 and 14 times smaller for NOx, PM and
pumping losses, respectively, when feedback control is applied. This shows that
the controller is successful in counteracting disturbances in all three directions,
even though the controlled system is underactuated, which reduces its performance
potential.

Figure 5.2 shows why the two-dimensional controller achieves three-dimension-
al disturbance rejection. Using open-loop control only, the NOx, PM and pumping
losses do not form an evenly distributed three-dimensional cloud. Instead, all
points remain in the vicinity of a two-dimensional curved surface in the three-
dimensional space. The remaining error with the feedback controller enabled is
largely perpendicular to this curved surface. The fact that the physical conditions
for formation of NOx and PM contradict explains that the disturbances form
an approximate two-dimensional surface rather than a three-dimensional cloud.
Because the uncontrolled direction is perpendicular to the curved surface, the
remaining error is small in all three dimensions.

Table 5.2 also shows a comparison between the mean values in both the
feedback controlled and open-loop controlled cases. In particular the emissions
benefit from the use of feedback control; NOx reduced by 14%, PM reduced by
19%. The pumping losses reduced as well by 0.82%, but more importantly, the
BSFC reduced by 0.74%. When the feedback controller is used, the mean values
obtained while disturbances are present are in fact very close to the nominal values.
This implies that the feedback controller is successful at achieving near optimal
performance.
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From this simulation it is concluded that feedback control using the proposed
inputs and outputs has a potential for:

• Reduced NOx and PM emissions

• Reduced fuel consumption

• Reduced effects of disturbances.

These results demonstrate the performance potential of the controller con-
cept in simulation. However, using the sensor selection of the conceptual design,
an implementation on a production type engine is not possible. The required
modifications for a physical implementation are discussed in Section 5.4

5.4 Experimental Design
Based on the conceptual design of Section 5.3, a modified controller is made. The
controller is intended to be used for disturbance rejection around a fixed operating
point. For the experiments, 1455RPM, 1050Nm is chosen as the nominal operating
point. The new control design will feature a similar underactuated control design
and will use the same actuators. The selection of controlled outputs is reconsidered,
such that only sensors available on production engines are used. This modified
controller is designed, analyzed and tested on a EURO VI engine mounted on a
dynamometer test setup.

5.4.1 Selection of Controlled Outputs

The controlled outputs in the conceptual controller were chosen to directly reflect
the main performance measures: NOx emissions, PM emissions and BSFC. For
the modified control design, available outputs are selected that reflect the original
outputs as closely as possible.

Using a NOx sensor for emission feedback control seems an obvious choice.
However, due to the slow dynamic response of the sensor, or unavailability on
some production engines, the NOx sensor is sometimes dismissed as a suitable
feedback signal (Waschl et al., 2012; Wahlstrom and Eriksson, 2013). On the
engine used in this thesis, a production-type NOx sensor is available. The NOx
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sensor is located downstream of the turbine and measures the engine-out NOx

concentration in parts per million (ppm). The dynamic response of the NOx sensor
is a significant concern for feedback control. The dynamic sensor response can
be approximated by a time delay, combined with first-order low-pass dynamics
(Mrosek et al., 2011; Alfieri, 2009). In Alfieri (2009), a time delay of 0.3 s and
low-pass time constant between 0.9 s and 1.5 s are reported. A comparison between
the Frequency Response Functions (FRFs) of the NOx output and those of fast
sensor measurements, e.g., pressure measurements, indicates that the NOx sensor
dynamics of the test engine are similar to those found in Alfieri (2009). When
compared with the dynamics of the air path, indeed, the NOx sensor dynamics are
significant. Also, when compared with the intended closed-loop control bandwidth
of about 0.2Hz (see Section 5.2), the NOx sensor dynamics cannot be disregarded.
However, as will be shown, obtaining the desired transient feedback performance
is possible, despite the slow dynamic sensor response. The benefits of using a
NOx sensor for emission feedback control are significant. Indirect indicators for
NOx, such as the EGR fraction, are less accurate for quantifying the actual NOx

emissions.

The NOx sensor can be combined with an observer to reduce the effects of
the sensor dynamics as is done in Körfer et al. (2008) and Tschanz et al. (2013).
To incorporate an observer in the control structure, a reliable model of the NOx

emissions is needed. The design effort for the observer and identification effort
for such a model would significantly increase the overall control design effort.
Because the observer is not strictly necessary to obtain a sufficiently fast closed-
loop response, as is found in Section 5.4.3 and 5.4.4, its use is dismissed and the
NOx sensor data is used directly.

A PM sensor is not available yet on current production engines. But it is
known that the PM emissions are affected directly by the air-fuel equivalence ratio,
λ. To measure λ, a λ-sensor is available, which provides an estimate of λ based on
the exhaust oxygen concentration. The value of λ obtained via the λ-sensor shows
the desired correlation with the PM emissions (obtained via an opacity sensor),
when the VGT and EGR valve are varied. This is shown in Figure 5.3. The λ
measurement is not representative for all aspects of PM formation. The effects of,
e.g., engine speed, combustion timing or ambient humidity on the PM emissions
are not accounted for. The VGT and EGR valve however mainly affect PM via λ.
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Controlling λ compensates for disturbances on PM in the air path. Maintaining
λ at the desired level is not only relevant for the PM emissions. The amount of
excess oxygen in the exhaust is also a measure for the engine’s ability to quickly
respond to an increase in torque demand. Hence, control of λ is also relevant for
maintaining a desired torque response.

In the conceptual design, the pumping losses were used to take into account
the effects of the air path on the fuel efficiency. The pumping losses are the work
transfer between the in-cylinder gases and the moving piston during the intake and
exhaust stroke. This work transfer is not measured. The most direct alternative,
the in-cylinder pressure, is also not available as a measurement. The pumping work
can be estimated though. When it is assumed that during the intake stroke the in-
cylinder pressure matches the intake manifold pressure, and similarly that during
the exhaust stroke in-cylinder pressure matches the exhaust manifold pressure,
an estimate for the pumping work can be made using available sensors. Pressure
sensors in the intake and exhaust manifold are available on production engines.
Using these sensors and the above assumptions, the torque loss due to pumping
can be estimated by:

τp = Ve
4π∆p, (5.9)

where Ve is the engine displacement volume, ∆p= pex−pin, with pex and pin the
pressure in the intake and exhaust manifold, respectively. A direct and linear
relation between the pumping losses and the pressure difference between the intake
and exhaust manifold, ∆p, exists in Equation (5.9). To quantify the effect of the
VGT and EGR valve on the fuel efficiency, ∆p will therefore be used. The output
∆p (and also the pumping losses) is not a direct measure for the BSFC, but it does
largely reflect the effect of air path on the BSFC.

To summarise the above text, the selected outputs are:

y =
[
yNOx yλ y∆p

]ᵀ
. (5.10)

With these outputs, the effects of air path on the three performance measures
are accounted for. To verify if the relations between the measured outputs and
the actual performance measures exist, an experiment is conducted. For this, the
closed-loop controlled system to be designed later on in this section is used. The
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Figure 5.3: The relation between the measured outputs and the actual performance
indicators. The engine speed and fuel injection during the experiment were fixed
at 1455RPM and 120mg/inj. The BSFC is converted into arbitrary units for de-
identification purposes. For this, the BSFC is multiplied with a constant, such that
∆p = 0kPa would correspond with a BSFC of 100 a.u. using a linear extrapolation
of the data in gray. The black dots in the above three plots all originate from the
same time-domain data sequence, and similarly for the gray dots.
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setpoints for the measured outputs are manually varied while maintaining the
engine speed and fuel flow constant at 1455RPM and 120mg/inj. The feedback
controller then adapts the VGT and EGR valve in accordance with the setpoint
changes, which changes the performance tradeoff. For this experiment, the sensors
of the dynamometer setup were used to determine the NOx emissions, PM emissions
and BSFC. The engine sensors were used to measure the selected outputs.

Figure 5.3 shows the results of the experiment. Two data series are shown
in the plots. In the black series, the variation is mostly in NOx and λ. Here,
a 538% and 696% difference between the lowest and highest value of NOx and
PM is observed, respectively. The resulting change in ∆p and BSFC is relatively
small, compared with the gray data series. In the gray data series, the variation
is mostly in the ∆p setpoint. Here, a significant variation in BSFC is observed,
with relatively small changes in NOx and PM, compared with the black data series.
This shows that ∆p has a significant effect on BSFC. In addition, it indicates that
even large variations of the emissions as a result of changing in-cylinder conditions
have a, by comparison, small effect on the BSFC. This indicates that for the
considered actuators, the effect of PMEP on the BSFC is stronger than the effect
of IMEPg. The PM graph and NOx graph also show the expected relations between
the controlled outputs and the high-level performance measures. The intended
relations between the controlled outputs and the performance measures are all
present, which indicates that the selected outputs are indeed relevant.

The experiment of Figure 5.3 is only a partial validation of the intended
relations. With only two actuators, neither the three controlled outputs, nor the
three high-level objectives can be varied independently. Cross-correlations will
therefore affect the results of the experiment. Moreover, it is known from theory
(see Chapter 2) that the selected controlled outputs are only partially representative
for the high-level objectives. For example, the start of combustion is known to
affect the NOx, PM and BSFC; and this effect will not be noticeable in the λ and
∆p output. Also, when the EGR rate changes, and somehow λ and ∆p maintain
constant, the PM emissions and BSFC will change. These effects are not captured
by the selected outputs.

The important step of modeling the input-output behavior is covered in Chap-
ter 4. This section uses the results of Chapter 4 and continues with analyzing the
resulting control problem, control design and experimental validation.
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5.4.2 Input-Output Analysis

With only two inputs (VGT and EGR valve) to control three outputs (NOx, λ, ∆p),
exact tracking of all outputs and, therefore, functional controllability (Skogestad
and Postlethwaite, 2007) cannot be achieved. Instead, the feedback controller is
intended to maintain the setpoint values as close as possible to the three outputs,
using the two available actuators. The nominal input settings are chosen to result in
Pareto optimal outputs under nominal stationary conditions. Keeping the outputs
close to the nominal outputs therefore implies the performance is close to optimal.
Due to the lack of actuators, only the two-dimensional subspace in which the
VGT and EGR valve have control authority is of interest for control design. In
this section, the input-output controllability properties of the two directions in
which the VGT and EGR valve have a stationary gain are investigated. The third
direction, where the actuators have no gain will necessarily remain uncontrolled.

As an alternative to the proposed three-output control problem, a two-output
emission control problem, using only NOx and λ as outputs, is considered in this
section. This control problem is not underactuated and perfect tracking of NOx

and λ can be aimed for. This should result in a reduced spread of the engine-out
emissions. Because ∆p is no longer controlled, the fuel efficiency is not taken
into account. The system dynamics of the two-output system are denoted G2(s),
whereas in this section the three-output system is denoted G3(s), with s the
Laplace operator. The addition of (s) is omitted in the remainder of this section
for notational convenience.

To make the system outputs comparable for analysis, output scaling is applied:

ŷi = SiGiufb = Ĝiufb, (5.11)

where Si is the diagonal scaling matrix for system Gi, the scaled system is denoted
Ĝi and the scaled outputs ŷi, the subscript i∈ {2,3} distinguishes between the two
and three output system. The scaled static system gain is Ĝss,i = Ĝi(s= jω = 0),
where ω represent the frequency. Figure 5.4 visualizes the scaled static system gain
for the two considered output combinations at mid speed and mid load.

Including ∆p as a third control output improves both the robustness of the
performance and the robustness of the closed-loop stability. These effects are
discussed in the remainder of this section.
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ŷNOx
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Figure 5.4: The scaled steady-state response to unit-size inputs. Two output
configurations are used. The operating point is 1455RPM and 120mg/inj. The plots
show: ŷi = Ĝss,iufb, ∀ |ufb|2 = 1, for two different systems Gi. On the left, the
two-output emission system Ĝss,2 is shown. On the right, this two-output system
(light gray) is compared with the three-output system Ĝss,3 (dark gray).

The BSFC is considered a fundamental part of the engine performance. Main-
taining ∆p close to its nominal value by means of feedback control keeps its effect
on the BSFC small. This improves the robustness of the BSFC and consequently
also of the engine performance. In the two-output system, where ∆p is not con-
trolled, the actions of the VGT and EGR valve to control NOx and λ will also
affect the ∆p. This induces an additional disturbance on ∆p and hence also on
the BSFC. Including ∆p as a control output therefore improves the robustness of
the engine performance.

The reasoning for improved closed-loop stability, when ∆p is included, is more
technical. Its effect on stability can be quantified using the condition number of
the scaled static-gain matrix. The condition number of the static gain matrix is
an important characteristic for MIMO control. It is the ratio between the gains of
the most sensitive and least sensitive input-output direction. Ideally, the condition
number is close to one. A condition number much larger than one indicates that
the system is close to singular and has a small response in one direction.

The condition number of the scaled static gain matrix is shown in Table 5.3 for
a range of operating points and for both output configurations. For Ĝ2, the system
response is naturally ill-conditioned around the nominal input settings. Seven out
of the nine operating points considered in Table 5.3 have a condition number after
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Table 5.3: The condition number, κi, of the scaled static gain matrix, for a range
of operating points and for both considered output configurations.

ωeng Fuel κ2 κ3

RPM mg/inj

1011 60 22.35 3.39

1011 120 17.79 2.20

1011 200 73.36 1.98

1455 60 8.25 2.27

1455 120 10.24 1.69

1455 200 11.07 1.35

1700 60 11.59 1.87

1700 120 10.59 1.63

1700 200 4.31 2.20

scaling, κ2, larger than 10, with a maximum of κ2 = 73.4. Including ∆p as a third
output reduces the condition number in all operating points. For the three-output
system, eight out of nine points have a condition number, κ3, smaller than 2.3.
The maximum condition number that is encountered for the three-output system
is 3.39.

The static gain of Ĝss,2 and Ĝss,3 at 1455 rpm and 120 mg/inj is visualized
in Figure 5.4. The narrow ellipsoid in the left graph of Figure 5.4 shows that the
two-output system has a small response in one direction. The more round ellipsoid
in the right graph of Figure 5.4 indicates that the three-output system has a similar
responsiveness in all directions in the depicted plane. This shows graphically why
the condition numbers between the two systems differ in magnitude. It is observed
that the difference in the condition numbers is not due to an ill-chosen output
scaling. The magnitude of the response is similar for all three outputs. Instead,
the low gain in the direction of simultaneously decreasing NOx and increasing λ is
the reason for the high condition number.

The condition number directly affects the robust stability of the closed-loop.
To analyze robust stability, the system uncertainty is modeled. The uncertainty is
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modeled here as a norm-bounded additive uncertainty:

ŷi =
(
Ĝi+∆i

)
ufb, (5.12)

with Ĝi the nominal dynamic response of the input-output system and the un-
certainty ‖∆i‖2 < δ‖Ĝi‖2. The parameter δ bounds the uncertainty relative to
the spectral norm of the system gain. The uncertainty is only norm-bounded, the
direction of the uncertainty is not specified. An uncertainty of δ = 0.1 is equiva-
lent to an uncertainty of 10% of the nominal system response. This uncertainty
model only roughly approximates the actual system uncertainty, but is useful to
demonstrate the effect of conditioning on the closed-loop stability.

The closed-loop system is considered more robust against uncertainties if the
allowed δ for which the system is closed-loop stable is larger. Without considering
a specific control design, the condition number can be used to specify a maximum
δ for which the uncertain system is input-output controllable. For δ ≥ 1

κ , the
static gain may become singular and its sign is uncertain. This means that the
uncertain system is not robustly functionally controllable; even locally, closed-
loop asymptotic stability, taking the system uncertainty into account, cannot be
guaranteed by any linear controller.

The uncertainty due to measurement noise and nonlinear behavior was ex-
tensively analyzed at the nominal operating point in Chapter 4. Combining the
individual effects of noise and nonlinear behavior on the FRF measurement, and
of nonlinear behavior on the actual system response gives a standard deviation
of σ ≈ 0.05 of the system response at low frequencies, largely due to nonlinear
effects. Uncertainty due to, e.g., aging, changing ambient conditions or production
tolerances is not even taken into account here. When a 2σ uncertainty range is
used, which is equivalent to 95% certainty that the actual system response is within
the uncertainty bounds, this results in δ = 0.1. Consequently, only systems with
κ < 10 are robustly functionally controllable when the identification inaccuracy is
taken into account.

The G2 system is not robustly functionally controllable in the largest part of
the operating range, when the model uncertainty is taken into account. For the
G3 system, which has a lower condition number, robust closed-loop asymptotic
stability can be achieved in two directions for the entire operating range. Because
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this system is underactuated, one direction will remain uncontrolled and the system
is, by definition, not functionally controllable. However, two controllable directions
are present and a robustly stable controller making full use of the VGT and EGR
valve can be designed.

The observations in this section are a direct consequence of having simultane-
ously low engine-out NOx and PM emissions. Well chosen control actions can still
simultaneously decrease NOx and increase λ. But, as can be seen in Figure 5.4,
the input direction that achieves this corresponds with a steep increase in ∆p and
accordingly increased BSFC. This is also the reason for the significant improvement
of the condition number when ∆p is included as a third output. Even when the ro-
bust stability issues are disregarded, the strong effect a NOx-λ controller will have
on ∆p, and hence also on the fuel efficiency, makes NOx-λ feedback control, using
the VGT and EGR valve, undesirable. It can be expected that, when substitute
measurements for NOx, λ and ∆p are used, that maintain the desired correlation
with the respective high-level objectives, these conclusions hold as well.

5.4.3 Control Design

In this section, a feedback controller is designed for the 1455RPM, 120mg/inj

operating point. For the design of the feedback controller, static SVD decoupling
(i.e. decoupling based on the Singular Value Decomposition of the static system
gain), combined with classical (PI) feedback control is used. The reasons for this
are the following. The identified FRF model (Figure 4.8) is directly suitable for
loopshaping control design of classical controllers and the resulting controllers are
suitable for implementation without further processing. Typically, the design effort
for classical controllers is lower than for a model-based control design, because
several difficult steps that are needed to mathematically define and solve the control
problem can be avoided. The use of decoupling is required due do to the system
behavior, which is strongly coupled as can be seen in Figure 4.8. Static decoupling
will show adequate performance and is much simpler to design and implement than
dynamic decoupling. In this section, the design and functioning of the decoupling
and feedback controller are elaborated.



112 Chapter 5. Feedback Control for Disturbance Rejection

Decoupling

Decoupling serves a double purpose in the controller, both are accomplished via
SVD decoupling. First, two output directions are separated from a third direction
in which the VGT and EGR actuators have no influence. This solves the underac-
tuation problem. Second, the two remaining directions are decoupled. This results
in a diagonally dominant Two-Input, Two-Output (TITO) system.

The design of the decoupling matrices is based on the local static system gain.
The two-input, three-output system, G, describes the dynamic response of the
engine:

yfb = Gufb, (5.13)

where yfb =
[
yNOx yλ y∆p

]ᵀ
and ufb =

[
uVGT uEGR

]ᵀ
. Now, consider the

diagonal output scaling S∈R3×3, static gain matrix of the system response: Gss =
G(ω = 0) ∈ R3×2 and the following SVD decomposition:

S =


0.05 0 0

0 50 0

0 0 0.7

 , (5.14)

SGss =


1.4626 −1.0914

0.8916 −1.0040

−1.2722 −0.7582

 , (5.15)

UΣVᵀ = SGss, (5.16)

where U ∈ R3×2 and V ∈ R2×2 are orthonormal matrices and Σ ∈ R2×2 is a
diagonal matrix. The diagonal scaling matrix S is again used to scale the outputs.
It accounts for the difference in units and their importance and can be used to
trade performance between the different controlled outputs. Input scaling is not
applied, because both inputs are expressed in % and range between 0% and 100%.
Using the results of the SVD decomposition, the TITO system Gd:

ε= UᵀSGVυ = Gdυ, (5.17)

with inputs υ = [υ1,υ2]ᵀ and outputs ε= [ε1,ε2]ᵀ, is obtained that has a diagonal
static response. The block scheme of Figure 5.5 shows the implementation of the
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unominal,EGR

C2
ε2 υ2

Figure 5.5: A block scheme representation of the control architecture.

decoupling in the control scheme. After SVD decoupling, a functionally controllable,
decoupled TITO system remains.

The decoupling is designed to exactly match the static input-output gain of
the nominal system. The dynamic decoupling quality is quantified by calculating
the Relative Gain Array (RGA) (Skogestad and Postlethwaite, 2007), Λ, of the
decoupled system:

Λ = Gd ◦ (G−1
d )ᵀ, (5.18)

where the ◦-symbol is used to denote the Hadamard product (i.e. entry-wise
product). Figure 5.6 shows the diagonal and off-diagonal entries of the RGA of
the decoupled system. Up to and somewhat beyond the intended bandwidth of
0.2Hz, the diagonal RGA value is close to one and the off-diagonal RGA value is
close to zero, which indicates that the effects of coupling are small. For the range
of frequencies that is most of interest for feedback control design, Gd is close to
being fully decoupled.

Feedback Control Design

Implementing two SISO feedback controllers C1 and C2 results in a closed-loop
controlled system. For the design of C1 and C2, a variation of sequential loop
shaping is used. The parameters of the diagonal PI controller are designed in an
iterative loop. The closed-loop effects of the already designed control elements
are taken into account during the design process. Also, the effective closed-loop
behavior of the controlled MIMO system is reviewed during the design process.
Interaction between the diagonal terms (i.e. coupling) that remains after SVD-
decoupling is thereby accounted for, both for stability and performance.

The PI controller is a good match for the system dynamics due to the low-pass
characteristics found in all transfer functions and the performance requirements
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Figure 5.6: The diagonal and off-diagonal entries of the absolute values of the
relative gain array, |Λ|. The frequency range up to the intended bandwidth of 0.2Hz
is shown in gray.

that focus on low frequency performance. The use of a PI controller results in
smooth control actions and the controller is guaranteed to eliminate all steady-state
errors in the controlled directions. The system dynamics did not give cause for
using any additional dynamic elements in the controller. For C1, a PI controller
was designed, for C2, only integral control was used. The use of the following
controller resulted in the desired closed-loop bandwidth of 0.2Hz:

ẋ1

ẋ2

υ1

υ2


=



0 0 1 0

0 0 0 1

0.6 0 3 0

0 2.5 0 0





x1

x2

ε1

ε2


. (5.19)

The expected transient performance can be evaluated using the closed-loop
sensitivity, shown in Figure 5.7. The diagonal elements of the sensitivity show
the expected transient performance level when disturbances are present. The
off-diagonal elements show the effects of coupling. The singular values show the
worst case and best case performance. In Figure 5.7, it can be seen that up to
0.2Hz, the sensitivity is always below 100. Up to this frequency, the feedback
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Figure 5.7: The closed-loop sensitivity: Sens = (I+CGd)−1 and σ(Sens): the
singular values of Sens, denoting the best and worst case performance. The sensi-
tivity indicates how effective the controller is at counteracting disturbances.

controller improves the tracking performance. Also, it can be observed that the
off-diagonal, cross-coupling elements are relatively small when compared with the
diagonal elements, i.e., decoupling was successful.

To check for closed-loop MIMO stability, the generalized Nyquist stability
criterion is used. By visual inspection of the Nyquist plot, stability can be assessed.
For the used MIMO control structure, the Nyquist plot consists of the real and
imaginary part of:

N(jω) = det(I+C(jω)UᵀSG(jω)V) , (5.20)

where C is the diagonal controller of Equation (5.19). Closed-loop stability is
obtained when N passes the origin to the right, while following N from low to high
ω. The minimal distance of N to the origin is an indication for robustness, where
a larger distance is equivalent to a more robust closed-loop. Standard practice
is to use at least a radius of 0.5 around the origin. For the designed controller,
a minimum distance of 0.72 was found, while obtaining the desired bandwidth.
This indicates that the closed-loop stability is robust against an uncertain sys-
tem response. The large robustness margin would also allow for increasing the
closed-loop bandwidth beyond the target bandwidth, to further improve the high-
frequency disturbance rejection. However, considering the frequency content of the
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Figure 5.8: A Nyquist plot, showing the real and imaginary part of N . The circle
with radius 0.5 shows the region that should be avoided to achieve robust stability
with a modulus margin of at least two.

disturbances, this is not expected to bring significant improvements of the overall
emissions or fuel efficiency. Therefore, the good robustness properties and smooth
inputs associated with the large robustness margin are preferred over an increased
bandwidth.

It is shown here that the dynamic response of the NOx-sensor is sufficiently
fast for obtaining the desired transient performance. With a faster sensor, the
measured NOx dynamics would have been faster. This would have made the static
approximation used for decoupling useful in a larger frequency range, which would
likely have given further improvements of the decoupling quality. Furthermore,
it would have allowed for a higher closed-loop bandwidth. However, the desired
performance level (closed-loop bandwidth) can be achieved using the current sensor.
This makes the selection of suitable reference values and the accuracy of the
measurements the most important factors that determine the resulting engine
performance. Considering that the encountered disturbances are all low frequent,
the current controller is sufficiently fast to adequately counteract them. Therefore,
tracking the same references even more accurately, using the same sensors, but
using a more advanced control algorithm with a higher bandwidth, is not expected
to significantly improve the engine performance.
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5.4.4 Experimental Results

The controller designed in Section 5.4.3 is implemented on a test engine mounted
on a dynamometer test setup. The engine and test setup are the same as the ones
used for identification in Chapter 4 and described in Section 4.2.

To test the performance of the feedback controlled engine, disturbances are
applied. Aging and fouling of the engine and changing ambient conditions are
always present, but difficult to influence during the experiment. Therefore, distur-
bances are applied in other parameters that can be influenced to act in place of
the actual disturbances. Step disturbances are applied to the nominal VGT and
EGR settings. Also, the engine speed and load are changed from their nominal
values. These artificial disturbances do not correspond with any specific actual
disturbance, but do show the response of the controlled engine to disturbances.

For this test of the feedback controlled engine, the disturbances are applied
as steps, whereas the actual disturbances are slowly varying. These step-wise
disturbances are more suitable for demonstrating the transient performance of
the controller. When the test was executed with slowly varying disturbances, the
controller would be in quasi-stationary state at all times and the actual transient
response would not be visible. The transient performance of the controller is of
importance despite the slowly varying nature of the disturbances. Due to the
continuously changing engine speed and load, fast and dynamic adaptations are
needed.

The presented experiments are conducted in the neighborhood of a nominal
operating point: 1455RPM and 1050Nm. For the test engine, this point is close
to the center of the speed and load operating range. The engine load is controlled
in open loop, using the fuel flow. Because the disturbances all have a small effect
on the fuel efficiency and hence the produced torque, the load is not completely
constant when the disturbances are applied. Feed-forward control schemes, nor-
mally used to adapt the VGT and EGR valve during engine speed or load changes,
are not active during this experiment.

The tests should experimentally verify the following questions.

• Asymptotic stability; does the closed-loop controlled engine converge to
steady state; is the closed-loop system asymptotically stable?



118 Chapter 5. Feedback Control for Disturbance Rejection

• Transient response; how long does it take before steady state is reached; is
the desired bandwidth achieved?

• Engine performance; does the engine performance suffer from the under-
actuation?

Figure 5.9 shows the experimental results for input disturbances and Figure 5.10
shows the results for engine speed and torque disturbances. The figures show the
three measured outputs, two decoupled errors, ε, two inputs and the speed-load
operating point. In both figures, it is observed that the engine converges to a stable
equilibrium after a disturbance is applied in all cases. The feedback controller makes
the controlled errors, ε, return to zero asymptotically. The error remains close to
zero as long as no new disturbance is applied. This shows closed-loop asymptotic
stability. Also, it demonstrates robust stability against model uncertainty and the
applied disturbances.

The transient response time that is observed after a step disturbance is applied
is under 5 s in all cases. The transient response after a disturbance in torque
(Figure 5.10) is slightly slower than after a disturbance in the VGT or EGR
valve (Figure 5.9). The instantaneous torque disturbance evokes a dynamic effect,
therefore, in the air path the disturbance is not perceived as a step.

The disturbances that are applied in the input values, VGT and EGR valve,
are counteracted completely, as can be seen in Figure 5.9. These disturbances are,
by definition, exactly in the direction in which the VGT-EGR valve controller has
control authority. Underactuation is therefore not an issue. When the feedback
controller exactly counteracts the disturbances in ε, the original equilibrium is
recovered and perfect tracking of all three outputs is achieved. With all disturbances
exactly eliminated, the achieved engine performance in terms of NOx emissions,
PM emissions and BSFC can be expected to match the nominal performance.

The disturbances in the operating point (torque and engine speed), shown
in Figure 5.10, cannot be counteracted completely. When the operating point
is changed, it is no longer possible to maintain the exact same NOx, λ and ∆p
simultaneously by adapting the VGT and EGR valve. Nonetheless, ε always
converges to zero, which means that within the capabilities of the VGT and EGR
valve the closest possible tracking is achieved.
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Figure 5.9: Rejection of step disturbances using feedback control. From top to
bottom: the measured outputs (NOx, λ, ∆p), decoupled outputs (ε), inputs (VGT
and EGR) and operating point (Engine Speed, τ). Disturbances are applied first in
the EGR valve at time=0 s and in the VGT actuator at time=50 s.
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Figure 5.10: Rejection of engine speed and torque disturbances using feedback con-
trol. From top to bottom: the measured outputs (NOx, λ, ∆p), decoupled outputs
(ε), inputs (VGT and EGR) and operating point (Engine Speed, τ). Disturbances
are applied first in load at time=0 s and in engine speed at time=90 s.



5.4. Experimental Design 121

Particularly the disturbances in torque leave a noticeable difference between
the reference values and measured values for all three outputs. Increasing torque
will increase NOx, decrease λ and increase ∆p. All three of these changes are
undesirable, but the tradeoff between the three outputs is effectively maintained.
The remaining error is distributed over all three outputs, which is preferred over
exact tracking of only two outputs. Decreasing torque has the opposite effect, and
simultaneous improvements in NOx, λ and ∆p are obtained and again the tradeoff
between the three outputs is maintained. This is not a coincidence; the direction
in which the VGT and EGR valve have no control authority is perpendicular to
the dark grey ellipsoid of Figure 5.4. This direction will always correspond with
the direction of the remaining static error.

The disturbances in engine speed are not applied instantaneously, because the
acceleration capabilities of the test cell are physically limited. The disturbances as
a result of the applied speed changes are counteracted with very small errors. The
adaptations needed in VGT and EGR valve are significant, but in the NOx, λ and
∆p signals, almost no change can be observed. Apparently the direction of the
disturbances matches the directions where the VGT and EGR valve have control
authority. Hence, the VGT and EGR controller can almost perfectly counteract
this disturbance.

To summarize the results, the three research questions posed earlier in this
section are answered.

• Asymptotic stability; the experiments verify that the closed-loop controlled
system is asymptotically stable in this operating point and robustly stable
for the applied disturbances.

• Transient response; the transient response after a step disturbance confirms
that the desired bandwidth of 0.2Hz is achieved.

• Engine performance; except for the torque steps, the tracking performance
is very good. The steady-state errors in NOx, λ and ∆p are very small. For
torque steps, an error remains that is outside the control authority of the
VGT and EGR valve, but the desired tradeoff between emissions and fuel
efficiency is maintained. The engine performance therefore remains close to
nominal in all tested circumstances.
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The experiments show that a robustly stable and fast feedback controller is
designed. The controller maintains the desired tradeoff between emissions and fuel
efficiency and counteracts disturbances with small tracking errors in NOx, λ and
∆p.
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In the previous chapter, a feedback controller was designed. It is shown that this
controller successfully counteracts disturbances, which reduces the spread on the
NOx and PM emissions and fuel efficiency. For practical applications, where speed
and load variations are present, the controller of Chapter 5 is not directly suitable.
The controller was designed to reduce the effects of disturbances, while maintaining
close to a stationary speed-load operating point. Its design is based on a linear
model, which is accurate only at a single operating point. Therefore, outside of
this operating point, stability and performance of the controller are not guaranteed.
Also, the VGT and EGR valve play an important role when the driver torque
demand varies. To realize these torque variations with low emissions, fast changes
in the air and exhaust flows are needed. The VGT and EGR valve should be
used actively to change the air and exhaust flows in accordance with the changing
torque demand. The controller of Chapter 5 does not accommodate this.

This chapter deals with efficiently designing a controller that is suitable to
work on the entire speed-load operating range and addresses the above issues. The
design procedure for the feedback controller is adapted, such that stability and
performance in the entire operating range are taken into account. Also, a dynamic
feed-forward controller is designed and implemented to provide additional air-path
control actions during torque transients.

The complexity of the control design is intentionally kept low to reduce the
design and implementation effort, which is a considerable problem in current engine
control design. Production controllers use maps that determine actuator settings or
adjustments to these actuator settings depending on the operating point and sensor
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Figure 6.1: The interconnections in the air-path control scheme. Thin lines represent
communicating a single signal, thick lines represent communicating multiple signals.

measurements. Each map consists of a large number of parameters, particularly
when the maps are multidimensional. The liberal use of such maps is the main
reason for the high design and calibration effort of current commercial engine
controllers. Therefore, in contrast with the current approach, a controller with a
small number of tunable parameters is aimed for.

The principal method for reducing the complexity of the control design is
feedback control. When a feedback controller reliably keeps the engine state close
to a desired reference situation, even when disturbances are present, the controller
can be simplified drastically. The engine maps that correct for disturbances are
made redundant and the number of engine maps can be reduced.

In Section 6.1, a feedback control design procedure is presented. The principles
of the control design remain the same as those in Chapter 5. The design procedure
is modified to ensure that the feedback controller is useable on the full speed-load
range. With the adapted control design procedure, the effects of variations in
the local input-output response on the closed-loop performance and stability are
accounted for.

In Section 6.2, a feed-forward controller for improved behavior during torque
transients is presented. The purpose of this controller is to decrease the PM
emissions and improve the torque response during tip-in transients.

The control system with feedback and feed forward combined is tested on a
heavy-duty engine in Section 6.3. To emulate real-life use of heavy-duty diesel
engines, the controller is tested on the World Harmonized Transient Cycle (WHTC).
The engine-out emissions and fuel consumption over this cycle are evaluated and
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compared with the values that are achieved with a production-type EURO VI
controller.

The contents of this chapter are largely based on Criens et al. (2014).

6.1 Feedback Control
The purpose and design principles of the feedback controller are the same as those
in Chapter 5. To recapitulate, the purpose of the feedback controller is to maintain
the BSFC, NOx emissions and PM emissions at all times as close as possible to
the values obtained under nominal conditions. The control design of Chapter 5
needs to be modified to accommodate speed and load variations, which were not
considered in Chapter 5. The required modifications are discussed in this section.

In Chapter 4, it was shown that the encountered local input-output behavior
can be accurately represented by a linear model (Figures 4.6 and 4.7). However,
it was also shown that the local input-output behavior varies significantly, when
the speed-load operating point changes (Figure 4.8). Amplitude variations of a
full order of magnitude and sign changes are observed. A controller designed using
only the input-output response at a single operating point can therefore not be
expected to function in the entire speed-load range.

To take the nonlinear behavior into account, several control design methods
can be used. In order of increasing complexity, the following control design methods
can be considered.

• Linear control design, taking into account the variations of in the local
behavior for both stability and performance, without dynamically adapting
the controller properties.

• Gain-scheduled control design, adjusting the controller parameters online
for the known variations in the local behavior.

• (Quasi) linear parameter varying control design, explicitly taking into ac-
count the time-varying nature of the input-output behavior.

• Nonlinear control design, where a nonlinear controller is designed using a
nonlinear engine model, which desribes the full engine behavior.
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Considering the goal to produce an efficient control design, the linear control
design method is preferred. Linear control is the least complex, both in terms of the
design procedure and the implementation. It is however also the most conservative.
Considering the large variations that are present in the input-output behavior, it
might not even be possible to achieve closed-loop asymptotic stability with a linear
controller. In this section, the design of a linear controller for feedback control in
the entire operating range is elaborated. It is shown that stability and convergence
to small tracking errors can be achieved.

Similar to the controller in Chapter 5, the new controller combines decoupling
with classical control design. The design will be described briefly, focussing on the
adaptations needed to accommodate the variation of the input-output behavior at
different operating points.

6.1.1 NOx Measurement

A small change is made to the selection of controlled outputs; in particular to
the output representing the NOx emissions. In Chapter 5, the feedback controller
used the NOx concentration as a controlled output, which is measured directly
by the NOx sensor. With a change in the software interacting with the engine,
additional measurements became available for the control system, allowing for an
adaptation. In this chapter, the brake specific NOx emissions expressed g/kWh are
controlled. Using the measured air flow, fuel flow, brake torque1 and engine speed,
the measured NOx concentration in ppm is converted into the specific engine-out
NOx emissions in g/kWh. This conversion has the following advantages.

• Correct for changes in air flow The NOx concentration decreases when
the the air flow increases while NOx mass flow remains constant. This is
unwanted and the specific NOx flow in g/kWh is not affected by this.

• Relation with emission legislation The EURO VI legislation for HD diesel
engines imposes a limit on the tailpipe NOx emissions expressed in g/kWh.
Using the same units to control the engine-out NOx emissions makes the
values directly comparable.

1This measurement is not available on production engines and should therefore be replaced
with an estimate.
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• Interpretation When expressed in g/kWh, the NOx value is more natural to
interpret and its nominal value changes less over the speed-load range, which
makes selecting or adapting setpoint values for NOx more insightful.

Disadvantages of using the specific NOx emissions, rather than the NOx con-
centration exist as well. In particular when the brake torque becomes low, zero
or negative, even low NOx mass flows expressed in g/s can result in very high
or negative values, when expressed in g/kWh. In this region however, the use of
the NOx concentration sensor itself can be problematic as well. The NOx sensor
requires a minimum exhaust gas temperature to function, which is not always
available during warm-up or at low loads. Considering that at low loads, the NOx

and PM emission flows (expressed in g/s) are very low for a wide range of input
settings, feedback control is disabled below 300 Nm, which prevents these poten-
tial issues. Also, because multiple sensors are involved in the conversion of the
NOx concentration into the brake specific NOx emissions, inaccuracies in all these
sensors influence the end result. This reduces the relative accuracy of the brake
specific NOx measurement, compared with the NOx concentration measurement.
The advantages mentioned earlier make the choice for the brake specific NOx

emissions fundamentally more relevant. The inherent disadvantages are therefore
accepted.

6.1.2 Decoupling

Similar to the earlier control designs, the design of the decoupling is based on the
Singular Value Decomposition (SVD) of the static gain matrix. This gain matrix
follows directly from the system identification. Because the input-output response
is operating point dependent, the static gain matrix is as well. But, as will be
shown, fixed, static decoupling matrices can again be used to effectively decouple
the input-output system for the entire operating range. For the design of the
controller and decoupling, 35 operating points are considered. The distribution of
the operating points is shown in Figure 6.2. The operating points span the entire
operating range, except for the very low torque range. The operating points are
not distributed evenly over the range. To allow for a more detailed analysis of the
local variation in the frequency response, the distribution is locally more dense
at some points. Only nine operating points are used to graphically present the
results in this chapter to prevent cluttering of the graphs with too many lines. All
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Figure 6.2: The operating points used for design and analysis of the controller. The
’x’-markers show all considered operating points. The circles indicate the selected
operating points for the figures in this section.

identified points are used for design and analysis of the controller. For design of
the decoupling matrix, first an average static gain matrix is calculated using:

Ḡ = sgn(<(G1(0)))◦
(

N∏
n=1
|Gn(0)|

) 1
N

≈


0.2548 −0.2728

0.0130 −0.0214

−1.9714 −1.2263

 , (6.1)

where ◦ denotes the Hadamard product (i.e. entry-wise product), also the
product and the 1/N power are performed entry-wise. The index n represents the
operating point, N the number of operating points, i.e., N = 35, Gn the identified
FRF at operating point n and <(G1(0)) the real part of the static gain matrix
at a nominal operating point (1455 rpm, 120 mg/inj), which is used to recover
the sign of the response that is lost when the geometric mean is calculated. The
outcome Ḡ is the geometric-mean static gain. To determine the static gain Gn(0)
of system n from the measured FRF, the input-output gain at the lowest frequency
excited during identification (0.028Hz) is used. In Figure 4.8, it is observed that
the system gain is close to static here.
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Before decoupling, output scaling is applied, which is adapted due to the
change in outputs compared with the controller of Chapter 5:

Ḡs = SḠ =


5 0 0

0 50 0

0 0 0.7

Ḡ, (6.2)

where S is again a fixed, diagonal scaling matrix. The chosen values account for
the difference in units and the tracking performance tradeoff between the three
different outputs.

The system Gn is decoupled by pre- and post-multiplying with the appropriate
scaling and decoupling matrices that are calculated via an SVD:

Ḡs = U Σ Vᵀ, (6.3)

ε= Gd,nυ = UᵀSGnVυ, (6.4)

where U ∈ R3x2, V ∈ R2x2 and Σ ∈ R2x2, such that UUᵀ = I, VVᵀ = I and Σ is
diagonal. The variables ε and υ represent the outputs and inputs of the decoupled
system, Gd,n, respectively. When the system response, Gn, is close to Ḡ, Gd,n

is close to the diagonal matrix Σ and the system is close to being completely
decoupled.

The system gain is both frequency and operating-point dependent, which
affects the decoupling quality. To quantify to what extent the actual system is
decoupled, the relative gain array, Λ) (Skogestad and Postlethwaite, 2007), of the
decoupled system is calculated for all operating points and frequencies:

Λn(jω) = Gd,n(jω)◦ (G−1
d,n(jω))ᵀ. (6.5)

Figure 6.3 shows Λn(jω), using the local responses shown in Figure 4.8. It
shows that for frequencies up to 0.5Hz, the local behavior is diagonally dominant
at all operating points. The large differences in the local behavior, even including a
sign change in the input-output gain, do not significantly affect the low-frequency
decoupling quality. A closed-loop bandwidth of around 0.2Hz is aimed for, and up
to this frequency, neither the dynamic behavior, nor the operating point variations
significantly decrease the decoupling quality for the purpose of feedback control,
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Figure 6.3: The relative gain array of the decoupled system, Gd,n. In black the
diagonal elements, in gray the off diagonal elements. The operating points are the
same as in Figure 4.8.

as is shown in Figure 6.3. Hence, static SVD decoupling with the chosen, fixed
matrices effectively decouples the local input-output dynamics in all operating
points.

6.1.3 PI control

The PI feedback controller is designed to achieve maximum bandwidth, while
satisfying the Nyquist stability criterion, and keeping the sensitivity peak below
2 for the entire operating range. Similar to the local control design of Chapter 5,
sequential loop-shaping is used to design two PI controllers. Considering the low-
pass behavior that characterizes the local input-output response in all operating
points, PI control is a suitable structure. The main difference with the design in
Chapter 5 is that the PI controller is designed to work in the entire operating
range. Instead of shaping only the frequency response at a single operating point,
the frequency response at all identified operating points is shaped simultaneously,
according to the above criterion. This way, local stability and performance in all
operating points is accounted for.
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The controller is described by:

ẋfb,1

ẋfb,2

υ1

υ2


=



0 0 0.6 0

0 0 0 1.2

1 0 0.5 0

0 1 0 0.05





xfb,1

xfb,2

ε1

ε2


. (6.6)

Using this controller, the maximum singular value of the sensitivity is below 0 dB
up to a frequency of 0.16Hz for all operating points. The maximum singular value
of the sensitivity is below 2 for all operating points and all frequencies. The 0.2Hz
bandwidth target that was formulated in Chapter 5 is not met. But the achieved
0.16Hz bandwidth still results in a closed-loop response that is much faster than
the considered disturbances (see Section 5.2). The generalized Nyquist criterion
is used for visually checking stability and robustness against uncertainties in the
local dynamic response. The Nyquist plot of:

Nn(jω) = det(I+C(jω)UᵀSGn(jω)V) , (6.7)

shown in Figure 6.4, passes the origin to the right, with an amplitude margin of a
factor two to provide the desired robustness, when following the line from low to
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high frequency. The closed-loop system is therefore locally stable in all considered
operating points. This is not a definitive proof of stability for the actual system
with time-varying engine speed and load. A mathematically conclusive proof of
stability with time-varying operating points requires an accurate model of the
engine behavior during operating point transients. The identified FRF models
used for control design only capture the local input-output dynamics and are not
very suitable for modeling the effects of time-varying operating points. Even a
common Lyapunov function that shows stability in all operating points is not
a sufficient proof of stability. During speed and load changes, the input-output
response will be different than the response at stationary operating points. Stability
with time-varying operating points is therefore tested and shown experimentally.

6.1.4 Implementation

Nominal Inputs and Setpoint Values

A practical implementation of the feedback controller requires nominal input set-
tings and setpoint values for all outputs. The nominal input settings are de-
signed for optimal stationary performance. The accompanying setpoints reflect the
achieved engine performance under nominal conditions. Both the nominal inputs
and the setpoint values are provided in the form of a lookup table with engine
speed and torque as inputs and the corresponding setpoint value as output. In
between the grid points of the lookup table, linear interpolation is used.

For the VGT and EGR valve inputs and the ∆p and λ outputs, a map with
nominal values in the form of the above described lookup table was available.
For the NOx-output, such a map was not available. Instead, the setpoint value
was fixed at 3.5 g/kWh. This value does not exactly match to the nominal engine
calibration over the operating range. Considering that the controlled output value
is expressed in g/kWh, and thereby scaled for the engine power, the selected constant
value is suitable in the entire operating range. The remaining difference acts as a
disturbance during the experiments.
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Safety

To ensure safe and stable operation under all encountered circumstances, some
modifications to the feedback controller are made for the practical implementation.
This way, a proof-of-concept experiment can be conducted safely, without risking
engine damage in case of controller failure. The feedback controller is disabled in
the low torque range and safety limits are implemented to prevent feedback control
actions that can potentially damage the engine. This is discussed below.

In Section 6.1.1, it was already noted that to prevent issues with the NOx

measurement, the controller should be disabled at low loads. Therefore, at loads
below 300Nm and whenever a required sensor measurement is not available, the
feedback controller is disabled. This is implemented by overriding the value of ε and
setting it to zero, whenever the load is below 300Nm or any of the sensors does not
output a measurement. By setting the input to the controller to zero, the controller
states xfb and hence the integral action of the controller remain at a fixed value.
It can be assumed that by using constant integral action, the controller is still
partly effective at counteracting the effects of constant disturbances. Maintaining
the integral effect is therefore favorable, compared with setting the output of the
feedback controller to zero. In this low torque range, a low NOx mass flow (in g/s)
is combined with a high λ and low ∆p. This can be verified in Section 6.3. In a
typical drive cycle that combines low, medium and high torque, it can be expected
that the contribution of the low torque range to the overall emissions and fuel
consumption is relatively small. Therefore, the overall emissions and efficiency of
the engine are not significantly influenced by disabling the feedback controller in
the low-load operating range.

Also, two precautions are taken that limit the allowed range of the feed-
back control actions. First, the outputs of the feedback controller are limited to
ufb,i ∈ (−10%,10%). This ensures that the actuators remain in the range where
the engine behavior is close to linear. Sensor measurements that deviate enough
from the nominal situation to require feedback actions outside of this range can oc-
cur during fast torque transients, when large disturbances are present, or when an
actuator or sensor is malfunctioning. In case of malfunctioning, the implemented
output limits reduce the probability and consequences of unstable closed-loop
behavior.
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Second, anti-windup is applied to ensure that the internal state of the integra-
tors in the controller cannot reach excessive values when the controller is saturated.
The state of the integrators is limited to xfb,i ∈ (−10%,10%).

The output saturation and anti-windup can limit the effectiveness of the feed-
back controller when large disturbances are present that require control actions
outside of the allowed range. However, to ensure safe operation, they are essential.

6.1.5 Experimental Results

To test the functioning of the feedback controller, the controller is implemented on
the dynamometer test setup described in Section 4.2. The dSPACE AutoboxR© is
used as an I/O board for both controlling the actuators and collecting the sensor
signals. The inputs and outputs of the engine are monitored, while the operating
point is varied.

Figure 6.5 shows a typical sample from these tests, where the operating point
changes from medium torque at high engine speed towards high torque at low
engine speed with various in-between points. Linear interpolation with a 20 s slope
time is used when changing the operating point.

In the ε signal, it is observed that ε remains close to zero, when the operating
point is constant; and converges to zero quickly after the operating point has
changed. This indicates that the closed-loop behavior is asymptotically stable for
the studied conditions. In the NOx, λ and ∆p signals, it is observed that the
actual outputs follow their respective setpoint values. Considering the 0.16Hz
closed-loop bandwidth, approximate first-order behavior at low frequencies and
20 s operating-point changes, a remaining error in the order of 31% can be expected
during the applied operating point changes.

At some points, particularly between 450 s and 475 s, an oscillation in the VGT,
ε and ∆p signals can be observed. It was found that this oscillation is related to
the VGT actuator. It is however not caused by the new feedback controller; the
oscillation can also occur when fixed input settings are used, or even when a Notch
filter is used to actively counteract input oscillations at the particular frequency.

The discrepancy between the NOx setpoint value and the engine-out NOx

value using nominal input settings acts as a disturbance on the closed loop, which
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Figure 6.5: Testing the behavior of the closed-loop controlled engine. In the NOx,
λ and ∆p plots, the gray line denotes the reference value, the black line the actual
value. In the ε plot, the gray and black line denote ε1 and ε2, respectively. In the
EGR valve and VGT plots, the gray line denotes the nominal value, u0, the black
line the actual value, u0 +ufb.
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is compensated for by the VGT and EGR valve. The inputs therefore do not
necessarily remain very close to their nominal settings, even in steady state. In both
inputs, smooth behavior is observed. No signs of oscillations, or other indicators
of being on the verge of instability are observed.

The experiments indicate that the expected stable closed-loop behavior and
disturbance rejection are achieved, albeit only in the torque range above 300Nm
due to the applied restrictions on the feedback controller. Only relatively slow
changes of the operating point were considered in this section. Fast changes of the
operating point are considered in Section 6.2, where additional control components
are designed and implemented to better accommodate these fast changes.

6.2 Feed-Forward Control
During fast tip-in transients, torque buildup can be hampered by the availability of
oxygen, while the turbocharger is accelerating. The injection of fuel is restricted by
a smoke limiter, which prevents the injection of more fuel than can be combusted
without visible smoke. This limitation can prevent compliance with the driver
torque demand, in particular during fast tip-in transients, which has a negative
impact on the drivability. Besides activating the smoke limiter, the lack of oxygen
during these transients also increases the engine out PM emissions. By adapting
the VGT and EGR valve, the flow of fresh air, and thereby the availability of
oxygen, can be increased. This way, air-path control can improve the drivability
and decrease the PM emissions.

Control for improved transient performance differs significantly from the distur-
bance rejection considered in the previous section. The encountered disturbances
due to changes in operating point can be much larger and their timescale is much
faster. Moreover, the operating point changes are known with the availability of
pedal position and engine speed. These properties favor the use of feed-forward
control over feedback control. Feed-forward control, here, means that control ac-
tions are based directly on the operating point, rather than on internal engine
sensor measurements.

The goal of the feed-forward controller is to achieve a fast, smooth and mono-
tonic torque response, while avoiding excessive NOx or PM emissions. For a HD
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diesel engine, a two second response time to a step change in torque demand is
considered acceptably fast. To achieve this, a temporary increase in the engine-out
NOx and PM emissions must be tolerated. Although without additional control
actions, a temporary increase in the EGR flow and decreased availability of oxygen
reduce the NOx emissions during tip-in transients; as a result of control actions re-
quired to increase the fresh air flow, an increase in NOx emissions will be observed.
The feed-forward controller should ensure that a suitable tradeoff between the
NOx and PM increase is made. In this thesis, a moderate increase in the engine-
out NOx emissions (up to 25% compared with the steady-state value), combined
with a necessarily larger increase in the PM emissions is considered a suitable
tradeoff during a fast transient. The feed-forward controller will be designed such
that via tuning of its parameters the NOx-PM tradeoff can be influenced and a
range of NOx-PM combinations can be achieved. This makes the structure of the
feed-forward controller applicable independent of the desired tradeoff.

Using the VGT and EGR valve, two measures can be taken to improve the
torque response and decrease the PM emissions. First, decrease the time needed
for the turbocharger to spin up by temporarily increasing the turbine flow and
increasing the pressure difference over the turbine, which increases the turbine
power. Second, increase the fresh air flow by temporarily decreasing the EGR flow
until the turbocharger speed is sufficient to provide the required boost pressure.
These measures improve the torque response and reduce the PM emissions. Simul-
taneously, as a result of these actions, the pumping work increases and the EGR
flow decreases. Consequently, temporarily the BSFC and NOx emissions increase.
Therefore, a tradeoff between low PM emissions and a fast torque response versus
low NOx emissions and a low BSFC exists.

It is worth noting that the goal of feed-forward control is not to improve
the tracking of the stationary setpoints during the torque transient. The optimal
steady-state tradeoff between NOx, λ and BSFC, that is reflected by the NOx, λ and
∆p setpoints, is necessarily shifted to improve the fresh air flow and turbocharger
response during torque transients. Exact tracking of these steady-state setpoints
is therefore not equivalent with achieving the optimal transient response. This is
also found in Grahn et al. (2013).

Various solutions for improved transient control found in literature are de-
scribed in Section 3. With a goal of optimizing for the emissions, fuel consumption
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and torque response directly, while aiming for a fast and efficient control design,
model based approaches become impractical. The emissions are difficult to model
accurately during large transients and for a large range of actuator settings. The
necessary complexity of such an emission model complicates direct control design
using this model. Also, the large identification effort that can be expected increases
the control design effort. Moreover, model based approaches that are found in
literature use numerical optimization (Benz, 2010; Sequenz et al., 2011), but these
solutions are not suitable for real-time implementation. Also, the optimal control
design of Alberer and Del Re (2009) is not suitable for real-time implementation,
without prior optimization on the specific drive cycle.

As a solution, manual calibration of the parameters of a dynamic feed-forward
controller is proposed. The general structure of the controller is chosen such
that it can emulate results obtained via optimal control (Sequenz et al., 2011;
Tienstra, 2013). The design and calibration of the feed-forward controller are
further described in the remainder of this section.

6.2.1 Control Design

The general structure of the proposed feed-forward controller is a linear second-
order high-pass filter. This filter is used to generate a feed-forward signal based
on the torque demand. The response of a high-pass filter to a step change in the
input is an immediate output change followed by a smooth decay to zero. This
resembles the shape of the desired response of both the VGT and EGR to a step
in torque (Sequenz et al., 2011; Tienstra, 2013). To facilitate online tuning of
the feed-forward characteristics, two parameters are available that determine the
properties of the high-pass filter. The filter takes the following form:


ẋFF,1

ẋFF,2

uFF,i

=


−1.5αT,i −αT,i αT,i

αT,i 0 0

0 −αg,i αg,i



xFF,1

xFF,2

τd

 . (6.8)

The torque demand in %, τd, is the input to the filter and the feed-forward
control signal, uFF,i, is the output for actuator i ∈ {EGR,VGT}. The two param-
eters αT,i and αg,i are used to adapt respectively the gain and time scale of the
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Figure 6.6: The effect of changing the parameters αT,i (left) and αg,i (right) on
the step response of the feed-forward filter. The black line corresponds with unity
parameters, the gray lines represent consecutive changes of 10% in the parameters.
Increasing αT,i decreases the decay time, increasing αg,i increases the gain.

response. The states xFF,1 and xFF,2 are used only internally in the filter. The
value 1.5 that is used in the filter determines its damping coefficient. Figure 6.6
shows the step response of the filter and the effects of αT,i and αg,i. Via tuning
on the engine, appropriate values for αT,i and αg,i are selected, such that the
transient engine response has the desired characteristics. Two similar feed-forward
filters are implemented, which produce the control actions for the VGT and EGR
valve, respectively. Both filters are described by the state-space equation (6.8), but
use different parameters.

6.2.2 Tuning Process

To find the appropriate values for αT,i and αg,i tuning on the engine is needed.
For this, the dynamometer test setup is used. The to-be-calibrated feed-forward
controller is implemented in parallel with the feedback controller designed in
the previous section. Since the feed-forward control actions can be expected
not to affect the closed-loop stability, the parameters can be varied freely, while
monitoring the engine performance. The additional sensors that are available on
a dynamometer setup are used to evaluate the emissions, fuel consumption and
torque response.

For the initial calibration of the four feed-forward parameters, a 400Nm to
1400Nm torque step at 1455RPM is applied repetitively. On this torque step, the
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turbo lag is clearly visible, but it can be completed without excessive emissions
for a range of parameters, which makes it suitable to use for initial calibration.
The performance of the engine is monitored, while the feed-forward parameters are
manually adjusted. The main signals that are monitored during this tuning process
are the turbine speed, air-fuel equivalence ratio, ∆p, engine-out NOx emissions,
smoke emissions and torque.

The turbine speed and air-fuel equivalence ratio provide insight during tun-
ing. The desired response in these measurements is a monotonic increase to the
value corresponding with stationary operation in the new operating point. Over-
shoot2 in either of these measurements indicates that the feed-forward controller
is overcompensating and smaller values for αT,i and αg,i should be selected.

The combination of an increase in the fuel flow, closing the VGT and EGR valve,
and a low turbine speed results in a high exhaust manifold pressure. Consequently,
the momentary pressure difference between intake and exhaust manifold can reach
high values of several bar. The high exhaust manifold pressure increases the turbine
power, which, eventually, is beneficial for the air flow and reduces the turbo lag.
However, momentarily, a high pumping work reduces the engine torque. This
adds to the perceived the turbo lag. To monitor this effect, the pumping work is
measured via the closely related ∆p.

The NOx and smoke value, sk, (to represent the PM emissions) are important
to consider during a tip-in transient. The sudden increase of the fuel-oxygen
ratio increases the smoke emissions. Increasing the fresh air and oxygen flow
by decreasing the EGR flow improves the torque response and lowers the smoke
emissions. However, because of the reduced EGR flow, the NOx emissions increase.
To obtain the desired balance between NOx and PM, they are monitored.

Finally, the produced engine torque is measured. The ability of the engine to
quickly meet a change in torque request is the main reason for implementing the
feed-forward controller. A smooth and fast torque response within two seconds is
aimed for.

The parameter values are tuned to obtain the fastest smooth torque response,
while preventing peaks in the NOx and PM emissions emissions that exceed the

2Overshoot in λ is observed when after the initial decrease in λ due to the sudden fuel increase,
λ peaks above the steady-state value.
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Table 6.1: The selected feed-forward parameters.

VGT EGR

αT,i 0.80 0.67

αg,i 0.18 0.42

defined criterion. After the initial tuning on the single, repetitive torque step, the
engine performance (emissions, fuel consumption and torque response) is evaluated
on a purpose-built cycle, which consists of a series of different torque steps, with
variations in engine speed, torque step size, and rate of increase in torque demand.
In this cycle, the engine speed varied between 1000RPM and 1700RPM; torque
steps up to 100% are considered; and the rate of increase of the torque demand
varied between instantaneous and 2 s. It was found that fixed values for αT and
αg give an adequate performance for this entire cycle considering driveability as
well as emissions and fuel efficiency. Scheduling of the feed-forward parameters
can therefore be dismissed, which keeps the design effort of the feed-forward
controller low. Small adjustments to the initial parameters were made to improve
the performance on this cycle. The final parameter values can be found in Table 6.1.

6.2.3 Torque Step Experiments

Figure 6.7 shows the experimental performance of the engine during an instan-
taneous step change to maximum torque demand. The instantaneous step to
maximum torque is the most challenging step that can be applied. Smaller or
slower steps will be affected less by turbo lag and also show lower emissions. The
results exemplify that by selecting different feed-forward parameters, the perfor-
mance tradeoff can be shifted between PM (i.e. smoke), NOx and torque.

A noticeable torque dip is observed shortly after the torque increase. This is
the result of the ∆p peak, which is largely caused by the peak in the VGT input.
The ∆p peak of 100 kPa is equivalent with a 70.8Nm increase in the pumping loss.
The VGT peak in this case is the result of the combined effects of the dynamic
feed forward, which responds to torque demand, and the steady-state feed forward,
which responds to the actual torque. Coincidentally, on this torque step the two
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Figure 6.7: Experimental feed-forward results; the effects of four possible variations
on the feed-forward parameters during a large torque step at 1455RPM. The different
shades of gray indicate the parameter versions. The black line corresponds with the
parameters listed in Table 6.1. In the two bottom plots, both the individual effect
of the feed-forward controller (uFF, dashed) and the actual control signal (uVGT,
uEGR, solid) are shown. In the figure, the VGT and EGR feed-forward signal are
shifted with 20% relative to the actual value, to allow for a more compact vertical
axis. A 4Hz second-order zero-phase Butterworth low-pass filter was used on the
measured data to reduce the noise for better discrimination between the lines.
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effects cancel each other out shortly after the step in torque demand. Such a sharp
change can occur only during instantaneous steps in torque demand. When, the
increase in torque demand occurs more gradually over, e.g., 1 second, the changes
in the steady-state and dynamic feed forward also occur more gradually. This
smooths the input changes and removes its noticeable effect on the torque response.
Considering that this more smooth step change is a more likely real-world scenario,
the observed torque dip is acceptable.

It is important to make allowance for the the sensor dynamics in the results of
Figure 6.7. Particularly the emission measurements are affected by sensor dynamics.
Also, the results are affected by the fuel controller. The fuel controller limits the
injected fuel quantity, when insufficient fresh air is available and determines the
Start Of Injection (SOI). This controller is implemented in the engine ECU. Both
the torque response and the emissions are affected by the fuel controller. The
design of the fuel controller is however not a topic of this thesis.

6.3 Experimental WHTC Tests
The World Harmonized Transient Cycle (WHTC) is the official transient test cycle
used for the EURO VI type approval tests. It is designed to be representative for
the world-wide on-road usage of commercial vehicles. The WHTC is therefore the
most suitable and representative test cycle for testing to what extent the achieved
engine performance using the new control system can match the performance that is
achieved using the controller on the engine ECU. In this section, only WHTC tests
using a warm engine are conducted. The WHTC test for the EURO VI legislation
is more elaborate. More details on the WHTC and its usage for emission legislation
can be found in Section 2.3.1 and in (European Commission, 2011).

The full control system, as shown in Figure 6.1, is implemented on the engine
dynamometer setup. The dSPACE AutoboxR© was again used as an I/O board;
it calculates all control actions for the VGT and EGR valve, outputs the control
commands to the engine and collects the sensor signals. Using the dynamometer
setup, it is possible to switch between the new controller and the controller of
the original ECU. This enables an objective comparison between the performance
that is achieved with the two controllers, on the same engine, using the same
measurement equipment and under the same conditions. With each controller,
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three WHTC tests are executed. After each cycle, the controllers are switched,
which reduces the effects of possibly changing ambient conditions. Again, the
sensors of the dynamometer setup are used to evaluate the engine performance.
This way, the torque can be measured and using an opacimeter, the PM emissions
can be estimated.

Two parts of the WHTC tests using the controller designed in this thesis are
shown in Figures 6.8 and 6.9. The full WHTC contains more details than can
be distinguished in a single figure. The two figures respectively show a low-load
(urban) and a high-load (motorway) part of the WHTC. In the low-load part,
feedback control is largely inactive, whereas in the high-load part, feedback control
is constantly active.

In the low-load part of the WHTC, Figure 6.8, the emission mass flow in g/s

of both NOx and PM is very low, compared with Figure 6.9. This supports the
assumption made earlier that the potential absolute benefit of emission feedback
control is small in the low torque region. Without feedback, the obtained values
for NOx, λ or ∆p do not remain close to their nominal setpoints, but this does not
result in large emissions. For a small part around 160 seconds, the engine torque
exceeds the threshold value of 300Nm to enable feedback control. The feedback
error does not converge to zero error here, because the interval is both short and
very dynamic.

Figure 6.9 shows a high-load part of the WHTC. The feedback controller is
constantly active and the control error in ε remains close to zero. This ensures
that the NOx-λ-∆p tradeoff is maintained, which implies that also the desired
NOx-PM-BSFC tradeoff is closely maintained. The engine performance is as close
as possible, i.e., within the capabilities of the selected actuators, to the nominal
engine performance. Despite the underactuated control architecture, close tracking
is obtained for all three outputs.

In both Figure 6.8 and 6.9, the VGT and EGR inputs show that the steady-
state controller has the largest contribution to the final input value. In the high-load
plot, Figure 6.9, the feedback controller has a notable contribution as well. The
offset between the nominal and actual EGR valve position is mostly due to a
correction made by the feedback controller. As can be seen in Figure 6.9, this
results in close tracking of the references.
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Figure 6.8: A low-load part of the hot WHTC cycle. In the VGT and EGR plot, the
black line shows the output of the combined controller u, the dark-gray line shows
the combined effect of steady-state u0 and dynamic feed forward uff , the light-gray
line shows the steady-state feed forward only u0. In the NOx, λ and ∆p graphs, the
black line shows the sensor measurement and the gray line the reference value. In
the ε plot, the black and gray line show ε1 and ε2 respectively. When the feedback
controller is disabled, ε is shown as exactly zero.
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Figure 6.9: A high-load part of the hot WHTC cycle. In the VGT and EGR plot,
the black line shows the output of the combined controller u, the dark-gray line
shows the combined effect of steady-state u0 and dynamic feed forward uff , the
light-gray line shows the steady-state feed forward only u0. In the NOx, λ and ∆p
graphs, the black line shows the sensor measurement and the gray line the reference
value. In the ε plot, the black and gray line show ε1 and ε2 respectively. When the
feedback controller is disabled, ε is shown as exactly zero.
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Table 6.2: WHTC performance comparison of the normalized average brake specific
NOx, PM and BSFC. The baseline controller is the controller as implemented on
the engine ECU. The new controller is the controller designed in this chapter using
both feed-forward and feedback control.

Baseline New

NOx 100% 96.09%

PM 100% 88.30%

BSFC 100% 100.06%

The purpose of the new controller is to simultaneously achieve good drivability,
robustness against disturbances and uncertainties, low emissions and a low fuel
consumption. In the new control system, the drivability is accounted for by means
of the feed-forward controller; robustness by means of the feedback controller. To
investigate if indeed low emissions and a low fuel consumption are obtained, the
total engine-out emissions and fuel consumption of the engine were measured over
three WHTC cycles. This test is performed with both the new control system
and the original control system of the engine, which serves as a benchmark. To
avoid using the same measurements for feedback control as for the performance
evaluation, which might bias the experiment, the emission measurement equipment
of the dynamometer setup, rather than the internal engine sensors, were used for
accurately measuring the emissions and fuel consumption.

The normalized NOx emissions, PM emissions and BSFC, averaged over three
WHTC cycles, are shown in Table 6.2. With the new controller, the average
engine-out NOx emissions decreased with 3.9%, while the engine-out PM emissions
decreased with 11.7%. In this test, the average BSFC remained approximately
unchanged with a negligible increase of 0.06%. Compared with the original engine
controller, the new controller achieves a reduction of the engine-out NOx and PM
emissions without affecting the low fuel consumption.
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7.1 Conclusions

In this thesis, the design of a control system for the air path of a EURO VI
heavy-duty diesel engine is elaborated, which uses the Variable Geometry Turbine
(VGT) and Exhaust Gas Recirculation (EGR) valve as actuators. Compared with
alternative methods for air-path control design, the work in this thesis focusses in
particular on reducing the effects of disturbances on the engine-out emissions and
fuel efficiency, and on reducing the control design effort.

7.1.1 Disturbance Rejection

Reducing the effects of disturbances has gained great importance with the introduc-
tion of the in-service conformity limits in the EURO VI legislation. This legislation
imposes emission limits for real-life usage of diesel powered vehicles. Because vary-
ing external conditions, ageing and production tolerances all affect the produced
emissions, a control strategy that reduces the effects of these disturbances is needed
to guarantee compliance with the new legislation.

In this thesis, a new method for disturbance rejection is elaborated. A new
selection of controlled outputs is proposed: the engine-out NOx emissions, the
air-fuel equivalence ratio (λ), and the pressure difference between the intake and
exhaust manifold (∆p). These outputs are selected for their direct relation with the
high-level objectives: NOx emissions, PM emissions and fuel efficiency, respectively,
which is beneficial for the effectiveness of the feedback controller.
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The addition of ∆p as a controlled output is particularly important for the
robustness. It is shown that control of NOx and λ only, using the VGT and EGR
valve, constitutes an ill-conditioned control problem. With the addition of ∆p, a
well-conditioned control problem can be constituted. Moreover, with control of ∆p,
the effect of disturbances on the fuel efficiency is reduced, and in addition the effect
of control actions for disturbance rejection on NOx and λ on the fuel efficiency is
reduced. For heavy-duty diesel engines, the fuel efficiency is very important, and
with the anticipated fuel efficiency legislation, its importance will further increase.

Via Singular Value Decomposition (SVD) decoupling, the two-input three-
output configuration is converted into a decoupled two-input two-output system.
For this system, a diagonal PI controller is designed using loopshaping. The
controller is tested in simulation and experiments. In simulation, its effectiveness
at reducing the effects of disturbances is shown. With the controller enabled, the
deteriorating effect of the disturbances on the average NOx and PM emissions and
fuel consumption is neutralized and the variation of the NOx and PM emissions,
and ∆p is reduced by an order of magnitude. In experiments, the effectiveness
of the controller for disturbance rejection and its functioning over the operating
range of the engine are shown.

7.1.2 Design Effort

The control design effort for diesel engines is a bottleneck in the overall engine
design. With new generations of diesel engines, the number of sensors and actuators
increased. This enlarged the potential for performance improvements by means of
control, but a simultaneous increase in control design effort is observed. Taking
into account the control design effort, when designing control techniques for diesel
engines, is therefore increasingly relevant.

In this thesis, three measures are taken to reduce the control design effort.

• Use feedback control for disturbance rejection. With an effective feedback
controller, the effects of disturbances are diminished. The need for engine
maps that compensate for disturbances is thereby reduced. This reduces
the number of parameters that require calibration, and thereby reduces the
control design effort.
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• Use a systematic, offline control design. A design path is followed that
consists of: model identification, control design, and performance evaluation.
A time-efficient and accurate procedure for modeling the engine behavior is
experimentally applied and extensively analyzed. The identified FRF models
characterize the dynamic input-output behavior of the engine. The design
of the feedback controller is based entirely on these FRF models. This way,
the controller is designed such that it works well in conjunction with the
input-output behavior of the engine, without the time-consuming process of
manually adapting the controller parameters and empirically determining its
effect on the engine performance. After control design, the performance is
experimentally evaluated to determine if indeed the expected performance
level is realized.

• Use low-complexity control elements. A range of control design techniques
(see Chapter 3) is suitable to fulfill the above two requirements. The proposed
control design consists of PI control and SVD decoupling. Compared with
the alternatives, this has the advantage that the complexity of the controller
and its design process is low. Various alternative methods for linear control
design are used in literature, but these require some form of gain-scheduling
to work on the entire operating range. By focussing on robustness in the
system layout, scheduling of the control parameters is not required. An LTI
feed-forward controller combined with a PI controller with static decoupling
matrices, both with fixed parameters, is sufficient to control the engine over
its entire operating range.

7.1.3 Summary of the Main Results

The control design process, as elaborated in this thesis, is divided into system
identification, disturbance rejection around a fixed operating point, and control
over the full operating range. The main conclusions resulting from these parts are
separately addressed in the following.

Identification

In Chapter 4, a method for identification of the sensor response to variations
in the actuators, i.e., the input-output response, is elaborated. For this, the
local Frequency Response Function (FRF) at a fixed speed-load operating point is
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measured using multisine excitation. Compared with alternative modeling methods,
the ability to include any measured output in the model, without complicating the
modeling procedure, is an advantage. Also, the natural inclusion of sensor and
actuator dynamics into the model is an advantage for the application of control
design. The considered actuators are the VGT and EGR valve, the measurements
are the engine-out NOx emissions, air-fuel equivalence ratio and pressure difference
between the intake and exhaust manifold. It is found that using only ten minutes
of identification data, the local input-output behavior can be captured accurately.
The effects of noise and nonlinearity on the local engine behavior are individually
quantified and it is shown that these effects are an order of magnitude smaller than
the linear effects. Using the linear FRF models, the actual engine measurements
in a single speed-load point are reconstructed with average squared errors smaller
than 3% of the actual response.

Disturbance Rejection

Chapter 5 discusses control design to reduce the effects of disturbances. The goal of
the controller is to keep the engine-out emissions of NOx, PM and the fuel efficiency
close to their respective nominal values, despite the effects of external influences.
To realize this, a feedback controller is designed. A new selection of controlled
outputs is made: NOx, λ and ∆p. These outputs are selected because they reflect
the engine-out NOx emissions, PM emissions and fuel efficiency, respectively. With
two actuators and three measured outputs, the resulting input-output system is
underactuated. It is argued that the expected Pareto-optimality of the combination
of NOx, PM and fuel efficiency implies that regardless of the number of actuators,
only two controllable directions are available. This means that the underactuation
does not induce an additional limitation. Using SVD-decoupling and loopshaping,
a feedback controller is designed to control the underactuated input-output system.
In a simulation, where disturbances are applied in the inputs, operating point and
ambient conditions, the controller is shown to reduce the variation of the NOx and
PM emissions and ∆p with a factor 12, 5 and 14, respectively. In addition, the
increase of the average emissions and fuel efficiency is neutralized, resulting in a
reduction of the average NOx and PM emissions with 14% and 19%, respectively,
and a reduction of 0.74% of the BSFC. The controller is also tested experimentally,
while step disturbances are applied in the inputs and the engine speed and load. It
is again shown that the feedback controller maintains the tradeoff between NOx,



7.1. Conclusions 155

λ and ∆p and reduces the effects of the applied disturbances on the individual
outputs.

Full Operating Range

In Chapter 6, an air-path control system is designed that can be used on the full
engine speed-load range and features a particularly low design effort. The identi-
fication method of Chapter 4 is used to efficiently model the local input-output
behavior in a grid of operating points covering the full speed-load range. The feed-
back control design of Chapter 5 is reused and modified to accommodate different
engine speeds and loads. An additional dynamic feed-forward controller is designed
to reduce the PM emissions and improve the torque response during tip-in torque
transients. This feed-forward controller is calibrated manually on a dynamometer
setup. This enables the evaluation of the transient NOx emissions, PM emissions
and torque response during calibration. Both the feedback controller and the
feed-forward controller are of low-order LTI form and do not require scheduling of
their parameters. Therefore, they have a particularly low design complexity and
implementation footprint. The combined controller is experimentally tested on the
World Harmonized Transient Cycle (WHTC). Compared with the controller origi-
nally implemented on the engine ECU, the emissions over the WHTC of both NOx

and PM are reduced with 3.9% and 11.7%, respectively. The fuel consumption
over the WHTC remained approximately unchanged.

Summarising, a control design procedure for air-path control of clean diesel
engines was formulated. The design procedure comprises system identification, a
feedback controller for disturbance rejection and a feed-forward controller for im-
proved transient performance. The designed controller is tested both in simulation
and experimentally on a modern EURO VI engine. It is shown that due to the
feedback controller, the performance of the engine remains close to the nominal
performance when disturbances are applied. On WHTC experiments, it is shown
that with the newly designed controller, the NOx and PM emissions are reduced,
compared with the original controller. The presented control design procedure is
time efficient and the resulting controller has a small implementation footprint.
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7.2 Recommendations for Future Research

The current work presents a proof of concept for a new diesel engine control
design using the air-path actuators. Several potential improvements to the control
design framework can be considered and are outlined below. First, adaptations to
improve on the limitations of the proposed control design are addressed. Because
the applied modeling procedure is also useful outside of the proposed control design
framework, recommendations for adapting the modeling procedure are addressed
separately. When reconsidering the use of air path control in the overall engine
control problem, including the aftertreatment system, further opportunities for
improvement are discerned, which are discussed at the end of this section.

7.2.1 Improved Air Path Control

Control Algorithm

The current control design has a low design effort. When the process of optimizing
the steady-state engine performance is completed; and assuming that the necessary
preparations to process and evaluate the data are made and an I/O-board to
interface with the engine is available. Identification and design of the feedback and
feed-forward controller can optimistically be completed in a single day.

The choice to minimize complexity, rather than to maximize the performance
induces a performance penalty. To quantify to what extent this affects the emissions
and fuel consumption, a comparison with a less conservative control design should
be made. For example, a gain-scheduled H∞ controller can replace the current
feedback controller and serve as a high-performance benchmark. This removes the
conservatism introduced by the decoupling and linear PI control design and adapts
the control behavior to the local engine behavior. Depending on the achieved
performance increase, an increase in the controller complexity may be justified
and a more complex control design can be considered. The gain-scheduled H∞
controller is likely too complex to implement in production. But implementing,
e.g., scheduling of the PI parameters requires only a moderate increase in the
controller complexity and design effort. Similarly, scheduling can also be applied
to the parameters of the feed-forward controller, e.g., based on the engine speed.
The added flexibility can be used to control the emission tradeoff more closely.
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Controlled Outputs

The BSFC, NOx and PM are considered the main performance measures that
require feedback control. To increase the effectiveness of the feedback controller
with regards to disturbance rejection on these measures, the use of alternative
sensors that more directly reflect these measures can be considered.

When a PM sensor becomes available, direct control of measured PM emissions
is possible. This enables more direct control of the emissions and more tight
compliance with the emission legislation. The use of λ instead of PM, as used in
this thesis, also has advantages. The λ output is also a relevant measure for the
engine’s ability to quickly respond to an increase in torque demand. Controlling λ,
rather than PM, is therefore beneficial for maintaining the desired torque response
when disturbances affect the engine. It is therefore not obvious whether controlling
PM, rather than λ, improves the engine performance.

When the in-cylinder pressure is measured, a number of different control
applications become possible. The fast dynamic response of the in-cylinder mea-
surements is well suited to be combined with the fast actuators in the fuel path.
Some examples that become possible are: control of the combustion timing via
the injection timing; control of the combustion profile via the injection profile;
and control of IMEP via the injection quantity. Also, the indicated specific fuel
consumption can be determined using the in-cylinder pressure. This information
can be used to further improve the air-path controller. In the control design in
this thesis, only the PMEP effect on the BSFC is used for disturbance rejection.
This can be complemented with the IMEP effect, when the in-cylinder pressure is
measured. This enables more direct control of the BSFC.

With the current control design, the sensor dynamics of the NOx sensor are
a bottleneck for the achieved closed-loop bandwidth. This limitation can be
surmounted either by using a sensor that does not suffer as much from sensor
dynamics (Karlsson et al., 2010) or by using an additional observer (Tschanz et al.,
2013). When the limitations of sensor dynamics are removed, the internal air-path
dynamics limit the closed-loop bandwidth. This enables the design of a feedback
controller that achieves faster disturbance rejection.
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Experiments

Further testing of the controller in more realistic scenarios is advised to determine
if the controller and disturbance rejection remain effective in real-world scenarios.
When a series of engines is tested, the effects of production tolerances on the
engine performance, and the effectiveness of the feedback controller on reducing the
performance differences can be quantified. Similarly, engines of a different age and
maintenance state, and the effects of fuel quality, ambient temperature, pressure
and humidity should be tested. The presented simulation results in Chapter 5
indicate that the controller can be expected to handle these disturbances well. An
experimental validation is, however, much more convincing.

Transients

The engine performance during fast operating-point transients is not well reflected
in the design of the feedback controller. The proposed sensor layout and feedback
bandwidth are designed to reduce the effects of slowly varying disturbances and
maintain close to optimal performance in steady state. Ideally, a feedback controller
should improve the transient performance as well as achieve disturbance rejection.

The time scales relevant for evaluating emissions and fuel consumption are
much longer than those for evaluating performance during an operating point
transient. A temporary 20% difference between the nominal emissions and the
actual emissions during a tip-in transient can well be tolerated if this averages
out over time. Nonetheless feedback control can also be relevant for improving
the performance during fast transients. When, during transients, a feedback
controller assists in controlling, e.g., the fresh air flow, turbine speed or both,
the transient engine response can become less sensitive to how well the feed-
forward characteristics match the actual engine characteristics. This can reduce
the calibration effort needed for improving torque transients and reduce the effects
of disturbances on the torque response.
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7.2.2 Modeling

The presented modeling procedure is both accurate and fast for the considered
use case and is suitable for the proposed control design. A further improvement
of the accuracy or a reduction of the required identification effort will therefore
not significantly improve the overall modeling process. The range of applications
for which the resulting models can be used with high accuracy is however rather
limited. A modified identification procedure that results in more versatile models,
that are suitable for more applications, would be an improvement. Additional
applications that can be considered are described below. The challenge when
adapting the modeling procedure is to maintain the strong features of the current
modeling procedure, i.e., the high and quantifiable accuracy, ability to model
any input-output combination and the inclusion of sensor and actuator dynamics.
Recommendations for changes to the modeling procedure that can be considered
are discussed next.

The number of actuators that are considered can be extended. When in
addition to the excitations in the VGT and EGR valve, also excitations in the
engine speed or fuel quantity are applied, these effects can be modeled as well. This
can be useful, e.g., for calculating control actions during operating point changes.
When the use of, e.g., the SOI or BPV for feedback control is considered, an
excitation signal can be added here as well. Adding excitation signals to additional
actuators does come at the expense of either the identification accuracy or the
required identification time. Additional outputs, e.g., the mass air flow or exhaust
temperature, can be modeled without modifying the identification experiment
and without compromising the identification accuracy or identification time. The
frequency response of any sensor signal that was measured during the identification
experiment can be determined the using analysis procedure in Chapter 4.

The conversion of the FRF into a different model type can also make the
models more suitable for (quasi) linear model-based control design, which is used
in most of the control design methods described in Chapter 3. A conversion of the
FRF into to a different model type, such as a linear state-space model makes the
models more suitable to be used for this.

For simulating drive cycles, large speed and load transients must be considered
and included in the modeling process. During these transients, the effects of
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nonlinear behavior can be expected to become dominant over the linear behavior.
Significant changes to both the modeling and identification process are required
to accurately capture this. A different model structure should be selected, such
that the nonlinear behavior can be modeled accurately. Also, the identification
experiment should be changed. The current experiment was designed to accurately
identify the local input-output response. By maintaining close to a fixed operating
point, the effects of operating point variations are excluded from the experimental
results as much as possible. Therefore, the current experiment is not suitable
for identifying the dynamic effects of operating point variations. In literature,
mean-value models, which are based on approximate physical relations, are often
used for simulating drive cycles. These models are more suitable for this purpose.
Compared with the FRF models, the local accuracy and the ability to easily include
any available input-output combination in the model are compromised.

7.2.3 Integrated Engine Control

A further synergy between the control system of the air path and the aftertreatment
system presents opportunities for improvements in two ways. First, control of the
air path can be used to increase the conversion efficiency of the SCR system.
Second, the state of the SCR system can be used to dynamically schedule the
allowed engine-out emissions. This is explained below in more detail.

The exhaust gas temperature, which is affected by the VGT an EGR valve,
affects the conversion efficiency of NOx in SCR catalysts. When the exhaust gas
temperature is controlled to be at its optimal level for NOx conversion, increased
engine-out NOx emissions can be allowed, without increasing the tailpipe-out
emissions. This presents an opportunity to further reduce the PM emissions and
BSFC. It is worth noting that an increased exhaust gas temperature also implies
an increase of the BSFC. It is therefore not a priory clear if the allowed increase
in engine-out NOx also results in a reduced BSFC.

When the conversion efficiency of the SCR catalyst is known, this information
can be used to dynamically schedule the allowed engine-out NOx emissions. When
the conversion efficiency is high, increased engine-out NOx emissions can be allowed,
without increasing the tailpipe-out emissions. The allowed increase in engine-out
emissions can be used to further optimize the fuel efficiency. In Willems et al. (2013),
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the potential to reduce the fuel consumption using this method is experimentally
demonstrated.
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Air-Path Control of Clean Diesel Engines
for disturbance rejection on NOx, PM and fuel efficiency

This thesis deals with the design of a control system for heavy-duty diesel
engines, which makes use of the Variable Geometry Turbine (VGT) and Exhaust
Gas Recirculation (EGR) valve. The goal of this control system is to simultaneously
achieve a low fuel consumption and low engine-out NOx and PM emissions, and
to maintain these properties when disturbances are present. In addition, a control
design method with a low design effort and complexity is aimed for.

The new EURO VI emission legislation for heavy-duty diesel engines requires
a reduction of the Nitrogen Oxides (NOx) and Particulate Matter (PM) emissions
of 80% and 50%, respectively, compared with the EURO V legislation. Moreover,
it requires that these low emissions are achieved under real-world conditions, which
implies that the effects of, e.g., production tolerances, ageing and changing ambient
conditions have to be accounted for. This can in part be achieved via improved
control using the VGT and EGR valve. A VGT can adapt the flow area of the
turbine, which influences the power generated by the turbine as well as the flow
through the turbine. The EGR system is used to dilute the intake air with cooled
exhaust gas. This reduces the temperatures reached during combustion, which
reduces the NOx emissions. The EGR flow is throttled by a controllable EGR
valve, such that a favorable balance between the positive effects (reduced NOx

emissions) and the negative effects (increased PM emissions, decreased combustion
efficiency, increased pumping work) of EGR can be maintained. Combined, the
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VGT and EGR valve determine the pressures and flows in the air path and thereby
they influence the emissions and fuel efficiency.

The control design process, which is elaborated in this thesis, can be divided
into three parts: system identification, disturbance rejection around a fixed operat-
ing point, and control over the full speed-load range of the engine. In the following,
these parts are individually addressed.

Multisine Frequency Response Function (FRF) identification is used as an
accurate and time-efficient method for modeling the input-output dynamics at a
fixed engine speed-load point. The considered inputs are the VGT and EGR valve;
the considered outputs are the engine-out NOx emissions, the air-fuel equivalence
ratio, and the pressure difference between the intake and exhaust manifold. The
resulting model accuracy is extensively analyzed. The effects of noise and nonlin-
earities on the local system behavior and the distortion of the FRF as a result of
these effects are separated and individually quantified as a function of frequency.
It is found that with ten minutes of identification data, an accurate Multi-Input
Multi-Output (MIMO) model of the local behavior in a single speed-load point is
identified. That is, the effects of the above mentioned distortions are an order of
magnitude smaller than the modeled linear behavior. The identification procedure
is used repeatedly to model the local behavior on a grid of engine speed-load points
that covers the full operating range of the engine. Large difference in the local
behavior at different speed-load points are identified that include variations in the
input-output gain of a full order of magnitude.

A feedback controller is designed, that is aimed at maintaining the brake
specific fuel consumption (BSFC), NOx emissions and PM emissions at all times
as close as possible to the values obtained under nominal conditions. It is found
that for the performance of this feedback controller, the selection of the controlled
outputs is critical. Outputs that reflect the main performance measures: NOx, PM
and BSFC, are preferable. For this reason, three outputs are selected as controlled
outputs: the engine-out NOx sensor measurement, air-fuel equivalence ratio (λ),
and pressure difference between intake and exhaust manifold, respectively. Using
SVD-decoupling, the three-output system is reduced to a decoupled Two-In, Two-
Out (TITO) system. A diagonal PI controller is designed to control this TITO
system. It is shown in a simulation with various disturbances that, despite these
disturbances, the engine with the controller can achieve near-nominal average
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NOx and PM emissions and fuel efficiency. For comparison, the same simulation
is repeated without feedback control. With feedback enabled, the average NOx

and PM emissions and fuel consumption are reduced with 14%, 19% and 0.74%,
respectively. Moreover, the feedback controller reduced the variation as a result of
disturbances of the NOx and PM emissions and pressure difference with a factor
12, 5 and 14, respectively. The controller is also tested experimentally, while step
disturbances in the inputs and engine speed and load are applied. Its effectiveness
at reducing the effects of disturbances is again demonstrated.

To control the air path over the full engine speed-load range, the effects of
nonlinear behavior have to be accounted for. It is shown that despite the encoun-
tered nonlinear behavior, a linear feedback controller of the same structure as used
for local disturbance rejection and with fixed parameters can also be effective for
disturbance rejection in the full operating range; using a linear controller, asymp-
totic stability and a sufficient closed-loop bandwidth are achieved. To improve the
torque response and decrease the PM emissions during tip-in torque transients, a
complementary feed-forward controller is designed. This controller accelerates the
turbine response and increases the fresh air flow during tip-in transients. For the
feed-forward controller, a control design with a fixed structure and two tunable
parameters is used for each actuator. The emission measurement equipment that is
available at the dynamometer test setup is used to evaluate the engine performance
while tuning the controller parameters. It is shown experimentally that a two-
second torque response can be combined with acceptable NOx and PM emissions.
The combination of the feedback and feed-forward controllers constitutes a control
system that satisfies the performance requirements and features the desired low
design effort.

The performance of the engine, using the new feedback and feed-forward
controller, is demonstrated experimentally on a modern six-cylinder, heavy-duty,
EURO VI engine. On the hot World Harmonized Transient Cycle (WHTC), which
is part of the EURO VI approval tests, reduced NOx (-3.9%) and PM (-11.7%)
emissions are obtained, while maintaining the low fuel consumption that is obtained
with the original engine controller.
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Ontwerp van een Luchtpadregeling voor Schone Dieselmotoren
voor verstoringsonderdrukking op NOx, PM en brandstofverbruik

Het onderwerp van dit proefschrift is het ontwerp van een regelsysteem voor
dieselmotoren in vrachtauto’s. De regelaar maakt gebruik van de Variabele Geo-
metrie Turbo (VGT) en uitlaatgasrecirculatieklep (EGR klep). Het doel van het
regelsysteem is om een laag brandstofverbruik te combineren met een lage uitstoot
van NOx en PM (Particulate Matter, ofwel fijnstof) en bovendien deze eigenschap-
pen te behouden als er verstoringen aanwezig zijn. Een tweede doelstelling voor
het nieuwe regelaarontwerp is dat het in korte tijd geïmplementeerd kan worden.

De nieuwe EURO VI emissiewetgeving voor vrachtauto dieselmotoren schrijft
een vermindering van de NOx en PM uitstoot voor van respectievelijk 80% en 50%,
ten opzichte van het EURO V niveau. Daarbij wordt ook voorgeschreven dat deze
lage uitstoot tijdens bedrijf gehaald moet worden, wat impliceert dat de invloeden
van bijvoorbeeld productieverschillen, veroudering en veranderingen in de atmosfe-
rische condities meegenomen moeten worden. Een verbeterde aansturing van de
VGT en EGR klep kan hier een bijdrage aan leveren. Een turbo die is uitgevoerd
met VGT kan de geometrie van de turbine inlaat aanpassen. Hiermee verandert de
stroming door de turbine en ook het door de turbine opgewekte vermogen. Middels
het EGR systeem wordt de aangezogen lucht verdund met gekoelde uitlaatgassen.
Hierdoor loopt de temperatuur tijdens verbranding minder hoog op, waardoor de
NOx uitstoot vermindert. De EGR stroom wordt beperkt door een regelbare EGR
klep, zodat de balans tussen de positieve effecten (verminderde NOx uitstoot) en
de negatieve effecten (verhoogde PM uitstoot, slechtere verbranding, toegenomen
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pompverliezen) van EGR gunstig blijft. De instellingen voor de VGT en EGR klep
beïnvloeden zo de NOx en PM emissies en het brandstofverbruik van dieselmotoren.

Het ontwerpproces van de regelaar, zoals uitgewerkt in dit proefschrift, is in
drie onderdelen op te splitsen: systeem identificatie, verstoringsonderdrukking rond
een vast werkpunt, en regelacties over het volledige werkgebied. Deze onderdelen
zullen nu individueel besproken worden.

Frequentie Response Functies (FRF), gemeten door middel van multisinus
identificatie, worden gebruikt als een nauwkeurige en efficiënte methode om het dy-
namisch gedrag van de motor rond een vast werkpunt te modelleren. De gebruikte
systeemingangen zijn de VGT en EGR klep; de gemodelleerde uitgangen de NOx

uitstoot, lucht-brandstof verhouding, en het drukverschil tussen het inlaat- en uit-
laatspruitstuk. Het model bevat alle dynamica tussen ingang en uitgang, inclusief
sensor- en acuatordynamica. De verkregen modelnauwkeurigheid is uitgebreid gea-
nalyseerd. De effecten van ruis en niet-lineariteiten op het lokale systeemgedrag en
de vervorming van de gemeten FRF als gevolg van deze effecten worden onderschei-
den en individueel gekwantificeerd als functie van de frequentie. Met een meting
van tien minuten kan een nauwkeurig Multi-Input Multi-Output (MIMO) model
van het lokale systeemgedrag worden geïdentificeerd, waarmee wordt bedoeld dat
de effecten van de eerder genoemde verstoringen minstens één orde grootte kleiner
zijn dan het gemodelleerde lineaire gedrag. De identificatie procedure is meermaals
toegepast om zo het lokale systeemgedrag op een raster van werkpunten te modelle-
ren. Grote onderlinge verschillen tussen het lokale systeemgedrag bij verschillende
motortoerentallen of verschillende koppels worden gevonden, waaronder een orde
grootte verschil in de magnitude van de FRF.

Er is een feedback regelaar ontworpen met het doel het brandstofverbruik en
de uitstoot van NOx en PM zo dicht mogelijk bij de nominale waarden te hou-
den. Voor de prestaties van deze feedbackregelaar is de keuze voor de geregelde
uitgangen van groot belang. Uitgangen die een sterk verband houden met de
prestatie-indicatoren: NOx, PM en brandstofverbruik, zijn het meest geschikt.
Om die reden worden drie uitgangen gekozen: de gemeten NOx uitstoot, lucht-
brandstof verhouding en het drukverschil tussen het inlaat- en uitlaatspruitstuk,
respectievelijk. Het systeem met drie uitgangen wordt gereduceerd tot een ontkop-
peld systeem met twee ingangen in twee uitgangen (TITO) met behulp van een
singuliere waarden decompositie. Om dit systeem te regelen wordt een diagonale
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PI regelaar ontworpen. In een simulatie met verschillende verstoringen wordt aan-
getoond dat de emissies en het brandstofverbruik met deze regelstructuur, ondanks
de aangebrachte verstoringen, vrijwel overeenkomen met de nominale waarden.
Een vermindering van de gemiddelde NOx (-14%) en PM (-19%) emissies en het
gemiddelde brandstofverbruik (-0.74%) is behaald, ten opzichte van de versie zon-
der feedback regelaar. Bovendien vermindert de regelaar de spreiding van de NOx

en PM emissies en het drukverschil met, respectievelijk, een factor 12, 5 en 14. De
regelaar is ook experimenteel getest, waarbij stapverstoringen in de ingangen en het
motortoerental en koppel zijn aangebracht. De effectieve verstoringsonderdrukking
is hier opnieuw aangetoond.

Om een regelaar te ontwerpen die effectief is over het volledige werkgebied van
de motor, moet er rekening gehouden worden met het niet-lineaire gedrag. In dit
proefschift wordt aangetoond dat ondanks de aanwezigheid van niet-lineair gedrag,
een lineaire regelaar gebruikt kan worden. De voorgestelde regelaar gebruikt de-
zelfde structuur als voor verstroringsonderdrukking rond een vast werkpunt, en
is ook met constante parameters effectief voor verstoringsonderdrukking in het
volledige werkgebied van de motor. Met deze lineaire regelaar wordt asymptotische
stabiliteit en een voldoende snelle bandbreedte van de regellus verkregen. Om de
koppelrespons te verbeteren en de PM uitstoot te verminderen als een snelle toena-
me van het koppel wordt gevraagd, wordt er een feed forward regelaar toegevoegd.
Deze regelaar verkort de tijd die de turbo nodig heeft om op te toeren en vergroot
de instroom van verse lucht. Deze regelaar gebruikt een lineaire tijdinvariante struc-
tuur met twee instelbare parameters per actuator. Het emissie meetsysteem, dat
beschikbaar is in de dynamometer testopstelling, wordt gebruikt om de prestaties
van de motor te evalueren, terwijl de juiste waarden voor de parameters worden
bepaald. Experimenten laten zien dat binnen twee seconden aan de koppelvraag
kan worden voldaan, terwijl de uitstoot van schadelijke stoffen acceptabel blijft.

De prestaties van de motor met het nieuwe feedback en feed forward regelsys-
teem worden experimenteel gedemonstreerd. Hiervoor wordt een moderne zesci-
linder vrachtauto-motor gebruikt die geschikt is voor de EURO VI emissienorm.
De warme World Harmonized Transient Cycle (WHTC), een onderdeel is van de
EURO VI testprocedure, wordt gebruikt als testcyclus. Door het gebruik van het
nieuwe regelsysteem neemt de uitstoot van NOx af met 3.9% en de uitstoot van
PM met 11.7%. Het lage brandstofverbruik van de motor blijft hierbij behouden.
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