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Abstract

Legislators steadily increase the demands on lowered emissions from heavy duty ve-
hicles. To meet these demands it is necessary to integrate technologies like Exhaust
Gas Recirculation (EGR) and Variable Geometry Turbochargers (VGT) together
with advanced control systems. Control structures are proposed and investigated
for coordinated control of EGR valve and VGT position in heavy duty diesel en-
gines. Main control goals are to fulfill the legislated emission levels, to reduce the
fuel consumption, and to fulfill safe operation of the turbocharger. These goals
are achieved through regulation of normalized oxygen/fuel ratio and intake mani-
fold EGR-fraction. These are chosen as main performance variables since they are
strongly coupled to the emissions.

To design successful control structures, a mean value model of a diesel engine
is developed and validated. The intended applications of the model are system
analysis, simulation, and development of model-based control systems. Dynamic
validations show that the proposed model captures the essential system properties,
i.e. non-minimum phase behaviors and sign reversals.

A first control structure consisting of PID controllers and min/max-selectors
is developed based on a system analysis of the model. A key characteristic be-
hind this structure is that oxygen/fuel ratio is controlled by the EGR-valve and
EGR-fraction by the VGT-position, in order to handle a sign reversal in the system
from VGT to oxygen/fuel ratio. This structure also minimizes the pumping work
by opening the EGR-valve and the VGT as much as possible while achieving the
control objectives for oxygen/fuel ratio and EGR-fraction. For efficient calibration
an automatic controller tuning method is developed. The controller objectives are
captured by a cost function, that is evaluated utilizing a method choosing repre-
sentative transients. Experiments in an engine test cell show that the controller
achieves all the control objectives and that the current production controller has
at least 26% higher pumping losses compared to the proposed controller.

In a second control structure, a non-linear compensator is used in an inner loop
for handling non-linear effects. This compensator is a non-linear state dependent
input transformation. PID controllers and selectors are used in an outer loop
similar to the first control structure. Experimental validations of the second control
structure show that it handles nonlinear effects, and that it reduces EGR-errors
but increases the pumping losses compared to the first control structure.

Substantial experimental evaluations in engine test cells show that both these
structures are good controller candidates. In conclusion, validated modeling, sys-
tem analysis, tuning methodology, experimental evaluation of transient response,
and complete ETC-cycles give a firm foundation for deployment of these controllers
in the important area of coordinated EGR and VGT control.






Sammanfattning

Lagkrav pa emissioner for tunga fordon blir allt hardare samtidigt som man vill
ha lag brénsleférbrukning. For att kunna mota dessa krav infors nya teknologi-
er sasom atercirkulering av avgaser (EGR) och variabel geometri-turbin (VGT) i
dieselmotorer. I EGR-systemet finns ett spjéll som gor att man kan paverka EGR-
flédet och i VGT:n finns ett stélldon som gor att man kan paverka turbinflodet.
De priméra mekanismerna som anvands for att minska emissioner ar att kvéiveoxi-
der kan minskas genom att 6ka andelen EGR-gaser i insugsroret, och att partiklar
kan minskas genom att oka syre/brinsle-forhallandet i cylindrarna. Dérfor véljes
EGR-andel och syre/brénsle-férhallande som prestandavariabler. Dessa prestanda-
variabler beror pa ett komplicerat sitt av positionerna i EGR-spjéllet och i VGT:n,
och det ar darfor nodvéandigt att ha samtidig reglering av EGR och VGT for att
uppna lagkraven pa emissioner.

For att designa framgangsrika reglerstrukturer, utvecklas och valideras en ma-
tematisk modell av en dieselmotor. Modellen anvinds for systemanalys, simulering
och utveckling av modellbaserade reglersystem. Dynamiska valideringar visar att
den foreslagna modellen fangar de vésentliga systemegenskaperna, vilka dr icke-
minfasbeteenden och teckenvixlingar.

En forsta reglerstruktur som bestar av PID-regulatorer och min/max-viljare
ar utvecklad baserat pa en systemanalys av modellen. Huvudlooparna i strukturen
viljes sa att syre/brinsle-forhallandet regleras av EGR-spjillet och EGR-andelen
regleras av VGT-positionen for att hantera en teckenvéxling i systemet fran VGT
till syre/brénsle-forhallande. Denna struktur minimerar ocksa brénsleférbrukningen
genom att minimera pumpforluster, dar pumpforluster orsakas av att trycket pa
avgassidan ar storre dn trycket pa insugssidan i en stor del av arbetsomradet. Prin-
cipen i denna minimering &r att 6ppna EGR-spjillet och VGT:n sa mycket som
mojligt under tiden som reglermalen for syre/brinsle-forhallande och EGR-andel
ar uppfyllda. For att fa en effektiv kalibrering av reglerstrukturen utvecklas en au-
tomatisk instéllningsmetod av regulatorparametrarna. Reglermalen fangas av en
kostnadsfunktion, som utvérderas genom att anvinda en metod for att vélja ut
representativa transienter. Experiment i en motortestcell visar att regulatorn kla-
rar av alla reglermal och att den nuvarande regulatorn som finns i produktion har
minst 26% hogre pumpforluster jamfort med den foreslagna regulatorn.

I en andra reglerstruktur anvinds en olinjir kompensator i en inre loop for
att hantera olinjdra effekter. Denna kompensator &ar en olinjér tillstandsberoende
transformation av insignaler. PID-regulatorer och véljare anvénds i en yttre loop
pa liknande sétt som for den forsta reglerstrukturen. Experiment med den andra
reglerstrukturen visar att den hanterar olinjira effekter, och att den minskar EGR-
fel men 6kar pumpforlusterna jamfort med den forsta reglerstrukturen.

Omfattande experimentella utvirderingar i motortestceller visar att bada des-
sa regulatorstrukturer #r goda kandidater. Sammanfattningsvis ger modellering,
systemanalys, instdllningsmetodik, experimentella utvirderingar av transientsvar
och fullsténdiga europeiska transientcykler en stabil grund for anvéindning av dessa
regulatorer vid samtidig reglering av EGR och VGT.
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Introduction






1

Introduction

Legislated emission limits for heavy duty trucks are constantly reduced while at
the same time there is a significant drive for good fuel economy. To fulfill the re-
quirements, technologies like Exhaust Gas Recirculation (EGR) systems and Vari-
able Geometry Turbochargers (VGT) have been introduced in diesel engines, see
Fig. 1.1. The primary emission reduction mechanisms utilized are that NOy can be
reduced by increasing the intake manifold EGR-fraction and smoke can be reduced
by increasing the air/fuel ratio [5]. However the EGR fraction and air/fuel ratio
depend in complicated ways on the EGR and VGT actuation and it is therefore
necessary to have coordinated control of the EGR and VGT to reach the legislated
emission limits. Various approaches have been published, and an overview of differ-
ent control aspects of diesel engines with EGR and VGT is given in [4]. A non-linear
multi-variable controller based on a Lyapunov function is presented in [6], some ap-
proaches that differ in the selection of performance variables are compared in [12],
and in [15] decoupling control is investigated. Other control approaches are rank
one PI control [16], PI control [12], model predictive control [14], multivariable Hy
control [11, 8], non-linear control [1], control using exhaust gas oxygen sensor [2],
motion planning with model inversion [3], and feedback linearization [13].

Three structures for coordinated EGR and VGT control are here developed and
investigated in an academic and industrial collaboration. The structures provide a
convenient way for handling emission requirements, and the first two structures in-
troduce a novel and straightforward approach for optimizing the engine efficiency
by minimizing pumping work. Further, a non-linear compensator with PI con-
trollers is investigated in the second structure and a non-linear control design is
investigated in the third structure for handling non-linear effects. Added to that,
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EGR actuator

VGT actuator

\ VGT actuator
EGR actuato"- V é : Uygt

Figure 1.1 Top: Illustration of the Scania six cylinder engine with EGR
and VGT used in this thesis. Bottom: Illustration of the EGR-system and

the performance variables oxygen/fuel ratio Ao and EGR-fraction X.qr used
in this thesis.
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the thesis covers requirements regarding additional control objectives, interfaces
between inner and outer loops, and calibration that have been important for in-
dustrial validation and application.

The selection of performance variables is an important first step [19], and for
emission control it should be noted that exhaust gases, present in the intake from
EGR, also contain oxygen. This makes it more suitable to define and use the
oxygen/fuel ratio instead of the traditional air/fuel ratio. The main motive is
that it is the oxygen content that is crucial for smoke generation, and the idea is
to use the oxygen content of the cylinder instead of air mass flow, see e.g. [10].
Thus, intake manifold EGR-fraction xeg, and oxygen/fuel ratio Ag in the cylinder
(see Fig. 1.1) are a natural selection for performance variables as they are directly
related to the emissions. These performance variables are equivalent to cylinder
air/fuel ratio and burned gas ratio which are a frequent choice for performance
variables [6, 12, 13, 16].

The main goal of this thesis is to design control structures that regulate the
performance variables Xx¢4r and Ao by using the EGR and VGT actuators.

The publications related to this thesis will be described in Sec. 1.1. Sec. 1.2 will
give an overview and describe the contributions of the six publications presented
in this thesis.

1.1 List of Publications

This thesis is based on the following publications

e Publication 1 is also available as the technical report "Modeling of a Diesel
Engine with VGT and EGR capturing sign reversal and non-minimum phase
behaviors” by Johan Wahlstrom and Lars Eriksson. An earlier version of this
material was presented in the technical report ”Modeling of a diesel engine
with VGT and EGR including oxygen mass fraction” by Johan Wahlstrém
and Lars Eriksson, and in the Licentiate thesis ”Control of EGR and VGT
for emission control and pumping work minimization in diesel engines” by
Johan Wahlstrom.

e Publication 2 is also available as the technical report ”System analysis of
a Diesel Engine with VGT and EGR” by Johan Wahlstrom, Lars Eriksson,
and Lars Nielsen. An earlier version of this material was presented in the
Licentiate thesis ” Control of EGR and VGT for emission control and pumping
work minimization in diesel engines” by Johan Wahlstrom”.

e Publication 3 has been submitted for publication. Parts of this material
were presented in the Licentiate thesis ”Control of EGR and VGT for emis-
sion control and pumping work minimization in diesel engines” by Johan
Wahlstrém”. Related to this publication is the conference paper ”"PID con-
trollers and their tuning for EGR and VGT control in diesel engines” by
Johan Wahlstrom, Lars Eriksson, Lars Nielsen, and Magnus Pettersson, 16th
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IFAC World Congress, 2005, that proposes a control structure that is similar
to the control structure in Publication 3.

e Publication 4 has been published as the conference paper ”Controller tun-
ing based on transient selection and optimization for a diesel engine with
EGR and VGT” by Johan Wahlstrém, Lars Eriksson, and Lars Nielsen, SAE
Technical paper 2008-01-0985, Detroit, USA, 2008. Parts of this material
were presented in the Licentiate thesis ”Control of EGR and VGT for emis-
sion control and pumping work minimization in diesel engines” by Johan
Wahlstrom”.

e Publication 5 is also available as the technical report ”Non-linear compen-
sator for handling non-linear Effects in EGR VGT Diesel Engines” by Johan
Wahlstrém and Lars Eriksson. Related to this publication is the conference
paper ”Performance gains with EGR-flow inversion for handling non-linear
dynamic effects in EGR VGT CI engines” by Johan Wahlstrém and Lars
Eriksson, Fifth IFAC Symposium on Advances in Automotive Control, 2007.

e An earlier version of Publication 6 has been published as the conference paper
"Robust Nonlinear EGR and VGT Control with Integral Action for Diesel
Engines” by Johan Wahlstrém and Lars Eriksson, 17th IFAC World Congress,
2008.

1.2 Overview and Contributions of the Publica-
tions

An overview of the six publications in this thesis is presented below and for each
publication its contributions.

1.2.1 Publication 1 - Modeling

When developing and validating a controller for a diesel engine with VGT and EGR,
it is desirable to have a model that describes the system dynamics and the nonlinear
effects. Therefore, the objective of Publication 1 is to construct a mean value diesel
engine model with VGT and EGR. For these systems, several models with different
selections of states and complexity have been published [1, 6, 7, 9, 16, 18].

Here the model should be able to describe stationary operations and dynamics
that are important for gas flow control. The intended applications of the model are
system analysis, simulation, and development of model-based control systems. The
goal is to construct a model that describes the dynamics in the manifold pressures,
turbocharger, EGR, and actuators with few states in order to have short simulation
times. Therefore the model has only eight states: intake and exhaust manifold
pressures, oxygen mass fraction in the intake and exhaust manifold, turbocharger
speed, and three states describing the actuator dynamics. The structure of the
model can be seen in Fig. 1.2. The model is more complex than e.g. the third
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uvegr
EGR cooler
EGR valve
Wegr u
® ®
. Uygt
Pim Wei . Weo Pem / Wi
XOim . XOem
Intake ® Exhaust Turbine
manifold . manifold
W
Cylinders
AN We
Intercooler Compressor

Figure 1.2 A model structure of the diesel engine. It has three control
inputs and five main states related to the engine (Pim, Pem, XOim, XOem,
and wy). In addition, there are three states for actuator dynamics (egr1,
1:Legrla and 1~J—vgt)-

order model in [6] that only describes the pressure and turbocharger dynamics,
but it is considerably less complex than a GT-POWER model that is based on
one-dimensional gas dynamics [17].

Many models in the literature, that have approximately the same complexity
as the model proposed here, use three states for each control volume in order to
describe the temperature dynamics [6, 9, 16]. However, the model proposed here
uses only two states for each manifold. Model extensions are investigated showing
that inclusion of temperature states and pressure drop over the intercooler only
have minor effects on the dynamic behavior in pressure, oxygen mass fraction,
and turbocharger speed and does not improve the model quality. Therefore, these
extensions are not included in the proposed model.

Model equations and tuning methods are described for each subsystem in the
model. In order to have a low number of model parameters, flows and efficiencies
are modeled using physical relationships and parametric models instead of look-
up tables. To tune and validate the model, stationary and dynamic measurements
have been performed in an engine laboratory at Scania CV AB. Static and dynamic
validations of the entire model using dynamic experimental data show that the
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[
o

B B
o [
]

L

VGT-pos. [%]

w
[$2]
T

0 5 10 15 20
Time [s]

Figure 1.3 Non-minimumphase behavior and sign reversal in the channel
VGT-position to Ao. The DC-gain in the first step is negative and the
DC-gain in the second step is positive.

mean relative errors are 12.7 % or lower for all measured variables. The validations
also show that the proposed model captures the essential system properties, i.e.
a non-minimum phase behavior in the channel ucgr to pim and a non-minimum
phase behavior, an overshoot, and a sign reversal in the channel u, 4+ to W¢.

1.2.2 Publication 2 - System analysis

An analysis of the characteristics and the behavior of a system aims at obtaining
insight into the control problem. This is known to be important for a successful
design of an EGR and VGT controller due to non-trivial intrinsic properties, see for
example [9]. Therefore, the goal is to make a system analysis of the diesel engine
model proposed in Publication 1.

Step responses over the entire operating region show that the channels u,g¢ —
A0, Uegr — Ao, and Uygt — Xegr have non-minimum phase behaviors and sign re-
versals. See for example Fig. 1.3 that shows these system properties for u,g¢ — Ao.
The fundamental physical explanation of these system properties is that the system
consists of two dynamic effects that interact: a fast pressure dynamics in the man-
ifolds and a slower turbocharger dynamics. It is shown that the engine frequently
operates in operating points where the non-minimum phase behaviors and sign re-
versals occur for the channels u, 4t — Ao and U, gy — Xegr, and consequently, it is
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Figure 1.4 A control structure with PID controllers, min/max selectors,
and pumping minimization. It handles the sign reversal in Fig. 1.3 by avoid-
ing the loop VGT-position to Ao .

important to consider these properties in a control design. Further, an analysis of
zeros for linearized multiple input multiple output models of the engine shows that
they are non-minimum phase over the complete operating region. A mapping of
the performance variables Ao and Xxeqr and the relative gain array show that the
system from Uegr and u,g¢ to Ao and Xegr is strongly coupled in a large operat-
ing region. It is also illustrated that the pumping losses pem — Pim decrease with
increasing EGR-valve and VGT opening for almost the complete operating region.

1.2.3 Publication 3 - EGR-VGT Control for Pumping Work
Minimization

A control structure with PID controllers and selectors (see Fig. 1.4) is proposed
and investigated for coordinated control of oxygen/fuel ratio Ao and intake man-
ifold EGR-fraction Xeqr. These were chosen both as performance and feedback
variables since they give information about when it is possible to minimize the
pumping work. This pumping work minimization is a novel and simple strategy
and compared to another control structure which closes the EGR-valve and the
VGT more, the pumping work is substantially reduced. Further, the chosen vari-
ables are strongly coupled to the emissions which makes it easy to adjust set-points,
e.g. depending on measured emissions during an emission calibration process. This
is more straightforward than control of manifold pressure and air mass flow which
is a common choice of feedback variables in the literature [8, 11, 12, 15, 16]. Other
choices of feedback variables in the literature are intake manifold pressure and
EGR-fraction [12], exhaust manifold pressure and compressor air mass flow [6],
intake manifold pressure and EGR flow [14], intake manifold pressure and cylinder
air mass-flow [1], or compressor air mass flow and EGR flow [3].

Based on the system analysis in Publication 2, Ap is controlled by the EGR-
valve and Xeqr by the VGT-position, mainly to handle the sign reversal from VGT
to Ao in Fig. 1.3.

Besides controlling the two main performance variables, Ao and Xegr, the con-
trol structure also successfully handles torque control, including torque limitation
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due to smoke control, and supervisory control of turbo charger speed for avoiding
over-speeding. Further, the control objectives are mapped to the controller struc-
ture via a systematic analysis of the control problem, and this conceptual coupling
to objectives gives the foundation for systematic tuning. This is utilized to develop
an automatic controller tuning method. The objectives to minimize pumping work
and ensure the minimum limit of Ap are handled by the structure, while the other
control objectives are captured in a cost function, and the tuning is formulated as
a non-linear least squares problem. The details of the tuning method are described
in Publication 4.

Different performance trade-offs are necessary and they are illustrated on the
FEuropean Transient Cycle. The proposed controller is validated in an engine test
cell, where it is experimentally demonstrated that the controller achieves all con-
trol objectives and that the current production controller has at least 26% higher
pumping losses compared to the proposed controller.

1.2.4 Publication 4 - Controller Tuning

Efficient calibration is important and as mentioned above a control tuning method
has been developed. The proposed tuning method is based on control objectives
that are captured in a cost function, and the tuning is formulated as a non-linear
least squares problem. The method is illustrated by applying it on the control
structure in Publication 3 and it is also used for the control structures in Publi-
cation 5 and 6. To aid the tuning, a systematic method is developed for selecting
significant transients that exhibit different challenges for the controller, and an im-
portant step in obtaining the solution is precautions in a separate phase to avoid
ending up in an unsatisfactory local minimum.

The performance is evaluated on the European Transient Cycle. It is demon-
strated how the weights in the cost function influence behavior, and that the tuning
method is important in order to improve the control performance compared to if
only the initialization method is used. Furthermore, it is shown that the control
structure in Publication 3 with parameters based on the proposed tuning method
achieves all the control objectives, and it is successfully applied in an engine test
cell.

The most important sections in Publication 4 is the automatic tuning method
in Sec. 5 and the simulation results in Sec. 6. The control approach in Sec. 2, the
control structure in Sec. 4, and the experimental validations in Sec. 7 are more
completely described in Publication 3. The simulations in Publication 3 and 4
are performed with an earlier version of the model in Publication 1 that only has
two states for the actuator dynamics. However, simulations with the model in
Publication 1 that has three states for the actuator dynamics have been performed
showing the same results as the results in Publication 3 and 4.
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Figure 1.5 The control structure in Fig. 1.4 is extended with a non-linear
compensator.

1.2.5 Publication 5 - Non-linear compensator

Inspired by an approach in [6], the control structure in Fig. 1.4 is extended with a
non-linear compensator according to Fig. 1.5. The goal is to investigate if this non-
linear compensator improves the control performance compared to the controller
in Fig. 1.4. The non-linear compensator is a non-linear state dependent input
transformation that is developed by inverting the models, for EGR-flow and turbine
flow, that have actuator position as input and flow as output. This leads to two
new control inputs, uw,,, and uw,, which are equal to the EGR-flow Weg4, and
the turbine flow W, if there are no model errors in the non-linear compensator.

A system analysis of the open-loop system with a non-linear compensator shows
that it handles sign reversals and non-linear effects. Further, the analysis shows
that this open-loop system is unstable in a large operating region. This instability is
stabilized by a control structure that consists of PID controllers, min/max-selectors,
and a pumping minimization mechanism similar to the structure in Fig. 1.4. The
EGR flow W4, and the exhaust manifold pressure pem are chosen as feedback vari-
ables in this structure. Further, the set-points for EGR~fraction and oxygen/fuel
ratio are transformed to set-points for the feedback variables. In order to handle
model errors in this set-point transformation, an integral action on Ag is used in
an outer loop. Experimental validations of the control structure in Fig. 1.5 show
that it handles nonlinear effects (see Fig. 1.6), and that it reduces EGR-errors but
increases the pumping losses compared to the control structure in Fig. 1.4.

1.2.6 Publication 6 - Non-linear control

A non-linear controller based on a design in [6] that utilizes a control Lyapunov
function and inverse optimal control is investigated. The feedback variables are
compressor flow W, and exhaust manifold pressure pem, see Fig. 1.7. The PID
controllers in Fig. 1.5 are thus replaced by a non-linear multivariable controller
according to Fig. 1.7, and the goal is to investigate if this non-linear controller im-
proves the control performance compared to the controller in Fig. 1.5. Simulations
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Figure 1.6 The control structure without non-linear compensator (Fig. 1.4)
gives slow control and oscillations at different steps, i.e. it does not han-
dle non-linear effects. The control structure with non-linear compensator
(Fig. 1.5) gives less oscillations and fast control, i.e. it handles nonlinear
effects.
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Figure 1.7 The PID controllers in Fig. 1.5 are replaced by a non-linear
multivariable controller that is based on a Lyapunov function and inverse
optimal control. Simulations show that this design is not robust to model
errors in the non-linear compensator while the control structure in Fig. 1.5
is. If there are no model errors in the non-linear compensator Fig. 1.5 and 1.7
have approximately the same control performance.

show that integral action is necessary to handle model errors, so the design in [6] is
extended with integral action on the compressor flow W, as depicted in Fig. 1.7 so
that the controller can track the performance variables specified in the outer loop.
Comparisons by simulation show that the proposed control design handles non-
linear effects in the diesel engine, and that the non-linear compensator is important
to achieve this. If there are no model errors in the non-linear compensator, the
controllers in Fig. 1.5 and 1.7 have approximately the same control performance.
However, it is shown that the proposed control design in Fig. 1.7 is not robust to
model errors in the non-linear compensator while the control structure in Fig. 1.5 is,
and due to these results, the control structure in Publication 6 is not experimentally
validated. Instead, the control structure in Publication 5 is recommended.
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Abstract

A mean value model of a diesel engine with VGT and EGR is developed
and validated. The intended model applications are system analysis, sim-
ulation, and development of model-based control systems. The goal is
to construct a model that describes the dynamics in the manifold pres-
sures, turbocharger, EGR, and actuators with few states in order to have
short simulation times. Therefore the model has only eight states: intake
and exhaust manifold pressures, oxygen mass fraction in the intake and
exhaust manifold, turbocharger speed, and three states describing the ac-
tuator dynamics. The model is more complex than e.g. the third order
model in [12] that only describes the pressure and turbocharger dynam-
ics, but it is considerably less complex than a GT-POWER model or a
Ricardo WAVE model. Many models in the literature, that approximately
have the same complexity as the model proposed here, use three states
for each control volume in order to describe the temperature dynamics.
However, the model proposed here uses only two states for each manifold.
Model extensions are investigated showing that inclusion of temperature
states and pressure drop over the intercooler only have minor effects on
the dynamic behavior and does not improve the model quality. Therefore,
these extensions are not included in the proposed model. Model equations
and tuning methods are described for each subsystem in the model. In
order to have a low number of tuning parameters, flows and efficiencies
are modeled using physical relationships and parametric models instead of
look-up tables. To tune and validate the model, stationary and dynamic
measurements have been performed in an engine laboratory at Scania CV
AB. Static and dynamic validations of the entire model using dynamic ex-
perimental data show that the mean relative errors are 12.7 % or lower
for all measured variables. The validations also show that the proposed
model captures the essential system properties, i.e. a non-minimum phase
behavior in the channel Uegr to pim and a non-minimum phase behavior,
an overshoot, and a sign reversal in the channel u,g4¢ to We.
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1 Introduction

Legislated emission limits for heavy duty trucks are constantly reduced. To ful-
fill the requirements, technologies like Exhaust Gas Recirculation (EGR) systems
and Variable Geometry Turbochargers (VGT) have been introduced. The primary
emission reduction mechanisms utilized to control the emissions are that NO, can
be reduced by increasing the intake manifold EGR-fraction Xe4r and smoke can be
reduced by increasing the oxygen/fuel ratio Ag [11]. However Xeqr and Ao depend
in complicated ways on the actuation of the EGR and VGT. It is therefore nec-
essary to have coordinated control of the EGR and VGT to reach the legislated
emission limits in NOy and smoke. When developing and validating a controller
for this system, it is desirable to have a model that describes the system dynamics
and the nonlinear effects that are important for gas flow control. For example
n [14], [13], and [19] it is shown that this system has non-minimum phase behav-
iors, overshoots, and sign reversals. Therefore, the objective of this report is to
construct a mean value diesel engine model, from actuator input to system out-
put, that captures these properties. The intended usage of the model are system
analysis, simulation and development of model-based control systems. The model
shall describe the dynamics in the manifold pressures, turbocharger, EGR, and
actuators with few states in order to have short simulation times.

Several models with different selections of states and complexity have been pub-
lished for diesel engines with EGR and VGT. A third order model that describes
the intake and exhaust manifold pressure and turbocharger dynamics is developed
in [12]. The model in [13] has 6 states describing intake and exhaust manifold
pressure and temperature dynamics, and turbocharger and compressor mass flow
dynamics. A 7:th order model that describes intake and exhaust manifold pres-
sure, temperature, and air-mass fraction dynamics, and turbocharger dynamics
is proposed in [1]. These dynamics are also described by the 7:th order models
in [12, 14, 19] where burned gas fraction is used instead of air-mass fraction in the
manifolds. Another model that describes these dynamics is the 9:th order model
in [18] that also has two states for the actuator dynamics. The models described
above are lumped parameter models. Other model families, that have consider-
ably more states are those based on one-dimensional gas dynamics, for example
GT-POWER and Ricardo WAVE models.

The model proposed here has eight states: intake and exhaust manifold pres-
sures, oxygen mass fraction in the intake and exhaust manifold, turbocharger speed,
and three states describing the actuator dynamics. In order to have a low number of
tuning parameters, flows and efficiencies are modeled based upon physical relation-
ships and parametric models instead of look-up tables. The model is implemented
in MATLAB/SIMULINK using a component library.

1.1 Outline and model extensions

The structure of the model as well as the tuning and the validation data are de-
scribed in Sec. 1.2 to 1.6. Model equations and model tuning are described for each
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sub-model in Sec. 2 to 6. A summary of the model assumptions and the model
equations is given in Sec. 7 while Sec. 8 summarizes the tuning and a model vali-
dation. The goal is also to investigate if the proposed model can be improved with
model extensions in Sec. 9. These model extensions are inclusions of temperature
states and a pressure drop over the intercooler and they are investigated due to
that they are used in many models in the literature [2, 8, 12, 14, 18].

1.2 Selection of number of states

The model has eight states: intake and exhaust manifold pressures (pim and pem),
oxygen mass fraction in the intake and exhaust manifold (Xoim and Xgem), tur-
bocharger speed (w¢), and three states describing the actuator dynamics for the
two control signals (tlegr1, Uegr2, and U, g¢). These states are collected in a state
vector x

. - - T
X:(pim Pem Xoim Xoem Wt Uegr1l Uegr2 uvgt) (1)

Descriptions of the nomenclature, the variables and the indices can be found in
Appendix A and the structure of the model can be seen in Fig. 1.

The states pim, Pem, and wy describe the main dynamics and the most im-
portant system properties, such as non-minimum phase behaviors, overshoots, and
sign reversals. In order to model the dynamics in the oxygen/fuel ratio Ag, the
states Xoim and Xpem are used. Finally, the states liegr1, Uegr2, and ty,g¢ de-
scribe the actuator dynamics where the EGR-valve actuator model has two states
(Uegr1 and Tegr2) in order to describe an overshoot in the actuator.

Many models in the literature, that approximately have the same complexity
as the model proposed here, use three states for each control volume in order to
describe the temperature dynamics [12, 14, 18]. However, the model proposed here
uses only two states for each manifold: pressure and oxygen mass fraction. Model
extensions are investigated in Sec. 9.1 showing that inclusion of temperature states
has only minor effects on the dynamic behavior. Furthermore, the pressure drop
over the intercooler is not modeled since this pressure drop has only small effects
on the dynamic behavior. However, this pressure drop has large effects on the
stationary values, but these effects do not improve the complete engine model, see
Sec. 9.2.

1.3 Model structure

It is important that the model can be utilized both for different vehicles and for
engine testing and calibration. In these situations the engine operation is defined
by the rotational speed n., for example given as an input from a drivecycle, and
therefore it is natural to parameterize the model using engine speed. The resulting
model is thus expressed in state space form as

* = f(x,u,ne) (2)



1 Introduction 23

uegr
EGR cooler
‘ ‘ EGR valve
Wegr AL
° o
. uvgt %
Pim Wei . Weo Pem Wt
XOim . XOem
Intake ‘ Exhaust Turbine
manifold ‘ manifold
Wt
Cylinders

AN i

Intercooler Compressor

Figure 1 A model structure of the diesel engine. It has three control inputs
and five main states related to the engine (Pim, Pem, XOim, XOem, and wy).
In addition, there are three states for actuator dynamics (legr1, Uegr2, and

Uygt ).

where the engine speed n. is considered to be an input to the model, and u is the
control input vector
u= (ué Uegr uvgt)T (3)

which contains mass of injected fuel us, EGR-valve position uegr, and VGT ac-
tuator position u,g¢. The EGR-valve is closed when ueqr = 0% and open when
Uegr = 100 %. The VGT is closed when u,g¢ = 0% and open when u,g¢ = 100 %.

1.4 Measurements

To tune and validate the model, stationary and dynamic measurements have been
performed in an engine laboratory at Scania CV AB, and these are described below.



24 Publication 1. Modeling of a Diesel Engine with VGT and EGR ...

Table 1 Measured variables during stationary measurements.

Variable Description Unit
M. Engine torque Nm
e Rotational engine speed TPM
n¢ Rotational turbine speed TPM
Pamb Ambient pressure Pa
Pec Pressure after compressor Pa
Pem Exhaust manifold pressure Pa
Pim Intake manifold pressure Pa
Tamb Ambient temperature K

Te Temperature after compressor K
Tem Exhaust manifold temperature K

T; Intake manifold temperature K

Ty Temperature after turbine K
Uegr EGR control signal. 0 - closed, 100 - open %
Uygt VGT control signal. 0 - closed, 100 - open %
Us Injected amount of fuel mg/cycle
W, Compressor mass flow kg/s
Xegr EGR fraction —

Stationary measurements

The stationary data consists of measurements at stationary conditions in 82 op-
erating points, that are scattered over a large operating region covering different
loads, speeds, VGT- and EGR-positions. These 82 operating points also include
the European Stationary Cycle (ESC) at 13 operating points. The variables that
were measured during stationary measurements can be seen in Tab. 1. The EGR
fraction is calculated by measuring the carbon dioxide concentration in the intake
and exhaust manifolds.

All the stationary measurements are used for tuning of parameters in static
models. The static models are then validated using dynamic measurements.

Dynamic measurements

The dynamic data consists of measurements at dynamic conditions with steps in
VGT control signal, EGR control signal, and fuel injection in several different
operating points according to Tab. 2. The steps in VGT-position and EGR-valve
are performed in 9 different operating points (data sets A-H, J) and the steps in
fuel injection are performed in one operating point (data set I). The data set J is
used for tuning of dynamic actuator models and the data sets E and I are used for
tuning of dynamic models in the manifolds, in the turbocharger, and in the engine
torque. Further, the data sets A-D and F-I are used for validation of essential
system properties and time constants and the data sets A-I are used for validation
of static models. The dynamic measurements are limited in sample rate with a
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Table 2 Dynamic tuning and validation data that consist of steps in VGT-
position, EGR-valve, and fuel injection. The data sets E, I, and J are used for
tuning of dynamic models, the data sets A-D and F-I are used for validation
of essential system properties and time constants, and the data sets A-I are
used for validation of static models.

VGT-EGR steps Us VGT-
steps | EGR
steps
Data set A B C D E|F G H|I J
Speed [rpm] 1200 1500 1900 1500 | -
Load [%)] 25 40 50 75 50 | 25 75 100 | - -
Number of | 77 35 2 77 77| 77T 55 117 48
steps
Sample fre- 1 100 100 1 1 1 1 100 | 10 100
quency [Hz]

sample frequency of 1 Hz for the data sets A, D-G, 10 Hz for the data set I, and
100 Hz for the data sets B, C, H, and J. This leads to that the data sets A, D-G,
and I do not capture the fastest dynamics in the system, while the data sets B, C,
H, and J do. Further, the data sets B, C, H, and J were measured 3.5 years after
the data sets A, D, E, F, G, I and the stationary data. The variables that were
measured during dynamic measurements can be seen in Tab. 3.

Sensor time constants and system dynamics

To justify that the model captures the system dynamics and not the sensor dy-
namics, the dynamics of the sensors are analyzed and compared with the dynamics
seen in the measurements. The time constants of the sensors for the measured
outputs during dynamic measurements are shown in Tab. 3. These time constants
are based on sensor data sheets, except for the time constant for the engine torque
sensor that is calculated from dynamic measurements according to Sec. 8.1. The
time constants of the sensors for nt, Pem, Pim, and W, are significantly faster than
the dynamics seen in the measurements in Fig. 20-22 and these sensor dynamics
are therefore neglected. The time constants for the EGR and VGT position sen-
sors are significantly faster than the actuator dynamics and these sensor dynamics
are therefore neglected. The time constant for the engine torque sensor is large
and it is therefore considered in the validation. However, this time constant is not
considered in the proposed model due to that the model will be used for gas flow
control and not for engine torque feedback control. Finally, the sensor dynamics
for the engine speed does not effect the dynamic validation results since the engine
speed is an input to the model and it is also constant in all measurements used
here.
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Table 3 Measured variables during dynamic measurements and sensor time

constants.

Variable Description Unit Maximum time con-
stant for the sensor dy-
namics [ms]

ny Rotational turbine speed TPmM 6

Pem Exhaust manifold pressure Pa 20

Pim Intake manifold pressure Pa 15

W, Compressor mass flow kg/s 20

Uegr EGR position % < 50

0 - closed, 100 - open
Uygt VGT position % < 25
0 - closed, 100 - open
M. Engine torque Nm 1000
MNe Rotational engine speed TPmM 26
Uegr EGR control signal % -
0 - closed, 100 - open

Uygt VGT control signal % -
0 - closed, 100 - open

Us Injected amount of fuel mg/cycle -

1.5 Parameter estimation and validation

Parameters in static models are estimated automatically using least squares opti-
mization and data from stationary measurements. The parameters in the dynamic
models are estimated in two steps. Firstly, the actuator parameters are estimated
by adjusting these parameters manually until simulations of the actuator models
follow the dynamic responses in data set J. Secondly, the manifold volumes, the
turbocharger inertia, and the time constant for the engine torque are estimated
by adjusting these parameters manually until simulations of the complete model
follow the dynamic responses in the data sets E and 1.

Systematic tuning methods for each parameter are described in detail in Sec. 2
to 5. Since these methods are systematic and general, it is straightforward to re-
create the values of the model parameters and to apply the tuning methods on
different diesel engines with EGR and VGT.

Due to that the stationary measurements are few, both the static and the
dynamic models are validated by simulating the complete model and comparing it
with dynamic measurements. The model is validated in stationary points using the
data sets A-I and dynamic properties are validated using the data sets A-D and
F-1.
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1.6 Relative error

Relative errors are calculated and used to evaluate the tuning and the validation
of the model. Relative errors for stationary measurements between a measured
variable Ymeas,stat and a modeled variable Ymod,stat are calculated as

) = ymeas,stat(i) _ymod‘stat(i) (4)

stationary relative error(i
1 N .
~N 21:1 ymeas,stat(l)

where 1 is an operating point. Relative errors for dynamic measurements between
a measured variable Ymeas,dyn and a modeled variable Ymod,ayn are calculated

as

dynamic relative error(j) = Ymeas,dyn(§) = Ymod,ayn(j) (5)

1 N -
~ 21:1 Umeas,stat(l)
where j is a time sample. In order to make a fair comparison between these rel-
ative errors, both the stationary and the dynamic relative error have the same
stationary measurement in the denominator and the mean value of this stationary
measurement is calculated in order to avoid large relative errors when Ymeas,stat
is small.

2 Manifolds

The intake and exhaust manifolds are modeled as dynamic systems with two states
each, and these are pressure and oxygen mass fraction. The standard isothermal
model [11], that is based upon mass conservation, the ideal gas law, and that the
manifold temperature is constant or varies slowly, gives the differential equations
for the manifold pressures

d Ra T

-7 Pim = N (We + Wegr — Wei)

dt Vim (6)
d Re Tem

apem - Vem (Weo - Wt - Wegr)
There are two sets of thermodynamic properties: air has the ideal gas constant Rq
and the specific heat capacity ratio vy, and exhaust gas has the ideal gas constant
Re and the specific heat capacity ratio y.. The intake manifold temperature Tiy,
is assumed to be constant and equal to the cooling temperature in the intercooler,
the exhaust manifold temperature Te,, will be described in Sec. 3.2, and Vi, and
Vem are the manifold volumes. The mass flows W, Wegr, Wei, Weo, and Wy will
be described in Sec. 3 to 5.

The EGR fraction in the intake manifold is calculated as

Wegr

— e9r 7
T Wt Wegr “

Note that the EGR gas also contains oxygen that affects the oxygen fuel ratio in
the cylinder. This effect is considered by modeling the oxygen concentrations Xoim
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and Xpem in the control volumes. These concentrations are defined in the same
way as in [19]
MOoim

Xoim = ———, Xoem =

MOem (8)
Miotim Miotem

where Moim and Moem are the oxygen masses, and Myiotim and Miotem are the
total masses in the intake and exhaust manifolds. Differentiating Xoim and Xoem
and using mass conservation [19] give the following differential equations

d Ro T

7, NOim = — ((XOem - XOim) Weg'r + (XOC - XOim) Wc)

dt Pim Vim

d Re Tem 9)
— X = —— (Xpe — X A%

dt Oem pemvem( Oe Oem) €o

where X, is the constant oxygen concentration passing the compressor, i.e. air
with Xoe = 23.14%, and Xg. is the oxygen concentration in the exhaust gases
coming from the engine cylinders, Xpo. will be described in Sec. 3.1.

Another way to consider the oxygen in the EGR gas, is to model the burned
gas ratios in the control volumes which are a frequent choice for states in many
papers [12, 14, 18]. The oxygen concentration and the burned gas ratio have exactly
the same effect on the oxygen fuel ratio and therefore these states are equivalent.

Tuning parameters

e Vi, and Ven: manifold volumes.

Tuning method

The tuning parameters Vi, and Ve, are determined by adjusting these parameters
manually until simulations of the complete model follow the dynamic responses in
the dynamic data set E in Tab. 2.

3 Cylinder

Three sub-models describe the behavior of the cylinder, these are:
e A mass flow model that describes the gas and fuel flows that enter and leave
the cylinder, the oxygen to fuel ratio, and the oxygen concentration out from
the cylinder.

e A model of the exhaust manifold temperature

e An engine torque model.
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3.1 Cylinder flow

The total mass flow W, from the intake manifold into the cylinders is modeled
using the volumetric efficiency nyo1 [11]

_ MvolPim Me Vd

Wei =20 Ra Tim (10)

where pim and Ty, are the pressure and temperature in the intake manifold, n,
is the engine speed and Vj is the displaced volume. The volumetric efficiency is in
its turn modeled as

Nvol = CvollvVPim + Cvol2y/Me + Cvol3 (11)

The fuel mass flow Wy into the cylinders is controlled by 1, which gives the
injected mass of fuel in mg per cycle and cylinder

10-°
Wi = Wué Te Neyt (12)
where Ny is the number of cylinders. The mass flow We, out from the cylinder

is given by the mass balance as
Weo = Wi + Wey (13)
The oxygen to fuel ratio Ao in the cylinder is defined as

~ Wei Xoim

Ao = Wi (0/F).

(14)

where (O/F)s is the stoichiometric relation between the oxygen and fuel masses.
The oxygen to fuel ratio is equivalent to the air fuel ratio which is a common choice
of performance variable in the literature [12, 15, 16, 18].

During the combustion, the oxygen is burned in the presence of fuel. In diesel
engines Ao > 1 to avoid smoke. Therefore, it is assumed that Ag > 1 and the
oxygen concentration out from the cylinder can then be calculated as the unburned

oxygen fraction
XOe _ Wei XOim\/\; Wf (O/F)s (15)
€eo

Tuning parameters

® Cyoll, Cvol2, Cvol3: volumetric efficiency constants

Tuning method

The tuning parameters Cyo11, Cvol2, and cyo13 are determined by solving a linear
least-squares problem that minimizes (We; — Wei)meas)2 with Cvol1, Cvolz, and
Cvo13 as the optimization variables. The variable Wi is the model in (10) and
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Figure 2 Top: Comparison of modeled mass flow W, into the cylinders
and calculated W, from measurements. Bottom: Relative errors for mod-
eled W, as function of modeled W.; at steady state.

(11) and Wei meas is calculated from stationary measurements as Wei meas =
We/(1 — Xegr). Stationary measurements are used as inputs to the model during
the tuning. The result of the tuning is shown in Fig. 2 that shows that the cylinder
mass flow model has small absolute relative errors with a mean and a maximum
absolute relative error of 0.9 % and 2.5 % respectively.

3.2 Exhaust manifold temperature

The exhaust manifold temperature model consists of a model for the cylinder out
temperature and a model for the heat losses in the exhaust pipes.

Cylinder out temperature

The cylinder out temperature T, is modeled in the same way as in [17]. This
approach is based upon ideal gas Seliger cycle (or limited pressure cycle [11]) cal-
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culations that give the cylinder out temperature

1—
Te :T]SC ﬂ]efil/ya rlf'Ya X;I‘)/’Yui] <q1n ( Xcv + X‘CV) +T] r'():/q1> (16)

pa Cva

where nsc is a compensation factor for non ideal cycles and x., the ratio of fuel
consumed during constant volume combustion. The rest of the fuel (1—xc, ) is used
during constant pressure combustion. The model (16) also includes the following
6 components: the pressure quotient over the cylinder

M, — Pem (17)
Pim

the pressure quotient between point 3 (after combustion) and point 2 (before com-
bustion) in the Seliger cycle

the specific energy contents of the charge
in = I (1 x,) (19)
the temperature at inlet valve closing after intake stroke and mixing
Ti=%Te+(1—x)Tq (20)
the residual gas fraction
. ]—[l/vu X;VVO (1)

Te Xy

and the volume quotient between point 3 (after combustion) and point 2 (before
combustion) in the Seliger cycle

szvi:]+ qin“*Xcv)

. » 1
R e (e )

(22)

Solution to the cylinder out temperature

Since the equations above are non-linear and depend on each other, the cylinder
out temperature is calculated numerically using a fixed point iteration which starts
with the initial values x, o and Tq o. Then the following equations are applied in
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each iteration k

ai _ M (1T—%rx)
in,k+1 Wei +Wf T,k
Jin,k+1 Xcv

Cva T1x e !

Jin, k+1 (1 _Xcv)

din k+1 Xev Ya—1
e+ Tere )

Xpkt1 =1+

Xy k1 =1+
i

]—[1/Va —1/Ya

T x
p,k+1
Xpktl = ———————
Te Xv k+1
1-1 T—va 1/ va—T T—Xcy | Xev i
Texs1 =MNsc e /Yol Ve Xp ka1 | ingk + =2 )+ Tixrye
’ Cpa Cva

Tiert =%Xe k1 Te 1 + (1 —%Xr xg1) Tim
(23)

In each sample during the simulation, the initial values x, o and Ty o are set to the
solutions of x, and T; from the previous sample.

Heat losses in the exhaust pipes

The cylinder out temperature model above does not describe the exhaust manifold
temperature completely due to heat losses. This is illustrated in Fig. 3a which
shows a comparison between measured and modeled exhaust manifold temperature
and in this figure it is assumed that the exhaust manifold temperature is equal to
the cylinder out temperature, i.e. Te;n = T.. The relative error between model
and measurement seems to increase from a negative error to a positive error for
increasing mass flow W,, out from the cylinder. This is due to that the exhaust
manifold temperature is measured in the exhaust manifold and that there are heat
losses to the surroundings in the exhaust pipes between the cylinder and the exhaust
manifold. Therefore the nest step is to include a sub-model for these heat losses.
This temperature drop is modeled in the same way as Model 1, presented in [6],
where the temperature drop is described as a function of mass flow out from the

cylinder
o hitot Tdpipe lpipe Mpipe

Tem = lamp + (Te - Tamb) e Weo cpe (24)

where Tgmp is the ambient temperature, hyo¢ the total heat transfer coefficient,
dpipe the pipe diameter, lyipe the pipe length and npipe the number of pipes.
Using this model, the mean and maximum absolute relative error is reduced, see
Fig. 3b.

Approximating the solution to the cylinder out temperature

As explained above, the cylinder out temperature is calculated numerically using
the fixed point iteration (23). A simulation of the complete engine model during
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Figure 3 Modeled and measured exhaust manifold temperature T, and
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Figure 4 The cylinder out temperature T, is calculated by simulating the
total engine model during the complete European Transient Cycle. This
figure shows the part of the European Transient Cycle that consists of the
maximum relative error. Top: The fixed point iteration (23) is used in two
ways: by using one iteration and to get 0.01 % accuracy. Bottom: Relative
errors between the solutions from one iteration and 0.01 % accuracy.

the European Transient Cycle in Fig. 4 shows that it is sufficient to use one it-
eration in this iterative process. This is shown by comparing the solution from
one iteration with one that has sufficiently many iterations to give a solution with
0.01 % accuracy. The maximum absolute relative error of the solution from one
iteration (compared to the solution with 0.01 % accuracy) is 0.15 %. This error is
small because the fixed point iteration (23) has initial values that are close to the
solution. Consequently, when using this method in simulation it is sufficient to use
one iteration in this model since the mean absolute relative error of the exhaust
manifold temperature model (compared to the measurements in Fig. 3b) is 1.7 %.

Tuning parameters

e 7sc: compensation factor for non ideal cycles

® Xcy: the ratio of fuel consumed during constant volume combustion
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e hi,¢: the total heat transfer coefficient

Tuning method

The tuning parameters Ngc, Xcv, and hiot are determined by solving a non-linear
least-squares problem that minimizes (Tem — Tenmneas)2 with Ms¢, Xcv, and hyot
as the optimization variables. The variable Ty, is the model in (23) and (24) with
stationary measurements as inputs to the model, and Tem meas i a stationary
measurement. The result of the tuning is shown in Fig. 3b which shows that
the model describes the exhaust manifold temperature well, with a mean and a
maximum absolute relative error of 1.7 % and 5.4 % respectively.

3.3 Engine torque

The torque produced by the engine M. is modeled using three different engine
components; the gross indicated torque Mig, the pumping torque M,,, and the
friction torque Myyic [11].

Me = Mig - Mp - Mfric (25)

The pumping torque is modeled using the intake and exhaust manifold pressures.
\%

Mp = ﬁ (pem - pim) (26)

The gross indicated torque is coupled to the energy that comes from the fuel
s 107° eyt grv Mig
47

Assuming that the engine is always running at optimal injection timing, the gross
indicated efficiency nig is modeled as

1
MNig = MNigch (1 — W) (28)

where the parameter nigcn is estimated from measurements, ¢ is the compression
ratio, and ycy1 is the specific heat capacity ratio for the gas in the cylinder. The
friction torque is assumed to be a quadratic polynomial in engine speed [11].

ﬁ
47

Mig = (27)

5 2
Mfric = 10 (Cfricl MNeratio + Cfric2 Meratio + Cfric3) (29)

where
e

Neratio = 1000

(30)

Tuning parameters
® Tigch: combustion chamber efficiency

® Cfricl, Cfric2, Cfric3: coefficients in the polynomial function for the friction
torque
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Figure 5 Comparison of measurements and model for the engine torque M
at steady state. Top: Modeled and measured engine torque M.. Bottom:
Relative errors for modeled M.

Tuning method

The tuning parameters Nigeh, Cfricl, Cfric2, and Cfric3 are determined by solving
a linear least-squares problem that minimizes (Me + Mp —Me meas — T\/lp,meas)2
with the tuning parameters as the optimization variables. The model of M, + M,,
is obtained by solving (25) for Me+M,, and Me¢ meas+Mp meas is calculated from
stationary measurements as Me meas + Mp meas = Me + Va(Pem — Pim)/(47).
Stationary measurements are used as inputs to the model. The result of the tuning
is shown in Fig. 5 which shows that the engine torque model has small absolute
relative errors with a mean and a maximum absolute relative error of 1.9 % and
7.1 % respectively.

4 EGR-valve

The EGR-valve model consists of sub-models for the EGR-valve mass flow and the
EGR-valve actuator.
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4.1 EGR-valve mass flow

The mass flow through the EGR-valve is modeled as a simplification of a compress-
ible flow restriction with variable area [11] and with the assumption that there is
no reverse flow when pem < pim. The motive for this assumption is to construct
a simple model. The model can be extended with reverse flow, but this increases
the complexity of the model since a reverse flow model requires mixing of different
temperatures and oxygen fractions in the exhaust manifold and a change of the
temperature and the gas constant in the EGR mass flow model. However, pem is
larger than piyn in normal operating points, consequently the assumption above
will not effect the model behavior in these operating points. Furthermore, reverse
flow is not measured and can therefore not be validated.
The mass flow through the restriction is

Ae Tpem‘ye T
Wegr = — 2 SS90 31
T TR oy
where
2
Wogr = [ e (MY —TIed! /™) (32)
Ye—1

Measurement data shows that (32) does not give a sufficiently accurate description
of the EGR flow. Pressure pulsations in the exhaust manifold or the influence of
the EGR-cooler could be two different explanations for this phenomenon. In order
to maintain the density influence (pem/(v/Tem Re)) in (31) and the simplicity in
the model, the function Weg4, is instead modeled as a parabolic function (see Fig. 6
where Weq, is plotted as function of TTeg,).

1 —Megr )2
Yegr=1— [ —=— 1 33
€9 <1_negropt ( )

The pressure quotient ITeqr over the valve is limited when the flow is choked,
i.e. when sonic conditions are reached in the throat, and when 1 < pim/Pem, 1.€.
no backflow can occur.

e Py
negropt if ;: <negr0pt

)
Megr =4 = if Megropt < 3= <1 (34)
1 if 1< Bin

For a compressible flow restriction, the standard model for MTegropt is

2 vzil
negropt - (’Ye"“]) (35)

but the accuracy of the EGR flow model is improved by replacing the physical
value of Tegropt in (35) with a tuning parameter [2].



38 Publication 1. Modeling of a Diesel Engine with VGT and EGR ...

0.7 0.75 0.8 I_IO.S? : 0.9 0.95 1

egr

egr

0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
g %4

Figure 6 Comparison of calculated points from measurements and two
sub-models for the EGR flow Weq, at steady state showing how different
variables in the sub-models depend on each other. Note that this is not a
validation of the sub-models since the calculated points for the sub-models
depend on the model tuning. Top: The line shows Yeg4, (33) as function of
pressure quotient eg,. The data points are calculated by solving (31) for
Wegr. Bottom: The line shows the effective area ratio fegy (37) as function
of control signal Uegy. The data points are calculated by solving (31) for
fegr-

The effective area
Aegr - Aegrmax fegr(ﬁegr) (36)

is modeled as a polynomial function of the EGR valve position leg, (see Fig. 6
where feqr is plotted as function of Uegy)

~2 ~ ep ~ C 2
Cegrl uegr + Cegr2 Uegr + Cegr3 if Uegr < _ﬁ
fegr(uegr) = 2 . (37)
_ Cegr2 e _ Cegr2
Cegr3 4Cegrl lf ueQr > zcegrl

where liegr describes the EGR actuator dynamics, see Sec. 4.2. The EGR-valve is
open when tiegr = 100% and closed when liegr = 0%.
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Tuning parameters

o Ilegropt: optimal value of Tleq, for maximum value of the function Weg4r
in (33)

® Cegrls Cegr2, Cegr3: coefficients in the polynomial function for the effective
area

Tuning method

The tuning parameters above are determined by solving a separable non-linear
least-squares problem, see [3] for details about the solution method. The non-
linear part of this problem minimizes (Weqr — Wegrymeqs)2 with Megropt as the
optimization variable. In each iteration in the non-linear least-squares solver, the
values for Cegri, Cegr2, and Cegr3 are set to be the solution of a linear least-squares
problem that minimizes (Wegr — Wegrymeas)2 for the current value of Megropt.
The variable Weg, is described by the model (31) and Wegr meas is calculated from
measurements as Wegr meas = We Xegr/(1 — Xegr). Stationary measurements are
used as inputs to the model. The result of the tuning is shown in Fig. 7 which shows
that the absolute relative errors are larger than 15 % in some points. However, the
model describes the EGR mass flow well in the other points, and the mean and
maximum absolute relative error are equal to 6.1 % and 22.2 % respectively.

4.2 EGR-valve actuator

The EGR-valve actuator dynamics is modeled as a second order system with an
overshoot and a time delay, see Fig. 8. This model consist of a subtraction between
two first order systems with different gains and time constants according to

11eg'r = Kegr 11egﬂ - (Keg‘r - ])ﬁegrl (38)
d _ 1 -
Euegﬂ = a(uegr(t_'rdegr) _uegﬂ) (39)
gﬁ = —(Uegr(t—7 )—1 ) (40)
dt egr2 — Tegrz egr degr egr2

Tuning parameters

® Tegri, Tegr2: time constants for the two different first order systems
® Tgegr: time delay

e Kegr: a parameter that affects the size of the overshoot
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Figure 7 Top: Comparison between modeled EGR flow Weg4, and calcu-
lated Wegr from measurements at steady state. Bottom: Relative errors
for Weg at steady state.

Tuning method

The tuning parameters above are determined by adjusting these parameters man-
ually until simulations of the EGR-valve actuator model follow the dynamic re-
sponses in the dynamic data set J in Tab. 2. This data consist of 18 steps in
EGR-valve position with a step size of 10% going from 0% up to 90% and then
back again to 0% with a step size of 10%. The measurements also consist of 1
step with a step size of 30%, 1 step with a step size of 75%, 3 steps with a step
size of 80%, and 1 step with a step size of 90%. These 24 steps are normalized
and shifted in time in order to achieve the same starting point of the input step.
These measurements are then compared with the unit step response for the linear
system (38)-(40) in Fig. 8, which shows that the measurements have both large
overshoots and no overshoots in some steps. However, the model describes the
actuator well in average.
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namic tuning data during steps in EGR-valve position.

5 Turbocharger

The turbocharger consists of a turbo inertia model, a turbine model, a VGT actu-
ator model, and a compressor model.

5.1 Turbo inertia

For the turbo speed w¢, Newton’s second law gives

d :Ptnm_Pc

— 41
dt “r Jte wi (1)

where J; is the inertia, Py is the power delivered by the turbine, P. is the power
required to drive the compressor, and 1y, is the mechanical efficiency in the tur-
bocharger.

Tuning parameter

e Ji: turbo inertia
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Tuning method

The tuning parameter J; is determined by adjusting this parameter manually until
simulations of the complete model follow the dynamic responses in the dynamic
data set E in Tab. 2.

5.2 Turbine

The turbine model consists of sub-models for the total turbine efficiency and the
turbine mass flow, which also includes the VGT actuator as a sub-model.
Turbine efficiency

One way to model the power Py is to use the turbine efficiency n¢, which is defined
as [11]

Pt Tem _ Tt
Nt = = — (42)
Ptvs Tem (1 — ﬂ: 1/Ye)
where Ty is the temperature after the turbine, TT; is the pressure ratio
ﬂt _ Pamb (43)
Pem
and Py s is the power from the isentropic process
1-1/ve
Pt,s =W, Cpe Tem (1 - ﬂt ) (44)

where W; is the turbine mass flow.

In (42) it is assumed that there are no heat losses in the turbine, i.e. it is
assumed that there are no temperature drops between the temperatures Te,, and
T, that is due to heat losses. This assumption leads to errors in 1y if (42) is used
to calculate 1y from measurements. One way to improve this model is to model
these temperature drops, but it is difficult to tune these models since there exists
no measurements of these temperature drops. Another way to improve the model,
that is frequently used in the literature [7], is to use another efficiency that are
approximatively equal to n¢. This approximation utilizes that

Pt NMm = Pc (45)

at steady state according to (41). Consequently, Py ~ P. at steady state. Using
this approximation in (42), another efficiency 1, is obtained

_ Pe We cpalTe — Tamb) (46)
L Y 1 1/ve
’ tCpe Tem (] — 1Ty )

where T, is the temperature after the compressor and W, is the compressor mass
flow. The temperature Tey, in (46) introduces less errors compared to the tempera-
ture difference Tem — Tt in (42) due to that the absolute value of Ty is larger than
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the absolute value of Tey — T;. Consequently, (46) introduces less errors compared
to (42) since (46) does not consist of Teyy — Ty. The temperatures T, and Tqmp are
low and they introduce less errors compared to Tey, and T; since the heat losses in
the compressor are comparatively small. Another advantage of using (46) is that
the individual variables Py and 1y, in (41) do not have to be modeled. Instead, the
product Py 1y, is modeled using (45) and (46)

PiNlm = Nim Pt,s = TNem W Cpe Tem (] _”1—1/1@) (47)

Measurements show that ny, depends on the blade speed ratio (BSR) as a
parabolic function [20], see Fig. 9 where 1, is plotted as function of BSR.

Ntm = MNtm, max — Cm(BSR - BSRopt)Z (48)

The blade speed ratio is the quotient of the turbine blade tip speed and the speed
which a gas reaches when expanded isentropically at the given pressure ratio TTy

Rt Wi

\/cheTem (1 —ﬂl*‘/ve)

where Ry is the turbine blade radius. The parameter ¢, in the parabolic function
varies due to mechanical losses and c,, is therefore modeled as a function of the
turbo speed

BSR =

(49)

Cm = Cm1(max(0, wg — cm2))m? (50)

see Fig. 9 where ¢, is plotted as function of wy.

Tuning parameters
® Ntm,max: Maximum turbine efficiency
e BSR,pt: optimum BSR value for maximum turbine efficiency

® Cmi, Cm2, Cm3: parameters in the model for ¢,y

Tuning method

The tuning parameters above are determined by solving a separable non-linear
least-squares problem, see [3] for details about the solution method. The non-
linear part of this problem minimizes (N¢m — ntm‘meas)z with BSRopt, Cm2, and
C¢m3 as the optimization variables. In each iteration in the non-linear least-squares
solver, the values for N¢m, max and cm1 are set to be the solution of a linear least-
squares problem that minimizes (Ntm—Ttm, meas )2 for the current values of BSRopt,
Cm2, and c¢m3. The efficiency Mm is described by the model (48) and Mim,meas
is calculated from measurements using (46). Stationary measurements are used as
inputs to the model. The result of the tuning is shown in Fig. 9 and 10 which
show that the model describes the total turbine efficiency well with a mean and a
maximum absolute relative error of 4.2 % and 13.2 % respectively.
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Figure 9 Comparison of calculated points from measurements and the
model for the turbine efficiency n¢m at steady state. Top: The lines show
Nim (48) at two different turbo speeds as function of blade speed ratio BSR.
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Figure 10 Relative errors for the total turbine efficiency Mim as function
of exhaust manifold pressure p.m at steady state.
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Turbine mass flow

The turbine mass flow W; is modeled using the corrected mass flow in order to
consider density variations in the mass flow [11, 20]

Wt \% Tem Re

P = Avgtmax fﬂt (nt) fvgt(ﬂvgt) (51)
em

where Ay gtmax i the maximum area in the turbine that the gas flows through.
Measurements show that the corrected mass flow depends on the pressure ratio TT¢
and the VGT actuator signal 1, 4¢. As the pressure ratio decreases, the corrected
mass flow increases until the gas reaches the sonic condition and the flow is choked.
This behavior can be described by a choking function

fre(TTe) = /1 =TT} (52)

which is not based on the physics of the turbine, but it gives good agreement with
measurements using few parameters [8], see Fig. 11 where f¢ is plotted as function
of TT;.

When the VGT control signal u,4¢ increases, the effective area increases and
hence also the flow increases. Due to the geometry in the turbine, the change in
effective area is large when the VGT control signal is large. This behavior can be
described by a part of an ellipse (see Fig. 11 where f, 4. is plotted as function of

Uygt)
(fvgt(ﬁvgt) — CfZ)z + <ﬁvgt - Cvth)z -1 (53)
Cf1 Cugtl

where f, 4¢ is the effective area ratio function and 1,4 describes the VGT actuator
dynamics.
The flow can now be modeled by solving (51) for W, giving

Avgtmax Pem fﬂt(ﬂt) 1:vgt (ﬂvgt)

W, = 54
: Vlen Re o
and solving (53) for f,q¢ giving
Uygt — C 2
fugt(Tvgt) = 2 + 1/ max(0, 1 — (992) ) (55)
Cygtl

Tuning parameters

e Ki: exponent in the choking function for the turbine flow

® Cf1, Cf2, Cugtl, Cvgt2: parameters in the ellipse for the effective area ratio
function
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Figure 11 Comparison of calculated points from measurements and two
sub-models for the turbine mass flow at steady state showing how different
variables in the sub-models depend on each other. Note that this is not a
validation of the sub-models since the calculated points for the sub-models
depend on the model tuning. Top: The line shows the choking function
frie (52) as function of the pressure ratio Ty. The data points are calculated
by solving (51) for frry. Bottom: The line shows the effective area ratio
function f,g¢ (55) as function of the control signal u,q4¢. The data points
are calculated by solving (51) for f,g¢.

Tuning method

The tuning parameters above are determined by solving a non-linear least-squares
problem that minimizes (W — thwas)2 with the tuning parameters as the op-
timization variables. The flow W, is described by the model (54), (55), and (52),
and Wi meas is calculated from measurements as Wi meas = We + Wy, where W
is calculated using (12). Stationary measurements are used as inputs to the model.
The result of the tuning is shown in Fig. 12 which shows small absolute relative
errors with a mean and a maximum absolute relative error of 2.8 % and 7.6 %
respectively.
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Figure 12 Relative errors for turbine flow Wy as function of control signal
Uygt at steady state.

VGT actuator

The VGT actuator dynamics is modeled as a first order system with a time delay
according to
d

dt 11vgt = ?gt(uvgt(t - Tdvgt) - ﬂvgt) (56)

Tuning parameters

® T,g4¢: time constant

® Tgugt: time delay

Tuning method

The tuning parameters above are determined by adjusting these parameters man-
ually until simulations of the VGT actuator model follow the dynamic responses
in the dynamic data set J in Tab. 2. This data consist of 18 steps in VGT position
with a step size of 10% going from 100% down to 10% and then back again to
100% with a step size of 10%. The measurements also consist of 5 steps with a step
size of 5% and 1 step with a step size of 20%. These 24 steps are then normalized
and shifted in time in order to achieve the same starting point of the input step.
These measurements are then compared with the unit step response for the linear
system (56) in Fig. 13 which shows that the model describes the actuator well.

5.3 Compressor

The compressor model consists of sub-models for the compressor efficiency and the
compressor mass flow.
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Figure 13 Comparison between VGT-actuator dynamic simulation and dy-
namic tuning data during steps in VGT position.

Compressor efficiency

The compressor power P. is modeled using the compressor efficiency 1., which is
defined as [11]

Pc,s Tamb <”l_1/ya - 1) (57)
fle = Pc B Tc _Tamb

where T, is the temperature after the compressor, Tl is the pressure ratio

ﬂc _ Pim (58)
Pamb

and P s is the power from the isentropic process
Pes = We cpa Tamp (TTE7/Ye —1 59
c,s cCpa lamb c ( )

where W, is the compressor mass flow. The power P. is modeled by solving (57)
for P, and using (59)

W, T,
p. — Pc,s _ c¢cCpa lamb (”171/3/(1 . 1) (60)
Me Me
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The efficiency is modeled using ellipses similar to [9], but with a non-linear
transformation on the axis for the pressure ratio similar to [2]. The inputs to the
efficiency model are TT, and W, (see Fig. 18). The flow W, is not scaled by the inlet
temperature and the inlet pressure, in the current implementation, since these two
variables are constant. However, this model can easily be extended with corrected
mass flow in order to consider variations in the environmental conditions.

The ellipses can be described as

Me =MNemax — X' Qe X (61)
X is a vector which contains the inputs
. [ We —Weopt ] (62)
Tlc — Tleopt
where the non-linear transformation for TI. is
e = (e —1)°7 (63)
and the symmetric and positive definite matrix Q. consists of three parameters

Qe = [ o ] (64)

az daz

Tuning model parameters

® Tcmax: Maximum compressor efficiency

® Weopt and Teopt: optimum values of W, and 7. for maximum compressor
efficiency

e c.: exponent in the scale function, (63)

e a7, az and az: parameters in the matrix Q.

Tuning method

The tuning parameters above are determined by solving a separable non-linear
least-squares problem, see [3] for details about the solution method. The non-
linear part of this problem minimizes (1. — T]c,meas)z with Weopt, Teopt, and
¢ as the optimization variables. In each iteration in the non-linear least-squares
solver, the values for Nemax, a1, az and az are set to be the solution of a linear
least-squares problem that minimizes (e — N¢ meas)? for the current values of
Weopt, Teopt, and c. The efficiency 1. is described by the model (61) to (64) and
Ne,meas 1S calculated from measurements using (57). Stationary measurements are
used as inputs to the model. This method does not guarantee that the matrix Q.
becomes positive definite, therefore it is important to check that Q. is positive
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Figure 14 Relative errors for 1. as function of W, at steady state.

definite after the tuning. For the stationary tuning data in Sec. 1.4 Q. is positive
definite. The result of the tuning is shown in Fig. 14 which shows small absolute
relative errors with a mean and a maximum absolute relative error of 3.3 % and
14.1 % respectively.

Compressor mass flow

The mass flow W, through the compressor is modeled using two dimensionless
variables. The first variable is the energy transfer coefficient [5]

2¢pa Tamb (nl*‘/“ — 1)

Y. =
22
Rcwt

(65)

which is the quotient of the isentropic kinetic energy of the gas at the given pressure
ratio TT. and the kinetic energy of the compressor blade tip where R. is compressor
blade radius. The second variable is the volumetric flow coefficient [5]

D. = Wc/pamb _ Ra Tamb
© mARIWwy  Pamp R wy

We (66)

which is the quotient of volume flow rate of air into the compressor and the rate
at which volume is displaced by the compressor blade where pgmp is the density
of the ambient air. The relation between ¥, and ®. can be described by a part of
an ellipse [2, 7], see Fig. 15 where @ is plotted as function of W,

cyr (W) (We — cy2)? + cor (W) (Pe —cpr)> =1 (67)

where cy1 and ceq varies with turbo speed w; and are modeled as polynomial
functions.
cy1 (W) = Cowt W + Cowa Wi + Cuws (68)

co1(W) = Cwar WF + Cwa2 Wi + Cuas (69)
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Figure 15 Comparison of calculated points from measurements and model
for the compressor mass flow W, at steady state. The lines show the vol-
umetric flow coefficient ®. (70) at four different turbo speeds as function
of energy transfer coefficient W.. The data points are calculated using (65)
and (66).

In Fig. 16 the variables cy; and cq7 are plotted as function of the turbo speed wy.
The mass flow is modeled by solving (67) for @ and solving (66) for W,.

T—cyy (Ye —cun)?

®, = , | max (o, cw1 (Ye = cva) >+c@2 (70)
Co1

pambT[Ré W

We=—"° "0 1

¢ Ra Tamb ¢ (7 )

Tuning model parameters
® Cyo, Cqp2: parameters in the ellipse model for the compressor mass flow
® Cuwi, Cuow2, Cwws: coefficients in the polynomial function (68)

® Cudl, Cwd2, Cwas: coefficients in the polynomial function (69)

Tuning method

The tuning parameters above are determined by solving a separable non-linear
least-squares problem, see [3] for details about the solution method. The non-linear
part of this problem minimizes (cy(w¢) (W — nyz)z +cor(wi) (O — Ccpz)z —1)?
with cyy and cey as the optimization variables. In each iteration in the non-
linear least-squares solver, the values for cy w1, Cwow2, Cows, Cwodl, Cwd2, and
Ccwd3 are set to be the solution of a linear least-squares problem that minimizes
(cyt(wy) (We — cwz)z +cor(wy) (D — 0¢2)2 — 1)2 for the current values of cy>
and cg. Stationary measurements are used as inputs to the model. The result of
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Figure 16 Comparison of calculated points from measurements and two
sub-models for the compressor mass flow at steady state showing how dif-
ferent variables in the sub-models depend on each other. Note that this
is not a validation of the sub-models since the calculated points for the
sub-models depend on the model tuning. The lines show the sub-models
cy1 (68) and cop1 (69) as function of turbo speed w. The data points are
calculated by solving (67) for ¢y and co1.

the tuning is shown in Fig. 17 which shows that the model describes the compressor
mass flow well with a mean and a maximum absolute relative error of 3.4 % and
13.7 % respectively.

Compressor map

Compressor performance is usually presented in terms of a map with TT, and W,
on the axes showing lines of constant efficiency and constant turbo speed. This is
shown in Fig. 18 which has approximatively the same characteristics as Fig. 2.10
in [20]. Consequently, the proposed model of the compressor efficiency (61) and
the compressor flow (71) has the expected behavior.
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Figure 17 Relative errors for compressor flow W, as function of tur-
bocharger speed wy at steady state.
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Figure 18 Compressor map with modeled efficiency lines (solid line), mod-
eled turbo speed lines (dashed line with turbo speed in rad/s), and calculated
efficiency from measurements using (57). The calculated points are divided

into different groups. The turbo speed lines are described by the compressor
flow model.
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6 Intercooler and EGR-cooler

To construct a simple model, that captures the important system properties, the in-
tercooler and the EGR-cooler are assumed to be ideal, i.e. there is no pressure loss,
no mass accumulation, and perfect efficiency, which give the following equations

Pout = Pin
Wout - Wi (72)
Tout = Tcool

where Tco01 is the cooling temperature. The model can be extended with non-
ideal coolers, but these increase the complexity of the model since non-ideal coolers
require that there are states for the pressures both before and after the coolers.

7 Summary of assumptions and model equations

A summary of the model assumptions is given in Sec. 7.1 and the proposed model
equations are given in Sec. 7.2 to 7.5.

7.1 Assumptions

To develop a simple model, that captures the dominating effects in the mass flows,
the following assumptions were made:

1. The manifolds are modeled as standard isothermal models.

2. All gases are considered to be ideal and there are two sets of thermodynamic
properties:

(a) Air has the gas constant R, and the specific heat capacity ratio yq.
(b) Exhaust gas has the gas constant R, and the specific heat capacity ratio
Ye-

3. The EGR gas in the intake manifold affects neither the gas constant nor the
specific heat capacity in the intake manifold.

No heat transfer to or from the gas inside of the intake manifold.
No backflow can occur in the EGR-valve, compressor, turbine, or the cylinder.

The oxygen fuel ratio Ag is always larger than one.

N oo

The intercooler and the EGR-cooler are ideal, i.e. the equations for the
coolers are

Pout = Pin
Wout =W (73)
Tout - Tcool

where T¢oo1 is the cooling temperature.
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Note that assumptions 1 and 7 above lead to that the intake manifold temperature
is constant.

7.2 Manifolds

d R, Tq
- Pim = 4 (Wc + Wegr - Wei)
dt Vim
d ReT (74)
E‘pem = :/erenm (Weo — Wy — Wegr)
. Weg'r
Xeor = WG Wegs (75)
d R Tq
7. NOim — — ((XOem - XOim) Wegr + (XOc - XOim) Wc)
dt Pim vim
d Re T, (76)
a XOem = ﬁ (XOe - XOem) Weo
7.3 Cylinder
Cylinder flow
Mvol Pim Ne Va
W, — —vorbim e 7d 77
et 120Rq Tim (77)
Nvol = CvollvVPim + Cvol2y/MNe + Cvol3 (78)
107°
Wf = W Us e Neyl (79)
Weo = Wf + WEI (80)
Wei Xoim
A= 81
© =W (0/F), (81)

o Wei Xoim — Wk (O/F)s
Weo
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Cylinder out temperature
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ﬂegropt lf E;i:\ < I—[egropt
negr = E;irl if ﬂeQT‘OPt < E;i,: <1 (93)
3 Pim
1 if 1< -
Aegr = Aegrmax fegr(aegr) (94)
Cegri aﬁgr + Cegr2 11eg'r + Cegr3 if aegr < _zcse%rz]
fegr(ﬁegr) - o2 c (95)
Cegr3 — 4Cecg;rzl if Uegr > 72Ce€ggrrz]
ﬂeg‘r = Keg‘r 1‘legrl - (Kegr - 1)ﬁeg‘rZ (96)
d _ 1 -
auegﬂ = a(uegr(t_rcdegr) _uegﬂ) (97)
d i (Uegr(t—T )—1 ) (98)
- 2=— - - 2
dt egr Teng egr degr egr
7.5 Turbo
Turbo inertia
d PinMm — Pc
Sy = dm e 99
at Jie wi (99)
Turbine efficiency
_ 1=1/ve
PiMm = Nem Wi Cpe Tem (1 —TI; ) (100)
M, — Pamb (101)
Pem
Ntm = Ntm,max — Cm(BSR - BSRopt)z (102)
R
BSR = Dt (103)

\/cheTem (1 —ﬂl*‘”e)

Cm = Cm1(max(0, w¢ — cm2))™3

(104)
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Turbine mass flow

Avgtmax Pem fﬂt(nt) 1:vgt (ﬁvgt)
Tem Re

Wt:

frie(TTe) = /1 =TT}

- uvgt Cvgt2
fugt(Tygt) = cf2 +cg14 |max (0,1 —
Cugtl

dﬂ = (Upgt(t— ) —Uvgt)
dt vgt—Tvgt vgt dvgt vgt

Compressor efficiency

P — We cpa Tamb (nlq/ya _ ]>
MNe
”c _ Pim
Pamb

Ne = MNemax — XT Qcx

Wc - Wcopt
X frnd

Tlc — Tleopt

e = (TTe — 1)
ay as
Qc =
az daz
Compressor mass flow

3
Pamb 7TRC Wy

W, = [}
¢ Ra Tamb ¢
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O, = ,|max | 0, +Cco2
Cop1

2¢cpa Tamb ( 171/Ya _ 1)

2
Rc wt
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2
Cy1 = Coyl Wt + Cwy2 Wt + Cwws

2
Cop1l = Cwd1 Wi T Cwdw2 Wt + Cwa3

(105)
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8 Model tuning and validation

One step in the development of a model that describes the system dynamics and the
nonlinear effects is the tuning and validation. In Sec. 8.1 a summary of the model
tuning is given and in Sec. 8.2 a validation of the complete model is performed
using dynamic data. In the validation, it is important to investigate if the model
captures the essential dynamic behaviors and nonlinear effects. The data that is
used in the tuning and validation are described in Sec. 1.4.

8.1 Summary of tuning

A summary of the tuning of static and dynamic models and its results are given in
the following sections. In order to validate the engine torque model during dynamic
responses, a time constant for the engine torque is modeled and tuned below.

Static models

As described in Sec. 1.5, parameters in static models are estimated automatically
using least squares optimization and tuning data from stationary measurements.
The tuning methods for each parameter and the tuning results are described in
Sec. 3 to 5. The tuning results are summarized in Tab. 4 showing the absolute
relative model errors between static sub-models and stationary tuning data. The
mean absolute relative errors are 6.1 % or lower. The EGR mass flow model has
the largest mean absolute relative error and the cylinder mass flow model has the
smallest mean absolute relative error.

Table 4 The mean and maximum absolute relative errors between static
models and the stationary tuning data for each subsystem in the diesel
engine model, i.e. a summary of the mean and maximum absolute relative
errors in Sec. 3 to 5.

Subsystem Mean absolute rela- | Maximum absolute
tive error [%] relative error [%]

Cylinder mass flow 0.9 2.5

Exhaust gas temperature || 1.7 5.4

Engine torque 1.9 7.1

EGR mass flow 6.1 22.2

Turbine efficiency 4.2 13.2

Turbine mass flow 2.8 7.6

Compressor efficiency 3.3 14.1

Compressor mass flow 3.4 13.7
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Dynamic models

As described in Sec. 1.5, parameters in dynamic models are estimated in two steps.
Firstly, the actuator parameters are estimated using the method in Sec. 4.2 and 5.2.
These sections also show the tuning results for the actuators. Secondly, the mani-
fold volumes and the turbocharger inertia are estimated using the method in Sec. 2
and 5.1. The tuning result of the second step is shown in Tab. 5 for the data set E
that shows that the mean absolute relative errors are 8 % or lower.

A dynamometer is fitted to the engine via an axle-shaft in order to brake or
supply torque to the engine. This dynamometer and axle-shaft lead to that the
measured engine torque has a time constant that is not modeled due to that the
torque will not be used as a feedback in the controller. However, in order to validate
the engine torque model during dynamic responses, this dynamics is modeled in
the validation as a first order system

d 1
a Me,meas =

(Me - Me,meas) (120)
T™™e

where Me meqs is the measured torque and M, is the output torque from the
engine. The time constant Ty is tuned by adjusting it manually until simulations
of the complete model follow the measured torque during steps in fuel injection at
1500 rpm, i.e. the data set I in Tab. 5 which gives a mean absolute relative error of
7.3 % for the engine torque. The result of the tuning is shown in Fig. 19 showing
that the model captures the dynamic in the engine torque.

Table 5 The mean absolute relative errors between diesel engine model
simulation and dynamic tuning or validation data that consist of steps in
VGT-position, EGR-valve, and fuel injection. The data sets E and I are
used for tuning of dynamic models, the data sets A-D and F-I are used for
validation of essential system properties and time constants, and all the data
sets are used for validation of static models.

VGT-EGR steps us steps
Data set A B C D E F G H I
Speed [rpm] 1200 1500 1900 1500
Load [%)] 25 40 50 75 50 | 25 75 100 -
Number of steps | 77 35 2 7 77| 7T 55 1 7
Pim 20 16 72 106] 6350 45 4.9 2.9
Pem 24 4.7 4.9 6.8 55 |45 4.6 4.8 4.7
W, 3.2 47 56 10.7 80|67 6.7 74 3.8
nt 44 89 46 11.9 70|60 4.1 12.7 3.0
M. - - - - - - - - 7.3
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Figure 19 Comparison between diesel engine model simulation and dy-
namic tuning data during steps in fuel injection showing that the model cap-
tures the dynamic in M meas- Data set I. Operating point: n.=1500 rpm,
Wyt =26 %, and Uegr=19 %.

8.2 Validation

Due to that the stationary measurements are few, both the static and the dynamic
models are validated by simulating the total model and comparing it with the
dynamic validation data sets A-I in Tab. 2. The result of this validation can be
seen in Tab. 5 that shows that the mean absolute relative errors are 12.7 % or
lower. Note that the engine torque is not measured during VGT and EGR steps.
The relative errors are due to mostly steady state errors, but since the engine
model will be used in a controller the steady state accuracy is less important since
a controller will take care of steady state errors. However, in order to design a
successful controller, it is important that the model captures the essential dynamic
behaviors and nonlinear effects. Therefore, essential system properties and time
constants are validated in the following section.
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Figure 20 Comparison between diesel engine model simulation and dy-
namic validation data during a step in EGR-valve position showing that
the model captures the non-minimum phase behavior in piy,. Data set H.
Operating point: 100 % load, ne=1900 rpm and w,g¢=60 %.

Validation of essential system properties and time constants

The references [14] and [13] show the essential system properties for the pressures
and the flows in a diesel engine with VGT and EGR. Some of these properties
are a non-minimum phase behavior in the intake manifold pressure and a non-
minimum phase behavior, an overshoot, and a sign reversal in the compressor mass
flow. These system properties and time constants are validated using the dynamic
validation data sets A-D and F-I in Tab. 5. Three validations are performed in
Fig. 20-22. Fig. 20 shows that the model captures the non-minimum phase behavior
in the channel uegr to pim. Fig. 21 shows that the model captures the non-
minimum phase behavior in the channel u,4¢ to W.. Fig. 22 shows that the model
captures the overshoot in the channel u,4¢ to W, and a small non-minimum phase
behavior in the channel u, 4+ to n¢. Fig. 20 to 22 also show that the model captures
the fast dynamics in the beginning of the responses and the slow dynamics in the
end of the responses. Further, by comparing Fig. 21 and 22, it can be seen that the
model captures the sign reversal in w,4¢ to We. In Fig. 21 the DC-gain is negative
and in Fig. 22 the DC-gain is positive.
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Figure 21 Comparison between diesel engine model simulation and dy-
namic validation data during steps in VG'T position showing that the model
captures the non-minimum phase behavior in W.. Data set B. Operating
point: 40 % load, ne=1200 rpm and Ueqr=100 %.
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Figure 22 Comparison between diesel engine model simulation and dy-
namic validation data during a step in VG'T position showing that the model
captures the overshoot in W, and a small non-minimum phase behavior in
n¢. A comparison between Fig. 21 and 22 also shows that the model cap-
tures the sign reversal in W.. Data set C. Operating point: 50 % load,
Ne=1200 rpm and Wegr =100 %.
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9 Model extensions

The proposed model in Sec. 2 to 8 is a small model with 8 states that describes
the important dynamics and non-linear system properties according to Sec. 8. In
the following sections the goal is to investigate if this model can be improved sub-
stantially with model extensions. In Sec. 9.1 the proposed model is extended with
temperature states and in Sec. 9.2 the proposed model is extended with tempera-
ture states, a pressure drop over the intercooler, and an extra control volume.

9.1 Extensions: temperature states

To investigate if temperature states in the manifolds improve the model substan-
tially, the 8:th order model in Sec. 2 to 6 is extended with two temperature states
(Tim and Teyn) which leads to a 10:th order model with the states

X:(pim Pem Ti Tem XOim XOem Wy 11egr1 11eng 11vgt)T (121)

Extended model equations

The intake and exhaust manifold models in Sec. 2 are extended with temperatures
states Tim and Tey according to the adiabatic model [4, 10]

4 T = RaTim

dt "™ Pim Vim Cva

(cva(Wic + Wegr) (Tim,in — Tim) 4+ Ra(Tim,in (Wic + Wegr) — Tim Wei))  (122)

% Pim = R;I/;r;m (Wic +Wegr —Wei) + .Pi_:: % Tim
i T.. = Re Tiem .
dt ™ pem Vem Cve
(cve Weo (Tem,in — Tem) + Re(Tem,in Weo — Tem (Wi + Wegr))) (123)
S Pem = SET (W = We — Wegr) 4 22 ST,

where the temperature Tim in for the flows into the intake manifold is assumed to
be constant and the temperature Tem in for the flow into the exhaust manifold is
equal to Te in (24). The intercooler is assumed to be ideal, i.e.

Wie = W, (124)

The differential equations for the oxygen mass fractions are the same as in Sec. 2
if (124) is applied to
d Ra Tim

a Xoim = W ((XOem - XOim) Wegr + (XOC - XOim) Wic)

d Re Tem

a Oem — m (XOe - XOem) Weo

The values of all the tuning parameters are the same as for the 8:th order model.

(125)
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Figure 23 Comparison between 8:th and 10:th order model during a step
in EGR-valve position showing that these two models have approximately
the same dynamic response with a non-minimum phase behavior in Pim.
Operating point: us = 110 mg/cycle, ne = 1500 rpm, and w,g¢ = 30 %.

Comparison between 8:th and 10:th order model

To investigate how the states Ti;, and Ty, affect the system properties, step re-
sponses are compared for the 8:th and 10:th order model. Fig. 23 to Fig. 25
show that the two models have approximately the same dynamic response with
approximately the same non-minimum phase behavior in pi;,, and approximately
the same non-minimum phase behavior, overshoot, and sign reversal in W,. Con-
sequently, the temperature states only have minor effects on the system properties
and therefore there are no major improvements of the model if it is extended with
temperature states.

9.2 Extensions: temperature states and pressure drop over
intercooler

To investigate if additional temperature states and a pressure drop over the in-
tercooler improve the model substantially, the 10:th order model in Sec. 9.1 is
extended with a control volume between the compressor and the intercooler. This
control volume consists of a temperature state T;. and a pressure state p.. This
leads to a 12:th order model with the states

X:(pim Pem Pc Ti Tem Tic XOim XOem Wy 11eg'r] 11eg'r2 fLvgt)T
(126)
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Figure 24 Comparison between 8:th and 10:th order model during a step in
VGT position showing that these two models have approximately the same
dynamic response with a non-minimum phase behavior in W,.. Operating
point: us = 110 mg/cycle, ne = 1500 rpm, and Uegr = 80 %.
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Figure 25 Comparison between 8:th and 10:th order model during a step in
VGT position showing that these two models have approximately the same
dynamic response with an overshoot and a sign reversal in W.. Operating
point: us = 110 mg/cycle, ne = 1500 rpm, and Uegr = 80 %.
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Extended model equations

The control volume before the intercooler is modeled as an adiabatic model with
a temperature state Ti. and a pressure state p¢

d Ra Tq

*Ti :%(CvaWc(Tc_Tic)+Ra(Tch_TicWi ))

dt Pc Vic Cva (127)
i‘p _ RaTic (W, — W, )_1_&2 )

at v ¢ U T dt €

where Vi, is the volume of the control volume and it is set to a reasonable value.
The flow Wi, through the intercooler is modeled as an incompressible flow [20, §]

Pc(Pec — Pim)
Wi = 4| & ~ime 128
' Tic kic ( )

Equation (128) is used instead of (124) and the pressure quotient over the com-

pressor

[ (129)

Pambv

is used instead of (58).

Tuning parameters
e ki.: parameter for the model in (128)
e Vi: intake manifold volume

® Nemaxs Weopts Teopt, Cn, @1, A2, and az: parameters for the compressor
efficiency

® Cy2, Ca2, CwWl; Cw¥2; Caww3, Cwdl, Cwd2, and Cya3: parameters for the
compressor flow

Tuning

The tuning parameter ki, is determined by solving a linear least-squares problem
that minimizes (pe — Pim — (Pe.meas — Pim,meas))? With kic as the optimization
variable. The model of p. — pim is obtained by solving (128) for p. — pim. The
variables Pc meas and Pim,meas are stationary measurements.

The intake manifold volume Vi, is re-tuned according to the method in Sec. 8.1
due to that the extended dynamics in the intercooler affects the dynamics in the
intake manifold.

The tuning parameters for the compressor efficiency and the compressor flow
are re-tuned using the method in Sec. 5.3 with the new definition of the pressure
quotient (129).

The values of all the other tuning parameters are the same as for the 8:th order
model.
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Figure 26 Comparison between 8:th and 12:th order model during a step in
EGR-valve position showing that there are stationary differences. However,
the dynamic behavior are approximately the same with a non-minimum
phase behavior in piym. Operating point: us = 110 mg/cycle, n. = 1500
rpm, and U, g¢ = 30 %.

Comparison between 8:th and 12:th order model

To investigate how the additional temperature states, control volume before the
intercooler, and pressure drop over the intercooler affect the system properties, step
responses are compared for the 8:th and 12:th order model. Fig. 26 and Fig. 27
show that there are stationary differences between the two models. However, the
dynamic behavior are qualitatively the same considering the amplitudes, the time
constants, and the non-minimum phase behaviors in pi;, and W.. In Fig. 28
there are differences in both stationary conditions and in dynamic behavior, e.g.
the 12:th order model gives a non-minimum phase behavior and a positive DC-
gain in pim while the 8:th order model gives a response without a non-minimum
phase behavior and with a negative DC-gain in piyn,. However, by simulating the
same step in an adjacent operating point, see Fig. 29, the dynamic behavior are
approximately the same for the two models with a non-minimum phase behavior in
Pim and an overshoot in pem. Consequently, the two models have approximately
the same dynamic behavior except that the two models change their dynamic
behavior at different but adjacent operating points. Therefore, the conclusion is
that temperature states, a pressure drop over the intercooler, and a control volume
before the intercooler have only small effects on the dynamic behavior but the
addition of the pressure drop has an effect on the stationary values.
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Figure 27 Comparison between 8:th and 12:th order model during a step
in VG'T position showing that there are stationary differences. However, the
dynamic behavior are approximately the same with a non-minimum phase
behavior in W... Operating point: us = 110 mg/cycle, n. = 1500 rpm, and
Uegr =80 %.
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Figure 28 Comparison between 8:th and 12:th order model during a step
in VGT position showing that there are differences in both stationary con-
ditions and in dynamic behavior. Operating point: us = 110 mg/cycle,
Ne = 1500 rpm, and Uegr = 80 %.
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point: us =180 mg/cycle, ne = 1500 rpm, and Uegr = 80 %.

Comparison between experimental data and 12:th order model

The previous section shows that there are stationary differences between the 8:th
and 12:th order model. In this section, the goal is to investigate if these stationary
differences improve the validation results in Sec. 8.2.
The 12:th order model is validated by calculating the mean absolute relative
errors between 12:th order model and dynamic tuning or validation data, see Tab. 6.
These mean absolute relative errors are calculated in the same way as for the 8:th
order model in Tab. 5. Comparing these two tables, the 12:th order model gives
larger mean absolute relative errors in almost all operating points and for almost
all signals. There are only 6 of 37 errors that are lower. Consequently, the inclusion
of temperature states, a pressure drop over the intercooler, and a control volume
before the intercooler did not improve the model quality on the validation data.
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Table 6 The mean absolute relative errors between diesel engine model of
the 12:th order and dynamic tuning or validation data that consist of steps in
VGT-position, EGR-valve, and fuel injection. These mean absolute relative
errors are calculated in the same way as the mean absolute relative errors
for the 8:th order model in Tab. 5. Comparing Tab. 5 and 6, the 12:th
order model gives larger mean absolute relative errors for 31 of 37 errors.

VGT-EGR steps Us steps
Data set A B C D E F G H I
Speed [rpm] 1200 1500 1900 1500
Load [%] 25 40 50 75 50 25 75 100 -
Number of | 77 35 2 7 77 7 55 1 7
steps
Pim 50 6.6 5.1 12.2 9.71 103 11.6 4.5 9.6
Pem 3.7 96 20 76 71| 6.7 9.6 5.2 9.1
W, 43 13.0 73 120 | 142 | 178 185 7.8 11.7
Nt 6.4 148 4.3 12.3 8.1 8.6 6.1 9.0 6.3
M. - - - - - - - - 7.2
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10 Conclusions

A mean value model of a diesel engine with VGT and EGR was developed and
validated. The intended applications of the model are system analysis, simulation,
and development of model-based control systems. The goal is to construct a model
that describes the dynamics in the manifold pressures, turbocharger, EGR, and
actuators with few states in order to have short simulation times. Therefore the
model has only eight states: intake and exhaust manifold pressures, oxygen mass
fraction in the intake and exhaust manifold, turbocharger speed, and three states
describing the actuator dynamics. Many models in the literature, that approx-
imately have the same complexity as the model proposed here, use three states
for each control volume in order to describe the temperature dynamics. However,
the model proposed here uses only two states for each manifold. Model extensions
are investigated showing that inclusion of temperature states and pressure drop
over the intercooler only has minor effects on the dynamic behavior and does not
improve the model quality. Therefore, these extensions are not included in the
proposed model.

Model equations and tuning methods for the parameters were described for
each subsystem in the model. In order to have a low number of tuning parame-
ters, flows and efficiencies are modeled using physical relationships and parametric
models instead of look-up tables. The parameters in the static models are tuned
automatically using least squares optimization and stationary measurements in 82
different operating points. The parameters in the dynamic models are tuned by
adjusting these parameters manually until simulations of the complete model follow
the dynamic responses in the dynamic measurements.

Static and dynamic validations of the entire model were performed using dy-
namic measurements, consisting of steps in fuel injection, EGR control signal, and
VGT control signal. The validations show that the mean relative errors are 12.7 %
or lower for all measured variables. They also show that the proposed model cap-
tures the essential system properties, i.e. a non-minimum phase behavior in the
channel Uegr to Pim and a non-minimum phase behavior, an overshoot, and a sign
reversal in the channel u,g4¢ to We.
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A Notation

Table 7 Symbols used in the report

Symbol  Description Unit

A Area m?

BSR Blade speed ratio —

Cp Spec. heat capacity, constant pressure J/(kg - K)
Cv Spec. heat capacity, constant volume J/(kg - K)
J Inertia kg - m?
M Torque Nm

M. Engine torque Nm

M, Pumping torque Nm

Tleyl Number of cylinders —

MNe Rotational engine speed TpPmMm

n¢ Rotational turbine speed TpPmMm
(O/F)s  Stoichiometric oxygen-fuel ratio —

P Pressure Pa

P Power w

dHv Heating value of fuel J/kg

Te Compression ratio -

R Gas constant J/(kg - K)
R Radius m

T Temperature K

Uegr EGR control signal. 100 - open, 0 - closed %

Uygt VGT control signal. 100 - open, 0 - closed %

Us Injected amount of fuel mg/cycle
Vv Volume m3

w Mass flow kg/s
Xegr EGR fraction —

Xo Oxygen mass fraction —

2% Specific heat capacity ratio —

n Efficiency —

Ao Oxygen-fuel ratio —

IT Pressure quotient —

P Density kg/m3

T Time constant s

O, Volumetric flow coefficient —

Y. Energy transfer coefficient —

w Rotational speed rad/s
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Table 8 Indices used in the report

Index Description

a air

amb  ambient

c compressor

d displaced

e exhaust

egr EGR

el engine cylinder in
em exhaust manifold
eo engine cylinder out
f fuel

fric friction

ig indicated gross
im intake manifold
m mechanical

t turbine

tc turbocharger

vgt VGT

vol volumetric

o fuel injection

Table 9 Abbreviations used In the report

Abbreviation  Description
EGR Exhaust gas recirculation
VGT Variable geometry turbocharger
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Sweden.

Abstract

A system analysis of a diesel engine with VGT and EGR is performed
in order to obtain insight into a VGT and EGR control problem where
the goal is to control the performance variables oxygen fuel ratio Ap and
EGR-fraction Xegr using the VGT actuator u,4¢ and the EGR actuator
Uegr. Step responses over the entire operating region show that the chan-
nels uygt — Ao, Uegr — Ao, and U, gt — Xegr have non-minimum phase
behaviors and sign reversals. The fundamental physical explanation of
these system properties is that the system consists of two dynamic effects
that interact: a fast pressure dynamics in the manifolds and a slow tur-
bocharger dynamics. It is shown that the engine frequently operates in
operating points where the non-minimum phase behaviors and sign rever-
sals occur for the channels u, gt — Ao and U, gt — Xegr, and consequently,
it is important to consider these properties in a control design. Further,
an analysis of zeros for linearized multiple input multiple output models of
the engine shows that they are non-minimum phase over the complete op-
erating region. A mapping of the performance variables Ao and Xeqr and
the relative gain array show that the system from ueg, and u,4¢ to Ao and
Xegr is strongly coupled in a large operating region. It is also illustrated
that the pumping losses pem — Pim decrease with increasing EGR-valve
and VGT opening for almost the complete operating region.

1This report is also available from Department of Electrical Engineering, Linképing University,
S-581 83 Linkoping. Technical Report Number: LiTH-R-2881
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1 Introduction

Legislated emission limits for heavy duty trucks are constantly reduced. To ful-
fill the requirements, technologies like Exhaust Gas Recirculation (EGR) systems
and Variable Geometry Turbochargers (VGT) have been introduced. The primary
emission reduction mechanisms utilized to control the emissions are that NO, can
be reduced by increasing the intake manifold EGR-fraction X.g, and smoke can
be reduced by increasing the oxygen/fuel ratio Ao [1]. Therefore, it is natural to
choose Xe¢qr and Ap as the main performance variables. However X.qr and Ao
depend in complicated ways on the EGR and VGT actuation, and it is therefore
necessary to have coordinated control of the EGR and VGT to reach the legislated
emission limits in NOy and smoke. When developing a controller for this system,
it is desirable to perform an analysis of the characteristics and the behavior of the
system in order to obtain insight into the control problem. This is known to be
important for a successful design of an EGR and VGT controller due to non-trivial
intrinsic properties, see for example [3]. Therefore, the goal is to make a system
analysis of the diesel engine model in Sec. 2. The essential system properties for this
model are physically explained in Sec. 3 by looking at step responses. In Sec. 4 a
mapping of these system properties is performed by simulating step responses over
the entire operating region and by analyzing zeros for linearized models. This is
done for the main performance variables oxygen/fuel ratio, Ao, and EGR-fraction,
Xegr. Further, Ao and Xeg, are mapped in Sec. 5 in order to investigate the inter-
actions in the system. Also, the pumping work is mapped in Sec. 5 to give insight
into how the pumping losses can be minimized.

2 Diesel engine model

A model for a heavy duty diesel engine is used in the system analysis in this report.
This diesel engine model is focused on the gas flows, see Fig. 1, and it is a mean
value model with eight states: intake and exhaust manifold pressures (pim and
Pem), OXygen mass fraction in the intake and exhaust manifold (Xpim and Xoem),
turbocharger speed (w¢), and three states describing the actuator dynamics for the
two control signals (tlegr1, Uegr2, and U, g¢). These states are collected in a state
vector x

. . - T
X:[pim Pem Xoim Xoem Wt Uegrl  Uegr2 uvgt]

There are no state equations for the manifold temperatures, since the pressures and
the turbocharger speed govern the most important system properties, such as non-
minimum phase behaviors, overshoots, and sign reversals, while the temperature
states have only minor effects on these system properties [7].

The resulting model is expressed in state space form as

x = f(x,u,ne)
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Figure 1 Sketch of the diesel engine model used for the system analysis. It
has five states related to the engine (Pim, Pems X0im, XOem, and wy) and
three for actuator dynamics (llegri, Uegr2, and Uygt ).

where the engine speed n. is considered as an input to the model, and u is the
control input vector
u = [us Uegr uvgt]T

which contains mass of injected fuel us, EGR-valve position Uegr, and VGT actu-
ator position Uy g¢.

A detailed description and derivation of the model together with a model tuning
and a validation against test cell measurements is given in [7]. The validation
shows that the model captures the essential system properties that exist in the
diesel engine, i.e. non-minimum phase behaviors, overshoots, and sign reversals.
The references [3], [2], and [4] also show that the diesel engine has these system
properties.

3 Physical intuition for system properties

As mentioned in Sec. 2, the diesel engine has non-minimum phase behaviors, over-
shoots, and sign reversals. The fundamental physical explanation of these system
properties is that the system consists of two dynamic effects that interact: a fast
pressure dynamics in the manifolds and a slow turbocharger dynamics. These two
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Figure 2 Responses to a step in VGT position showing non-minimum phase
behaviors in Ao and in the turbo speed. Operating point: us=110 mg/cycle,
Ne=1500 rpm and Uegr=80 %. Initial w,q=70 %.

dynamic effects often work against each other which results in the system proper-
ties above. For example, if the fast dynamic effect is small and the slow dynamic
effect is large, the result will be a non-minimum phase behavior, see Ag in Fig. 2.
Note that the DC-gain is negative. However, if the fast dynamic effect is large and
the slow dynamic effect is small, the result will be an overshoot and a sign reversal,
see Ag in Fig. 3. The precise conditions for this sign reversal are due to complex
interactions between flows, temperatures, and pressures in the entire engine. More
physical explanations of the system properties for VGT position and EGR-valve
responses are found in the following sections.

3.1 Physical intuition for VGT position response

Model responses to steps in VGT position are shown in Fig. 2 and 3. In Fig. 2 a
closing of the VGT leads to an increase in exhaust manifold pressure and therefore
an increase in EGR-fraction which leads to a decrease in intake manifold oxygen
mass fraction and a decrease in Ao in the beginning of the step. However, an
increase in exhaust manifold pressure thereafter leads to an increase in turbocharger
speed and thus compressor mass flow. The result is an increase in Ap and in this
case the increase is larger than the initial decrease. The increase in Ag is slower due
to the slower dynamics of the turbocharger speed, which means that VGT position
to Ap has a non-minimum phase behavior. There is also a non-minimum phase
behavior in the turbocharger speed response. The non-minimum phase behavior
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Figure 3 Responses to a step in VGT position showing a sign reversal in
Ao compared to Fig. 2. Operating point: us=110 mg/cycle, n.=1500 rpm
and Uegr=80 %. Initial u,q:=30 %.

in Ao increases with increasing EGR-valve opening and decreasing VGT opening
until the sign of the DC-gain is reversed and the non-minimum phase behavior
becomes an overshoot instead. The sign reversal can be seen in Fig. 3, where the
size of the step is the same but the initial VGT position is more closed compared
to Fig. 2. Contrary to Fig. 2, Fig. 3 shows that a closing of the VGT position
leads to a total decrease in Ag. Further, the non-minimum phase behavior in the
turbocharger speed response in Fig. 3 is larger than in Fig. 2.

3.2 Physical intuition for EGR-valve response

Model responses to steps in the EGR-valve are shown in Fig. 4 and 5. In Fig. 4, Ao
has a non-minimum phase behavior which has the following physical explanation.
The closing of the EGR-valve leads to an immediate decrease in EGR-fraction,
yielding an immediate decrease in pi;, and increase in pem. However, closing the
EGR-valve also means that less exhaust gases are recirculated and there are thus
more exhaust gases to drive the turbine. This causes the turbocharger to speed
up and produce more compressor flow which results in a subsequent increase in
Pim that is larger than the initial decrease. This effect is slower though due to the
slower dynamics of the turbocharger speed, which gives that EGR-valve to piy, has
a non-minimum phase behavior. Since pi;, affects the total flow into the engine
and thereby Ao, there is also a non-minimum phase behavior in Ag. Note that
the DC-gain from EGR-valve to Ag is negative in Fig. 4. The non-minimum phase
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behavior increases with decreasing EGR-valve opening and increasing engine speed
until the sign of the DC-gain is reversed. The sign reversal can be seen in Fig. 5,
where the step in EGR-valve is performed in an operating point with higher torque
and higher engine speed compared to Fig. 4. In contrast to Fig. 4, Fig. 5 shows
that a closing of the EGR~valve leads to a total decrease in Ap and in ny.

4 Mapping of system properties

The step responses in Sec. 3 show that there are non-minimum phase behaviors
and sign reversals in the main performance variables Ao and Xeqr. Knowledge
about these system properties and response times in the entire operating region
is important when developing a control structure. Therefore, the DC-gain K, the
non-minimum phase behavior with an relative undershoot xy, and the response
time T are mapped by simulating step responses in the entire operating region.
The DC-gain K is defined as
Y2 —Yo
K= N (1)
where yo is the initial value and y; is the final value of a step response according
to Fig. 6 where the input has a step size Au. The relative undershoot xy is defined
as
_Yo— Ui 2)
Y2 —WY1
where Yy is the minimum value of the step response in Fig. 6. The response time
T is defined in Fig. 6, i.e

XN

T={t:y(t) =0.63(y2 —yo) + yo} (3)

For a first order system with time delay, the response time according to this defi-
nition would be the sum of the time constant and the time delay.

The mapping of the system properties is based on step responses simulated
at 20 different u,g4¢ points, 20 different g, points, 3 different n. points, and
3 different us points. The sizes of the steps in u,g¢ and Uegr are 5% of the
difference between two adjoining operating points. Sec. 4.1 presents the results
regarding the DC-gains (1). Non-minimum phase zeros for linearized multiple
input multiple output (MIMO) models of the engine are analyzed in Sec. 4.2 in
order to determine the non-minimum-phase characteristics of these models. A
root locus for one operating point is presented in Sec. 4.2 in order to illustrate
the poles for the closed loop system. Non-minimum phase behaviors with the
relative undershoots (2) are mapped in Sec. 4.3. In addition to a mapping of
the system properties over the operating region for the engine, a mapping of the
operating points where the engine frequently operates is performed in Sec. 4.4.
This is performed by simulating the European Transient Cycle and calculating the
relative frequency for different sub-regions. Finally, the response times (3) are
mapped in Sec. 4.5.
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Figure 6 A step response with an initial value yo, a final value y,, a non-
minimum phase behavior with an undershoot yi, and a response time T.

4.1 DC-gains

A sign reversal in a channel causes problems when controlling the corresponding
feedback loop. These sign reversals are investigated by mapping the DC-gain, K,
for the channels U, gy — Ao, Uegr — A0, Uvgt — Xegr, ad Uegr — Xegr in Fig. 7
to 10. The channels u, gt — Ao, Uegr — Ao, and Uygt — Xegr have negative DC-
gain in large operating regions and reversed sign (positive sign) in small operating
regions, while Uegr — Xegr has positive DC-gain in the entire operating region.

The DC-gain for the channel u, gy — Ao (see Fig. 7) has reversed sign (positive
sign) in operating points with closed to half open VGT, half to fully open EGR-
valve, low to medium n., and medium to large us or in operating points with
half to fully open VGT, low n., and small us. The left bottom plot shows that
for almost all EGR-valve positions the sign is reversed twice when the VGT goes
from closed to fully open. Further, the DC-gain for the channel uegr — Ao (see
Fig. 8) has reversed sign (positive sign) in a smaller operating region, compared to
Uygt — Ao, which is in operating points with closed to half open EGR-valve, high
Ne, and medium to large us. Finally, the DC-gain for the channel w,g¢ — Xegr
(see Fig. 9) also has reversed sign (positive sign) in a smaller operating region,
compared to U, gt — Ao, which is in operating points with half to fully open VGT,
half to fully open EGR-valve, low to medium n., and small us.

The DC-gains for all four channels (Fig. 7 to 10) are equal to zero also in
some other operating points than where sign reversal occurs. The DC-gains for
the channels Uegr — Ao, Uygt — Xegr, and Uegr — Xegr are equal to zero in
operating points with half to fully open VGT, low to medium n,. and medium to
large us. In these operating points pem < pim (see Fig. 18) which leads to that
Xegr = 0 since no backflow is modeled in the EGR-flow model. As a consequence,



4 Mapping of system properties 87

the control signal Uegr cannot influence the system and the control signal w,g¢
cannot influence the EGR-fraction. The DC-gain for the channels ueqr — Ao and
Uegr — Xegr are also equal to zero when ueqr = 80 % and the DC-gain for the
channel W, g¢ — Xegr is also equal to zero when Uegr =0 %.

The mapping of the DC-gains shows that the DC-gains vary much between
different operating points in all four channels. A common trend is that the DC-
gains for the channels u,g¢ — Ao and U,g¢ — Xegr are large when the VGT is
closed and small when the VGT is open. Similarly, the DC-gains for the channels
Uegr — Ao and Uegr — Xegr are large when the EGR-valve is closed and small
when the EGR-valve is open.
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4.2 Zeros and a root locus

A mapping of zeros for linearized MIMO models of the engine over the entire
operating region is performed in order to determine the non-minimum-phase char-
acteristics of these models. The linear models are constructed by linearizing the
non-linear model in Sec. 2 in the same operating points as the operating points in
Fig. 7 to 10, i.e. 20 different u,4¢ points, 20 different ueqr points, 3 different n.
points, and 3 different us points. The linear models have the form

x=Aix+Biu

U= Cix (4)

where 1 is the operating point number and

-
u:[uegr uvgt]

. . - T

X =[Pim Pem Xoim Xoem Wt Uegrl  Uegr2 uvgt]
T
y:D\O xegr]

An analysis of the poles and zeros for the models (4) shows that there are 8
poles in the left complex half plane for the complete operating region, one zero in
the right complex half plane for the complete operating region, 3 zeros in the left
complex half plane when pem > Pim, and 2 zeros in the left complex half plane
when pem < Pim. In this latter case the EGR-valve is closed. The value of the
zero in the right complex half plane is mapped in Fig. 11 showing that this zero is
positive for the complete operating region. Consequently, the linear diesel engine
models (4) are non-minimum phase in the complete operating region.

A root locus for the model (4) in one operating point where pem > Pim IS
presented in Fig. 12. This root locus is based on the feedback

— 0
u=k ( K“egéﬂo 1 ) (r—vy) (5)

Kuvgt‘)"egr

where the signal 1 is the set-point for the output y and the choice of feedback loops
is motivated in [5]. The constants Ky, ao and Ky, , x.,, are the DC-gains
for the channels ueqr — Ao and Uygt — Xegr in the operating point ne = 1500
rpm, us = 145 mg/cycle, Ueqr = 16.8 %, and u,qr = 36.8 %, and k is a scalar
parameter. The root locus in Fig. 12 shows the closed-loop pole trajectories as
function of the parameter k. These trajectories have 4 asymptotes due to that the
difference between the number of poles and the number of zeros for the open-loop
system is 4. Two closed-loop poles become unstable for large k and two poles in
the left complex half plane have large imaginary parts for large k, i.e. these poles
gives oscillations with low damping. Root loci for other operating points (where
Pem > Pim) have approximately the same behavior. Root loci for operating points
where pem < Pim are not investigated since xeqr = 0 in these operating points and
Uegr can not influence the system which leads to that other control modes have to
be used in these operating points.
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Figure 12 A pole-zero map and a root locus for the model (4) in the
operating point ne = 1500 rpm, us = 145 mg/cycle, Ueqr = 16.8 %, and
Uyge = 36.8 %. The crosses are the poles and the circles are the zeros for
the model (4). The root locus shows the closed-loop pole trajectories as
function of the scalar parameter k in the feedback (5). The trajectories
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4.3 Non-minimum phase behaviors

In the previous section, it is shown that the linearized MIMO diesel engine mod-
els (4) have a zero in the right half plane and are therefore non-minimum phase.
In this section, the size of the undershoot in a non-minimum phase behavior is
investigated by mapping the relative undershoot xn, defined by (2), over the entire
operating region. This is performed for the channels u,g¢ — Ao, Uegr — Ao, and
Uygt — Xegr in Fig. 13 to 15, but not for the channel Uegr — Xegr as it has no
non-minimum phase behavior.

By comparing Fig. 7 with Fig. 13 and comparing Fig. 8 with Fig. 14 it can
be seen that the non-minimum phase behaviors in the channels u,g¢ — Ao and
Uegr — Ao only occur in operating points with negative DC-gain. Further, the
relative undershoots are 40 to 100 % only in operating points near the sign reversal
for these two channels. Consequently, the relative undershoot for the channel
Uegr — Ao is larger than 40 % in a smaller operating region compared to w,g¢ —
Ao since the sign reversal for ueqr — Ao occurs in a smaller operating region.
In the operating points with reversed sign (positive sign) the non-minimum phase
behavior becomes an overshoot instead (see also Fig. 2 and Fig. 3 where the non-
minimum phase behavior in Ao becomes an overshoot).

By comparing Fig. 9 with Fig. 15 it can be seen that the non-minimum phase
behavior in U, gt — Xegr 0occurs only in a small operating region with reversed sign
(positive sign) for the DC-gain where the relative undershoots are 40 to 100 %.
In the operating points with negative DC-gain the non-minimum phase behavior
becomes an overshoot instead.
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in a non-minimum phase behavior for the channel W, gy — Xegr at 3 different

Nne and 3 different us.



4 Mapping of system properties 99

4.4 Operation pattern for the European Transient Cycle

A mapping of the operating points where the engine frequently operates is im-
portant in order to understand what system properties in the sections above that
should be considered in the control design. This mapping is performed by simulat-
ing the complete control system in [5] during the European Transient Cycle. The
control parameters are tuned using the method in [6] and the weighting factors
YMme = 1 and Yegr = 1. In Fig. 16, this simulation is plotted by first sampling the
signals Me, Us, Uygt, and Uegr With a frequency of 10 Hz, and then dividing these
simulated points into 9 different operating regions by selecting the nearest operat-
ing region to each simulated point. These operating regions correspond to the 9
different plots in Fig. 16 where each plot has u.gy on the y-axis and u,g4¢ on the
x-axis, i.e. exactly as the contour plots in the previous sections. The percentage of
simulated points in each operating region is also shown in the plots. Further, the
lines where the sign reversals occur for the channels u,g¢ — Ao, Uegr — Ao, and
Uygt — Xegr are shown in the plots.

Comparing Fig. 16 with Fig. 13 to 15, the conclusion is that the engine fre-
quently operates in operating points where the sign reversal and the non-minimum
phase occur for the channels u,g¢ — Ao and U,gt — Xegr, and that the engine
does not frequently operate in operating points where the sign reversal and the non-
minimum phase occur for Uegr — Ao. Consequently, it is important to consider
the sign reversal and the non-minimum phase for u,g¢ — Ao and U, gy — Xegr in a
control design. The engine does not operate at ne > 1750 rpm since the European
Transient Cycle only consists of n that are lower than 1750 rpm.

4.5 Response time

The response time T for the channels u,g¢ — Ao, Uegr — A0, Uvgt — Xegr, and
Uegr — Xegr, Tespectively, are mapped over the entire operating region using the
definition in Fig. 6. The result is presented in Appendix A, while the minimum,
mean, and maximum value for each T are shown in Tab. 1.

The variations of T for the channels u, g+ — Ao, Uegr — Ao, and Uygt — Xegr
are larger compared to T for the channel uegr — Xegr. This is because the channels
Uygt — A0, Uegr — Ao, and Uy gt — Xegr have sign reversals. These three channels
have small T when the overshoot is large, which is in operating points with positive

Table 1 The minimum, mean, and maximum value of the response time
T in the entire operating region for the channels W,g¢ — Ao, Uegr — A0,
Uygt — Xegr; and Uegr — Xegr-

Channel Uygt = A0 Uegr = A0 Uygt — Xegr Uegr — Xegr
Minimum T 0.10 0.12 0.07 0.16
Mean T 1.10 0.97 0.20 0.17

Maximum T 5.91 3.83 10.04 0.76
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DC-gains near the sign reversals for 1, gt — Ao and Uegr — Ao and with negative
DC-gains for u,g¢ — Xegr. The channels u,g¢ — Ao, Uegr — Ao, and Uegr — Xegr
have large T in operating points with fully open EGR-valve, almost closed VGT,
low ne, and small us. The channel u, gt — Xegr has a large T in operating points
with half to fully open EGR-valve, fully open VGT, medium n., and small us.

5 Mapping of performance variables

Besides looking at dynamic responses of different loops, it is valuable to study
the interaction. This is done in Sec. 5.1 for Ao and Xegr. Further, in Sec. 5.2
the pumping losses are mapped to give insight into how to minimize the pumping
losses.

5.1 System coupling in steady state

A mapping of the main performance variables Ao and xegr as function of Uegr
and u,g4¢ in steady state is given in Fig. 17. The system is decoupled, in steady
state, in one point if one of the contour lines is horizontal at the same time as
the other line is vertical. This is almost the case in the gray areas in Fig. 17, see
also the cross in the middle plot showing that the tangents to the contour lines are
almost perpendicular in one point. The gray areas are near the sign reversals for
Uygt — A0, Uegr — Ao, and U, gy — Xegr since one of the contour lines is either
horizontal or vertical at the sign reversals. In the operating regions that are not
gray, the system is strongly coupled.

In the gray areas near the sign reversal for the channel u,4¢ — Ao (thick dashed
line), u,g¢ almost only affects Xeqr and Ueqr almost only affects Ag. However, in
the gray areas near the sign reversals for the channels uegr — Ao (thick solid line)
and Uy gt — Xegr (dotted line) uegr almost only affects xeqr and 1w, g¢ almost only
affects Ao.

System coupling is also investigated in Appendix B by analyzing the relative
gain array (RGA) showing that the system is strongly coupled. Input-output pair-
ing for SISO controllers are also investigated showing that the best input-output
pairing is

Uegr — )\o

Uygt — Xegr

5.2 Pumping losses in steady state

A mapping of the pumping losses in steady state over the entire operating region
gives insight into how to minimize the pumping work. Fig. 18 shows that the
pumping losses Pem — Pim decrease with increasing EGR-valve and VGT openings
except at operating points with low torque, low engine speed, half to fully open
EGR-valve, and half to fully open VGT, where there is a sign reversal in the gain
from VGT to pumping losses. Further, the pumping losses are negative in operating
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points with half to fully open VGT, low to medium n., and medium to large us,
and the pumping losses are high in operating points with closed VGT and high n..

These observations are valuable since they give the basis for the development
of a controller that besides control of the performance variables Ag and Xeqr also
minimizes the pumping work. Further, the specific structure revealed in Fig. 18
makes it possible to employ a non-complicated control principle in an industrially
adapted control structure, see [5].

6 Conclusions

A system analysis of a diesel engine has been performed showing that the channels
Uygt — A0, Uegr — Ao, and Uy gt — Xegr have non-minimum phase behaviors and
sign reversals. The fundamental physical explanation of these system properties
is that the system consists of two dynamic effects that interact: a fast pressure
dynamics in the manifolds and a slow turbocharger dynamics. These two dynamic
effects often work against each other which results in the system properties above.
The analysis also shows that the engine frequently operates in operating points
where these properties occur for the channels w,q¢ — Ao and u,g¢ — Xegr, and
consequently, it is important to consider the sign reversal and the non-minimum
phase behavior for these channels in a control design. Further, it was demon-
strated that the four channels (u,g¢, Uegr) = (Ao, Xegr) have varying DC-gains
and time constants. Furthermore, an analysis of linearized MIMO models of the
engine shows that there is one zero in the right half plane over the complete oper-
ating region. Consequently, these MIMO models are non-minimum phase over the
complete operating region. A mapping of the performance variables Ao and X¢gr
and the relative gain array show that the system from ueqr and u,g¢ to Ap and
Xegr is strongly coupled in a large operating region. It was also illustrated that the
pumping losses Pem — Pim decrease with increasing EGR-valve and VGT opening
except for a small operating region (with low torque, low engine speed, half to fully
open EGR-valve, and half to fully open VGT, where there is a sign reversal in the
gain from VGT to pumping losses).
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A Response time

The response time T (see Fig. 6) for the channels w,q¢ — Ao, Uegr — Ao, Uygt —
Xegr, and Uegr — Xegr are shown in Fig. 19 to 22 over a large operating region.
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B Relative gain array

Mappings of the relative gain array (RGA) for linearized MIMO models of the
engine over the entire operating region are performed in order investigate system
coupling and input-output pairing for SISO controllers. For a matrix G, RGA is
defined as

RGA(G) = G.x (GNT (6)

”

where 7 .x” is the element-by-element multiplication and the pseudo inverse is de-

fined as

G'=(G*G)'G* (7)

where G* is the conjugate transpose of the matrix G.
RGA is analyzed for the linearized models (4) in Sec. 4.2, giving the following
transfer functions

Gi(s) = Ci(sT—A;) "By (8)

for each operating point i and the following relation between inputs and outputs

(si) = () ®

When investigating the best input-output pairing for SISO controllers, there
are two main rules to follow:

1. Choose input-output pairings where the corresponding elements in the matrix
RGA(Gi(jwc)) are close to 1 in the complex plane. Here, w. is the desired
bandwidth of the closed-loop system.

2. Avoid input-output pairings where the corresponding elements in the matrix
RGA(G;(0)) are negative.

In order to follow rule 1 above, RGA is mapped in the following way. For

. gin 912
RGA(G; = 10
(Gijwe)) (gm gzz) (10)
with w. = 1/4 rad/s
st =g — 1 +1g922 — 1| (11)
s2 =1[g21 — 1 +1g12 — 1| (12)

are calculated. If sy or sy are small, the corresponding elements in (10) are close
to 1. The variables s7 and s, are mapped in Fig. 23 and 24 respectively showing
that each of these variables are smaller than 1 in the gray areas. The points where
the engine operates during the European Transient Cycle are also mapped in the
figures in the same way as in Fig. 16. Consequently, the goal is to choose an
input-output pairing so that the engine frequently operates in the gray areas. It
can be seen that the engine operates outside the gray areas in both Fig. 23 and 24
for some operating points. Consequently, the system is strongly coupled in these
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points. For us > 145 mg/cycle the engine operates more frequently in the gray
areas in Fig. 23 than in Fig. 24. However, for us = 60 mg/cycle it is the reversed
relation, i.e. the engine operates more frequently in the gray areas in Fig. 24 than
in Fig. 23. On the other hand, one of the control inputs are often saturated when
us = 60 mg/cycle and when this occur, there is no pairing problem. Consequently,
according to rule 1 the best input-output pairing is

Uegr — )\o

LLvgt - Xeg‘r

In order to follow rule 2 above, RGA is mapped in the following way. For

RGA(G;(0)) = @; EZ) (13)

the variables hy; and hy; are mapped in Fig. 25 and 26 respectively showing that
each of these variables are greater or equal to zero in the gray areas. The variable
hi2 is greater or equal to zero in the same area as hy7 and hy, is greater or equal
to zero in the same area as hjy;. In the same way as in Fig. 23 and 24 the goal
is to choose an input-output pairing so that the engine frequently operates in the
gray areas. The result is that the engine operates more frequently in the gray areas
in Fig. 25 than in Fig. 26. It is only a small white area in the left bottom plot
in Fig. 25 where h;; < 0 and where the engine operates for some few operating
points. Consequently, even for rule 2 the best input-output pairing is

Uegr — 7\0

LLvgt - Xegr
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Figure 26 A mapping of hyy, defined by (13), showing that hy; > 0 in
the gray areas. The points where the engine operates during the European
Transient Cycle are also mapped.
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Abstract

A control structure is proposed and investigated for coordinated control of
EGR valve and VGT position in heavy duty diesel engines. Main control
goals are to fulfill the legislated emission levels, to reduce the fuel con-
sumption, and to fulfill safe operation of the turbocharger. These goals
are achieved through regulation of normalized oxygen/fuel ratio, Ao, and
intake manifold EGR-fraction. These are chosen both as main performance
variables and feedback variables since they contain information about when
it is possible to decrease the fuel consumption by minimizing the pumping
work. Based on this a novel and simple pumping work minimization strat-
egy is developed. The proposed performance variables are also strongly
coupled to the emissions which makes it easier to adjust set-points, e.g.
depending on measured emissions during an emission calibration process,
since it is more straightforward than control of manifold pressure and air
mass flow. Further, internally the controller is structured to handle the dif-
ferent control objectives. Controller tuning is important for performance
but can be time consuming and to meet this end a method is developed
where the controller objectives are captured in a cost function, which makes
automatic tuning possible even though objectives are conflicting. Perfor-
mance trade-offs are necessary and are illustrated on the European Tran-
sient Cycle. The proposed controller is validated in an engine test cell,
where it is experimentally demonstrated that the controller achieves all
the control objectives and that the current production controller has at
least 26% higher pumping losses compared to the proposed controller.

IThis paper has been submitted for publication.
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1 Introduction

Legislated emission limits for heavy duty trucks are constantly reduced while at the
same time there is a significant drive for good fuel economy. To fulfill the require-
ments, technologies like Exhaust Gas Recirculation (EGR) systems and Variable
Geometry Turbochargers (VGT) have been introduced. The primary emission re-
duction mechanisms utilized are that NO, can be reduced by increasing the intake
manifold EGR-fraction and smoke can be reduced by increasing the air/fuel ratio
[5]. However the EGR fraction and air/fuel ratio depend in complicated ways on the
EGR and VGT actuation and it is therefore necessary to have coordinated control
of the EGR and VGT to reach the legislated emission limits. Various approaches
have been published, and an overview of different control aspects is given in [4]. A
multi-variable controller is presented in [6], some approaches that differ in the se-
lection of performance variables are compared in [12], and in [15] decoupling control
is investigated. Other control approaches are described in [1, 2, 3, 7, 11, 13, 16].
This paper presents the scientifically interesting results from an academic and
industrial collaboration where a structure for coordinated EGR and VGT control
was developed and investigated. The structure provides a convenient way for han-
dling emission requirements and introduces a novel and straightforward approach
for optimizing the engine efficiency by minimizing pumping work. Added to that,
the paper covers requirements regarding additional control objectives, interfaces
between inner and outer loops, and calibration that have been important for a suc-
cessful industrial validation and application. The key ideas behind the structure
are described in Sec. 2, and Sec. 2.2 summarizes the control objectives related to
EGR and VGT control. A mean value diesel engine model, focused on gas flows, is
described in Sec. 3. It is first used for system analysis in Sec. 4 and later used both
for controller tuning and in simulation evaluations of the closed-loop system. An
important part is Sec. 5 that systematically develops the control structure based on
the analysis of control objectives and the key properties that were observed in the
preceding system analysis. Sec. 5.4 discusses the pumping minimizing mechanism
and compares it to another structure with respect to pumping work. In Sec. 6 a
tuning methodology is developed that is achieved by formulating a cost function
that reflects the control objectives. Performance trade-offs are inevitable in this
system and simulations on a European Transient Cycle (ETC) are used in Sec. 7
to illustrate how these can be handled. Finally Sec. 8 discusses the results from
the experimental validation performed in an engine test cell at Scania CV AB.

2 Proposed control approach

To deliver low fuel consumption and fast response to the driver’s command while
fulfilling the emission requirements are the goals for engine control. The control
of EGR and VGT for emission abatement is considered first, and then the other
goals are considered as they are also important for a successful application. The
selection of performance and feedback variables is an important first step [22], and
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for emission control it should be noted that exhaust gases, present in the intake
from EGR, also contain oxygen. This makes it more suitable to define and use the
oxygen/fuel ratio instead of the traditional air/fuel ratio. The main motive is that
it is the oxygen content that is crucial for smoke generation, and the idea is to use
the oxygen content of the cylinder instead of air mass flow, see e.g. [10]. The exact
definition of the normalized oxygen/fuel ratio Ap is given by (16) in Sec. 3. Thus,
EGR-fraction x4 and oxygen/fuel ratio Ag are a natural selection for performance
variables as they are directly related to the emissions. These performance variables
are equivalent to cylinder air/fuel ratio and burned gas ratio which are a frequent
choice for performance variables in many papers [6, 12, 16, 13].

The choice of feedback variables defines the overall controller structure, and
the most common choice in the literature are compressor air mass flow and intake
manifold pressure [7, 11, 12, 15, 16]. Other choices are intake manifold pressure
and EGR-fraction [12], exhaust manifold pressure and compressor air mass flow [6],
intake manifold pressure and EGR flow [14], intake manifold pressure and cylinder
air mass-flow [1], or compressor air mass flow and EGR flow [3]. Based on the close
relation to the emissions, Xegr and Ao are here used also as feedback variables.
Simulations are presented in [13], but to our knowledge our work is the first that
have utilized and verified this choice of feedback variables experimentally.

2.1 Advantages of this choice

There are three main advantages with the choice of EGR-fraction Xeqr and oxy-
gen/fuel ratio Ap as both performance and feedback variables.

The first advantage is that these variables provide direct information about
when it is possible/allowed to minimize the pumping work, compared to e.g. man-
ifold pressure and air mass flow. To facilitate improved fuel economy the proposed
control structure also has a novel and simple mechanism for optimizing the fuel
consumption by minimizing the pumping work. In diesel engines a large Ao is
allowed and there is thus an extra degree of freedom, when A is greater than its
set-point, that can be used to minimize the pumping work. Pumping minimization
is an important feature, however the performance variables x¢qr and Ao are always
controlled as they are the major variables in the controller.

The second advantage is as mentioned above that these variables are strongly
connected to the emissions and gives a natural separation within the engine man-
agement system. The performance variables are handled in a fast inner loop,
whereas trade-offs between e.g. emissions and response time for different oper-
ating conditions are made in an outer loop. The idea with two loops is depicted in
Fig. 1.

The third follows from the second in that it fits well into industry’s engineer-
ing process where the inner control loops are first tuned for performance. Then
the total system is calibrated to get stable combustion and to meet the emission
limits by adjusting set-points for different operating conditions, different hardware
configurations, and different legislative requirements depending on the measured
emissions during the emission calibration process.
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Figure 1 A cascade control structure, with an inner loop where EGR and
VGT actuators are controlled using the main performance variables EGR
fraction Xeqr and oxygen/fuel ratio Ao. This sketch is a simplified illustra-
tion of the main idea that will be completed in Sec. 5 to also include fuel
control and turbo protection.

Normally, neither xeqr nor Ap are measured and have to be estimated using
observers. The observer design is important, but it is not the focus in this paper.
Here it is assumed that an observer exist similar to that in [13]. This means that
the known issues about oxygen estimation are handled and in the experiments such
an observer of industrial production type is available and used. Engines could in
the future be equipped with a sensor for Ao, and if so, then nothing has to be
changed in the proposed controller structure, which is an additional advantage.

2.2 Control objectives

In addition to control of Xegr and Ao it is also necessary to have load control,
since the driver’s demand must be actuated. This is achieved through basic fuel
control using feedforward. Furthermore it is also important to monitor and control
turbocharger speed since aggressive transients can cause damage through over-
speeding.

The primary variables to be controlled are engine torque M., normalized oxy-
gen/fuel ratio Ao, intake manifold EGR-fraction Xegr, and turbocharger speed ny.
The goal is to follow a driving cycle while maintaining low emissions, low fuel con-
sumption, and suitable turbocharger speeds, which together with the discussion
above gives the following control objectives for the performance variables.

1. Ao should be greater than a soft limit, a set-point A{, which enables a trade-off
between emission, fuel consumption, and response time.

2. Ao is not allowed to go below a hard minimum limit ?\81“, otherwise there
will be too much smoke. ?\B”i“ is always smaller than Ay .

3. Xegr should follow its set-point xg There will be more NO, if the EGR-

egr'
fraction is too low and there will be more smoke if the EGR-fraction is too
high.
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Figure 2 Sketch of the diesel engine model used for simulation, control
design, and tuning. It has five main states related to the engine (Pim, Pem,
Xoim; Xoem, and wy) and two states for actuator dynamics (llegqr and
11\19‘[)-

4. The engine torque, M., should follow the set-point M$ from the drivers de-

mand.

5. The turbocharger speed, ny, is not allowed to exceed a maximum limit n{***,

preventing turbocharger damage.
6. The pumping losses, M,,, should be minimized in order to decrease the fuel
consumption.
The aim is now to develop a control structure that achieves all these control ob-
jectives when the set-points for EGR-fraction and engine torque are reachable.

3 Diesel engine model

A diesel engine model is used to capture and give insight into the important system
properties and also used in simulations for tuning and validation of the developed
controller structure. The model is focused on the gas flows, see Fig. 2, and has
seven states: intake and exhaust manifold pressures (pim and pem ), OXygen mass
fraction in the intake and exhaust manifold (Xpim and Xgem), turbocharger speed
(wy), and two states describing the actuator dynamics for the two control signals
(Uegr and tygt). These states are collected in a state vector x

X = (Pim Pem Xoim XOem Wt 11egr Lvagt)T (1)

There are no state equations for the manifold temperatures. The reason is that
the pressures and the turbocharger speed govern the system properties in Sec. 4,
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while the temperature states have only minor effects on these system properties.

It is important that the model can be utilized both for different vehicles having
the same engine but different driveline parameters and for engine testing, calibra-
tion, and certification in an engine test cell. In many of these situations the engine
operation is defined by the rotational speed n., for example given as a drivecycle,
and therefore it is natural to parameterize the model using engine speed. The
resulting model is thus expressed in state space form as

x = f(x,u,ne) (2)

where the engine speed n. is considered as an input to the model, and u is the
control input vector

u:(u5 Uegr uvgt)T (3)

which contains mass of injected fuel us, EGR-valve position uegr, and VGT ac-
tuator position u,g4¢. The EGR-valve is closed when uegr = 0% and open when
Uegr = 100 %. The VGT is closed when u,g¢ = 0% and open when u,g¢ = 100 %.
The model is a mean value engine model [8], and the equations are given below.
A detailed description and derivation of the model is given in [20] together with a
tuning methodology and a validation against test cell measurements. Descriptions
of the nomenclature, the variables and the indices can be found in the Appendix.
The derivatives of the state variables are given by (4)—(7) where the right hand
sides are given by (8)—(15). The performance variables are defined by (16)—(17).

Manifolds
d R. Tq
apim = :/_ L (W, +Wegr — Wei)
im
4 ReTem @
apem = Vorn (Weo — Wy *Wegr)
d RaTim
= Xoim =—2 " (Xoem — Xoim) W,
dt Oim pimvim(( Oem Olm) egr+ (5)
(XOC - XOim) Wc)
d Re T,
a XOem = pe% (XOe - XOem) Weo (6)
em Vem

Actuator dynamics and turbo speed

d . 1 -
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[— _— —_—— —_— 11 y —
Uygt (uvgt uvgt) dtwt =
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4 System properties

An analysis of the behavior and characteristics of the system gives valuable insight
into the control problem and is important for a successful design of the control
structure (see for example [9]). An extensive system analysis has been performed
and is given in [21]. Sec. 4.1 summarizes the main results and uses step changes in
VGT position and EGR-valve to illustrate the properties, while Sec. 4.2 compiles
the results from an analysis of linearized diesel engine models. In Sec. 4.3 the
pumping losses are analyzed to give insight into how to handle objective 6 in
Sec. 2.2.

4.1 Steps in VGT position and EGR-valve

Model responses to steps in VGT position and EGR-valve in Fig. 3 show that
Ao has non-minimum phase behaviors, overshoots, and sign reversals (this is well
known and shown in [9]). The fundamental physical explanation of these system
properties is that the system consists of two dynamic effects that interact: a fast
pressure dynamics in the manifolds and a slow turbocharger dynamics. These two
dynamic effects often work against each other and change in size which results in
the system properties above. For example, when the fast dynamic effect is small
and the slow dynamic effect is large, the result is a non-minimum phase behavior,
see Ap at 0 s for the VGT and the EGR step. However, when the fast dynamic
effect is large and the slow dynamic effect is small, the result is an overshoot and a
sign reversal for the VGT step at 10 s and a sign reversal for the EGR step at 10 s.
The precise condition for the sign reversal is due to a complex interaction between
flows, temperatures, and pressures in the entire engine.

Both the non-minimum phase behavior and the sign reversal in the channel
Uygt — Ao occur in operating points where the engine frequently operates. There-
fore, these two properties must be considered in the control design (this will be
discussed in Sec. 5.2). For the other channel uegr — Ao both the non-minimum
phase behavior and the sign reversal only occur in operating points where Ag,
pumping loss M,,, and turbocharger speed n are high. Consequently, there are
significant drawbacks when operating in these operating points. Therefore, the
control structure should be designed so that these operating points are avoided
(this will be discussed in Sec. 5.2).

The channel Uegr — Xegr has a positive DC-gain. The channel u,g¢ — Xegr
has a negative DC-gain, except for a sign reversal that occur in a small operating
region with low torque, low to medium engine speed, half to fully open EGR-valve,
and half to fully open VGT.

4.2 Results from an analysis of linearized diesel engine mod-
els

Linearized diesel engine models are analyzed over the entire operating region in [21]
showing that these models have a zero in the right half plane and are therefore non-
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Figure 3 Responses to steps in VGT position (left column) and EGR valve
(right column) showing non-minimum phase behaviors and sign reversals in
Ao. Operating point for the VGT steps: us=145 mg/cycle, ne=1500 rpm
and Uegr=50 %. Operating point for the EGR steps: us=230 mg/cycle,
Ne=2000 rpm and w,g¢=30 %.

minimum phase. Further, the relative gain array is analyzed for these models in [21]
showing that the best input-output pairing for SISO controllers is Ueqr — Ao and
Uygt — Xegr in the regions where the engine frequently operates.

4.3 Pumping losses in steady state

A mapping of the pumping losses in steady state, is shown in Fig. 4, covering
the entire operating region (at 20 different u, g¢ points, 20 different ueg4, points, 3
different 1. points, and 3 different us points). It gives insight into how to achieve
the pumping work minimization in the control structure. Fig. 4 shows that the
pumping losses Pem — Pim decrease with increasing EGR-valve and VGT openings
except in a small operating region with low torque, low engine speed, half to fully
open EGR-valve, and half to fully open VGT, where there is a sign reversal in the
gain from VGT to pumping losses. In Sec. 5.5 the resulting control behavior in
this corner is discussed.
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Figure 4 Contour plots of Pemy — Pim [bar] in steady-state at 3 diflerent
ne and 3 different ugs, showing that pem — Pim decreases with increasing
EGR-valve and VGT opening, except in the left bottom plot where there is
a sign reversal in the gain from U, gt t0 Perm — Pim-

5 Control structure

The control design objective is to coordinate us, Uegr, and U, 4¢ in order to achieve
the control objectives stated in Sec. 2.2. The diesel engine is a non-linear and
coupled system and one could consider using a multivariable non-linear controller.
However, based on the system analysis in the previous section, it is possible to
build a controller structure using min/max-selectors and SISO controllers for EGR
and VGT control, and to use feedforward for fuel control. As will be shown, this
can be done systematically by mapping each loop to the control objectives via the
system analysis. The resulting structure of loops is the main result together with
the rationale for it, but within the structure different SISO controllers could be
used. However, throughout the presentation PID controllers will be used. The
foremost reasons are that all control objectives will be shown to be met and that
PID controllers are widely accepted by industry.

The solution is presented step by step in the following sections, but a MAT-
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Figure 5 The proposed control structure, as MATLAB/SIMULINK block di-
agram, showing; a limit, set-points, measured and observed signals, fuel
control with smoke limiter, together with the controllers for EGR and VGT.

LAB/SIMULINK schematic of the full control structure is shown in Fig. 5, where
all signals and the fuel controller are included together with the EGR and VGT
controller depicted in Fig. 1.

5.1 Signals, set-points, and a limit

The signals needed for the controller are assumed to be either measured or esti-
mated using observers. The measured signals are engine speed (1), intake and
exhaust manifold pressure (pim, Pem) and turbocharger speed (). The observed
signals are the mass flow into the engine Wi, oxygen mass fraction Xpim, Ao and
Xegr. All these signals can be seen in the block “Signals” in Fig. 5.

The set-points and the limit needed for the controller (see Fig. 5) vary with
operation conditions during driving. These signals are provided by an engine and
emission management system as depicted in Fig. 1. The limit and the set-points
are obtained from measurements and tuned to achieve stable combustion and the
legislated emissions requirements. They are then represented as look-up tables
being functions of operating conditions.
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5.2 Main feedback loops

The starting point for the design is the structure in Fig. 1 in Sec. 2. Based on
an analysis of the system properties in Sec. 4 two main feedback loops are chosen.
In the presentation to follow the resulting choice (Egs. (20) and (21)) is presented
first and then the analysis that motivates it is given.

The main loops are

Uegr = —PID (ex,) (20)
Uygt = —PID (exegr) (21)

where ex, = A — Ao and exegr = ngr — Xegr- These two main feedback loops
are selected to handle items 1 and 3 of the control objectives stated in Sec. 2.2. In
the first loop Ao is controlled to a set-point Ag, with the control signal ueqr and in
the second loop intake manifold EGR-fraction, X¢g4r, is controlled to its set-point,
Xggr,» With the control signal uyg¢. The PID controllers have a minus sign since
the corresponding channels have negative DC-gains in almost the entire operating
region (see Sec. 4).

The rationale behind the choice of the two main feedback loops are as follows.
Relating to the system properties in Sec. 4, both actuators could straightforwardly
be chosen for control of the EGR-fraction. However, for both actuators the Ap
performance variable requires care, and the proposed choice of main control loops
relies on the following facts. Firstly, the channel from u,4¢ to Ap has a sign reversal
and a non-minimum phase behavior (see Sec. 4.1), that are avoided in the proposed
structure (20) because gy is used to control Ag. Secondly, also the channel from
Uegr to Ao has a sign reversal and a non-minimum phase behavior in some few
operating points where the EGR-valve is closed to half open (see Sec. 4.1). However,
in all these operating points Ag is much larger than its set-point A, which makes
the EGR-valve to open up (according to (20)). Consequently, the system will leave
these operating points, and the influence of the non-minimum phase behavior and
the sign reversal thus only have effects in transients passing these operating points.

Another reason for the choice of the main control loops are that more under-
shoots in Ag will appear if the main control loops are switched. In such a case
a system analysis shows that the fast decrease in Ag, coupled to a load increase,
will cause a closing of the VGT before a closing of the EGR-valve, leading to an
increase in the EGR mass flow and therefore an unnecessary decrease in Ag in the
beginning of the transient (see [17] for more details). Further, an analysis of the
relative gain array supports the proposed input-output pairing for the main control
loops according to Sec. 4.2.

5.3 Additional feedback loops

In order to achieve the control objectives 3 and 5 stated in Sec. 2.2, two additional
feedback loops are added to the main control loops (20)—(21). Also in this section,
the equations are stated first, and then the reasons are given. Two loops are added
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according to

Uegr = min(—PID; (e?\o ), PIDZ(exeg‘r)) (22)
Uvgt = maX(_PID.’)(exegr)) —PID4(ent)) (23)

where ent = ny —n¢. Note that there is no minus sign for PID, since the corre-
sponding channel has positive DC-gain. All other channels have negative DC-gain
in almost the entire operating region (see Sec. 4). All the PID controllers have
integral action, and their derivative part will be discussed in Sec. 5.7.

The additional feedback loops in the structure (22)—(23), are motivated as fol-
lows. In operating points with low engine torque there is too much EGR, although
the VGT is fully open. To achieve control objective 3 also for these operating
points, a lower EGR-fraction X4 is obtainable by closing the EGR-valve uegr us-
ing PID;(exegr) in (22). The appropriate value for uegy is then the smallest value
of the outputs from the two different PID controllers i.e. the more closed EGR
setting is used. In order to get a simple control structure, xgg, is set larger than
zero in operating points where ey, > 0 and Uegr = 0 so that PID3(exeqr) in (23)
closes the VGT in order to increase Ag. To achieve control objective 5 and avoid
over-speeding of the turbo, the VGT is also influenced by the turbine speed ny
in (23). In this case n¢ is controlled with u,4¢ to a set-point n{ which has a value
slightly lower than the maximum limit n{*** in order to avoid that overshoots
shall exceed n{"**. The appropriate value for 1,4¢ is then the largest value of the
outputs from the two different controllers, which means that the VGT is opened
up, thereby decreasing the input torque to the turbocharger, and thereby keeping
its speed within limits.

5.4 Minimizing pumping work

The control structure (22)—(23) is not guaranteed to minimize the pumping work.
This can be understood from the model equations as follows. It is clear from (11)
that a given flow Weg, can be achieved for different combinations of flow area

em \ye T m . .
p?—\/ir(n‘“em). The key observation is that there are many com-

Aegr(ﬂegr) and -
binations of the flow area and pressure loss that can give the same flow, and conse-
quently there are many Uegr and u,g¢ that can give the same x.q4, in cases when
Ao > Ay. Thus in some cases when Ao > Af both ueq, and u,4¢ are governed
by exegr. In stationary conditions, when PID; (exegr) and PID3(exegr) in (22)-(23)
have converged, the controller fulfills the control objectives but the EGR-valve and
VGT are not guaranteed to minimize the pumping work.

To achieve control objective 6, i.e. to minimize the pumping work, two addi-
tional control modes are added to the control structure (22)—(23) according to

min (—PID7 (ex, ),

uegr(ti) = PIDZ(exegT)) ) if uvgt(tifl) =100 (24)

—PID7 (ex, ) , else
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100 , if (Uyge(ti—1) = 100)
& (exegr < 0.01)
uvgt(ti) = (25)
max (—PID3(exeqr),
—PID4(€nt)) , else

In this structure w4, is calculated using a minimum selector only when u, 4¢ = 100,
compared to (22) that always has a minimum selector. This subtle difference results
in minimized pumping work in stationary points by striving to open the actuators
as much as possible. Looking at the pumping work minimization in more detail
the important controller action is coupled to Ao, and in particular the operating
conditions where there is a degree of freedom i.e. when Ao > AL. For these
conditions there are now two cases. In the first case the proposed controller strives
to reduce Ao by opening the EGR-valve, through the second row in (24). To
maintain xg,,, this action also forces the VGT to be opened as much as possible.
Either A is reached or PID;(e),) saturates at fully open, due to the integral
action. In the other case, coupled to the first rows in (24)—(25), the VGT is fully
open and it is necessary to reduce Xegr by closing the EGR-valve to reach x¢..
In both cases the actuators are thus opened as much as possible while achieving
control objectives 1 and 3.

From the physics we know that opening a valve reduces the pressure differences
over the corresponding restriction, in particular (11) results in a lower pressure
loss and minimized pumping work (17). Therefore control objective 6 is achieved
through the mechanism that was explained above and that opens the EGR-valve
and VGT. These properties are also confirmed in Fig. 4, which shows that the
lowest pumping work is achieved when the EGR-valve and VGT are opened as
much as possible while keeping the control objectives. The only exceptions are in
operating points with low torque, low engine speed, half to fully open EGR-valve,
and half to fully open VGT. In these operating points there is a sign reversal in
the gain from VGT to pumping work. However, the proposed control structure is
not extended to handle this sign reversal, since the maximum profit according to
simulations would only be 2.5 mBar, which is an insignificant value.

In case 1 in (25) the VGT is locked to fully open (the value 100) until exegr >
0.01 in order to avoid oscillations between case 1 and 2 in (24).

Simulations have been performed, under the same conditions as in [19], and they
show that the proposed control structure (24)—(25) reduces the pumping work with
66% compared to the control structure (22)—(23). However, when considering the
modeling and measurements errors the reduction is calculated to be at least 56%,
and this leads to a reduction in fuel consumption with 4%.

5.5 Effect of sign reversal in VGT to EGR-fraction

The system properties in Sec. 4.1 show that the DC-gain from u,g¢ t0 Xegr has
a sign reversal in a small operating region, and an important question is what
effect this sign reversal has on the control performance. This sign reversal occurs
in operating points with half to fully open EGR-valve and half to fully open VGT
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and in these operating points Ao is much larger than its set-point A% which makes
the EGR-valve to be fully open if u,g¢ < 100 (according to case 2 in (24)). If
Uygt < 100 and Xegr < Xggr in the beginning of a transient the VGT position
decreases until Xeqr = Xgg4, (according to PID3(exeqr) in (25)), consequently the
system will leave the operating region with reversed sign. If u,g¢ < 100 and
Xegr > Xggy i the beginning of a transient the VGT position increases until it is
fully open and then PID;(exeqr) in (24) becomes active and closes the EGR-valve
until xegr = Xg4,. Consequently, the system can not get caught in the operating
region with reversed sign while PID3(exegr) in (25) is active, i.e. the system can
not get caught in an unstable mode. However, the effect of this sign reversal is that
there exist two sets of solutions for the EGR~valve and the VGT-position for the
same value of x¢ 4, depending on if Xegr < Xg4y O if Xegr > Xgg, in the beginning
of a transient. However, the proposed control structure is not extended to handle
this sign reversal, since the maximum profit in pumping work would only be 2.5
mBar, which is the same value as the maximum profit in the previous section due to
that the sign reversal in VGT to EGR-fraction occurs partly in the same operating

points as the sign reversal in VGT to pumping work.

5.6 Feedforward fuel control

Engine torque control, control objective 4, is achieved by feedforward from the
set-point M$ by utilizing the torque model and calculating the set-point value for
us according to

U =1 M$ + c2(Pem — Pim) + €3 M2 4 CaMe +C5

which is obtained by solving us from (17)—(19). This feedforward control is imple-
mented in the block “Delta feedforward” in Fig. 5.

Aggressive transients can cause Ao to go below its hard limit AT'™ resulting
in exhaust smoke. The PID controller in the main loop (20) is not designed to
handle this problem. To handle control objective 2, a smoke limiter is used which
calculates the maximum value of us. The calculation is based on engine speed
N, mass flow into the engine Wy, oxygen mass fraction Xpim and lower limit of
oxygen/fuel ratio AZ™

ymaex _ ' Wei XOim 120
® A (O/F)s 1076 eyt Me

which is implemented in the block “Smoke limiter” in the top of Fig. 5.
Combining these two the final fuel control command is given by

Uy = min(uy -, ug) (26)

which concludes the description and the motivation of the control structure in
Fig. 5.
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5.7 Derivative parts

It has been found that the loop from VGT-position to turbocharger speed (PID4 (en+)

n (25)) benefits from a derivative part in order to predict high turbocharger speeds.
This is due to the large time constant in the corresponding open-loop channel. The
channel uegr — Ap also has a large time constant, but there is a lower demand on
the band width for PIDq(ey ) compared to PID4(ent), and consequently PID7(ex, )
does not need a derivative part. None of the other PID controllers need a derivative
part due to smaller time constants in the corresponding channels.

5.8 PID parameterization and tuning

Each PID controller has the following parameterization

PID;(e) = K; (e—l— %Jedt—I—de(;z) (27)
where the index j is the number of the different PID controllers in (24)—-(25). The
PID controllers are implemented in incremental form which leads to anti-windup
and bump-less transfer between the different control modes [23].

Regarding tuning, the systematic analysis of the control problem in Sec. 4 has
in this section been used to map the control objectives to the controller structure.
This coupling to objectives gives the foundation for systematic tuning, be it manual
or automatic. In the next section this will be utilized for automatic tuning, and
it is also an advantage to have this conceptual coupling when doing manual fine
tuning.

6 Automatic Controller Tuning

In the proposed structure there are four PID controllers that need tuning. There
are conflicting goals as it is not possible to get both good transient response and
good EGR tracking at the same time and trade-offs have to be made. This can be a
cumbersome work and therefore an efficient and systematic method, for tuning the
parameters Kj, Ty, and Tg; in (27), has been developed. As a result the following
non-linear least squares problem is formulated

min V(0)
(28)
st. >0
where 0 is the parameter vector
0 = [Ky, Tur, K, Tiz, K3, Tis, Ka, Tia, Taal® (29)

The control objectives in Sec. 2.2 and the system properties in Sec. 4 are mapped
to a quadratic performance measure, where each term reflects either control objec-
tives or actuator stress. The motivation for each term is given below, and the cost
function is calculated as
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where t; is the time at sample number i. All terms in (30) are normalized to get
the same order of magnitude for the five terms, and this means that the weighting
factors have an order of magnitude as yme ~ 1 and yegr = 1.

These terms have been derived by analyzing the control objectives and system
properties, and the connections and motives for them are given in the following
paragraphs. Objectives 2 and 6 are fulfilled directly as they are built into the
structure in terms of the smoke limiter and the pumping work minimization pre-
sented in Sec. 5.

Term 1

This term is the most intricate one and it is coupled to objectives 1 and 4 and
they are in their turn related to each other through the system properties. They
are related since a good transient response, especially during tip-in maneuvers, is
connected to availability of oxygen and thus a fast Apg-controller will give good
transient response.

A further motivation for choosing to minimize engine torque deficiency, epme =
Mg¢ — M comes from the fact that negative values of ex, = Af — Ao are allowed,
and it is positive e), values that have to be decreased. Now noting that torque
deficiency occurs when the smoke limiter in Sec. 5.6 restricts the amount of fuel
injected, i.e. when Ao =A™ (see Fig. 7 between 309 s and 313 s). Since AR™ <

o a positive ey, exists when torque deficiency occurs.

One could also consider using e, directly but such a choice is not sufficiently
sensitive during transients where there is a need for air. Due to the smoke limiter,
exo will be limited to the difference AY) — AT when the smoke limiter is active
and this does not reflect the actual demand for air and Ao during transients. Thus
the torque deficiency is selected as performance measure.

Term 2

This term is directly coupled to objective 3 and strives to minimize the EGR error

(exeg‘r = XZg‘r - Xegr)-
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Terms 3 and 4

These terms are coupled to the general issue of avoiding actuator stress, e.g. oscil-
latory behavior in the EGR valve or in the VGT control signals. The terms have
equal weight since the control signals are of the same magnitude.

Term 5

This term is a direct consequence of objective 5 and avoids that the turbocharger
speed exceeds its maximum limit. A high penalty is used, ynt ~ 103, to capture
that this is a safety critical control loop.

In summary all control objectives are considered and handled in the tuning.
Furthermore, the difficulty of tuning of the individual controllers, related to the
trade-off between transient response (Ao) and EGR errors, is efficiently handled by
the two weighting factors yme and yegy. This will be further illustrated in Sec. 7.2.

6.1 Solving (28)

A methodology for solving the optimization problem has been developed and the
details are described in [18]. The important constituents are; a transient selection
method and a solver for the optimization problem. Transient selection is made
to reduce the computational time and the method identifies representative and
aggressive transients where different control modes are excited. As a result compu-
tational time is reduced from 30 to 3 hours when using only the selected transients
instead of a full ETC cycle.

The numerical solver for (28), described in [18], has three steps. Firstly, the
tuning parameters are initialized using the Astréom-H#gglund step-response method
for pole-placement [23]. Secondly, a heuristic globalization-method is used to scan
a large region around the initial values. Thirdly, a standard non-linear local least
squares solver is used. It is worth to point out that the heuristics in the second
step is important for avoiding that the local solver ends up in an unsatisfactory
local minimum, see [18] for details.

7 European Transient Cycle simulations

The control tuning method is illustrated and applied, and a simulation study is
performed on the European Transient Cycle (ETC). The cycle consists of three
parts representing different driving conditions: urban (0-600 s), rural (600-1200 s),
and high-way (1200-1800 s) driving.

The closed loop system, consisting of the model in Sec. 3 and the proposed
control structure in Sec. 5 (depicted in Fig. 5), is simulated in Matlab/Simulink.
The set points for Ag and Xxegr are authentic recordings that have been provided by
industry. A remark is that an observer is not used in the simulations. Instead a low
pass filter, with the time constant 0.02 s, is used to model the observer dynamics
for all variables assumed to come from an observer. This is done in the block
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Figure 6 Comparison in simulation between two sets of PID parameters.
The first set of PID parameters is optimized using the cost function (30)
and the second is optimized without term 3 and 4. The second set of PID
parameters gives oscillations in the control signals. Consequently term 3
and 4 in the cost function are important in order to avoid oscillations.

“Signals” in Fig. 5. The different signals in the cost function (30) are calculated
by simulating the complete system and sampling the signals with a frequency of
100 Hz.

7.1 Actuator oscillations

The importance of terms 3 and 4 (actuator oscillations) in the cost function is
illustrated in Fig. 6, where the control system is simulated with two sets of PID
parameters. The first set of PID parameters is optimized using the cost func-
tion (30) and the second is optimized without terms 3 and 4. The second set of
PID parameters gives oscillations in the control signals. Consequently terms 3 and
4 in the cost function are important in order to decrease actuator oscillations. Fur-
ther, a tuning rule for avoiding oscillations in the control signals weqr and 1, g¢ is to
decrease the sum yme +Vegr until the oscillations in the control signals disappear.
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7.2 Balancing control objectives

The weighting factors Yme, Yegr, and yn¢ in the cost function (30) are tuning
parameters. When tuning these, trade-offs are made between torque deficiency,
EGR error, pumping losses, and turbo over-speed.

A tuning strategy for the relation between yme and yegr is to increase yme
when a controller tuner wants to decrease the torque deficiency and increase yegr
when a controller tuner wants to decrease the EGR error and the pumping losses.
It is important that the sum yme + Yegr is constant in order to avoid influence of
the third and fourth term in the cost function when tuning the first and the second
term. In the following section yme + Yegr = 2. A tuning strategy for avoiding
turbo over-speeding is to increase yn¢ until the fifth term becomes equal to zero.

Illustration of performance trade-offs

The trade-offs between torque deficiency, EGR error, and pumping losses are illus-
trated in Fig. 7-8, where the control system is simulated on an aggressive transient
from the ETC cycle with two sets of weighting factors. The first set is ypme = 1
and Yegr = 1 and the second set is yme = 3/2 and Yegr = 1/2. The latter set
of weighting factors punishes the torque deficiency more than the first one. Fig. 8
also shows the control modes for the EGR valve

1, if PID;(ex, ) active
modecgr = (31)

2, if PID,(exeqr) active
and the VGT position
1, ifuyge =100
modeygt = 2 , if PID3(exeqr) active (32)

3, if piD4(ent) active

The setting yme = 3/2 and yeqr = 1/2 gives less torque deficiency but more
EGR error and more pumping losses compared to yme = 1 and yegr = 1, which is
seen in Fig. 7-8 in the following way. Between 305 and 308 s the engine torque is low
which leads to a high Ag, an open EGR-valve, and that the VGT position controls
the EGR~fraction so that the EGR error is low. Thereafter, an increase in engine
torque at 308 s leads to a decrease in Ag and therefore a closing of the EGR-valve.
This closing is faster if Yme/Yegr is increased from 1 to 3 which leads to a lower
EGR-fraction (i.e. more EGR error), a more closed VGT position, a faster increase
in turbocharger speed, and consequently a lower torque deficiency. Note that the
torque deficiency and the EGR error can not be low at the same time during the
aggressive transient. Note also that there are more pumping losses at ypme = 3/2
and Yegr = 1/2 due to that the EGR-valve and the VGT position are more closed.
Consequently, in dynamic conditions trade-offs are made between torque deficiency
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Figure 7 Comparison between two simulations of the control system using
two sets of weighting factors. The first set is Yme = 1 and Yegr = 1 and
the second set is Yme = 3/2 and yYegr = 1/2. The latter set of weighting
factors gives less torque deficiency but more EGR error and more pumping
losses compared to the first set of weighting factors.
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Figure 8 Control inputs and control modes for the simulations in Fig. 7.

and pumping loss. However, it is important to note that the pumping loss is still
minimized in stationary points by the proposed control structure in both cases
in Fig. 7-8 compared to the other control structure in Sec. 5.3 that gives higher
pumping losses.

All the trade-offs between different performance variables described in this sec-
tion are also valid for the complete cycle. This is illustrated by simulating the
complete ETC cycle [17].
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8 Engine test cell experiments

The control structure proposed in Sec. 5 (depicted in Fig. 5) is applied and validated
in an engine test cell on the complete ETC cycle. The goal is to experimentally
verify that the control structure achieves the control objectives stated in Sec. 2.2
and to compare it to the current production control system.

An available production observer, similar to the one in [13], is used to estimate
the oxygen mass fraction Xpim. Once Xoim is estimated, the mass flow into the
engine Wei, Ao and Xegr are calculated using (8) and (16). The engine speed
(1e), intake and exhaust manifold pressure (pim, Pem) and turbocharger speed
(ny) are measured with production sensors. The set points for Ao and Xeqr are
given as functions of the operating point and have been provided by industry and
are the same for all controllers. The injection timing control has been provided by
industry. The PID parameters are initially tuned using the method in Sec. 6 with
Yme = 3/2 and Yegr = 1/2, and are then manually fine tuned in the engine test cell
experiments. The motive for choosing these weighting factors is that they represent
a worst case scenario concerning the EGR-error and the pumping work. This worst
case scenario is used in the experiments in order to show that the proposed control
system reduces the pumping work compared to the current production control
system for all reasonable sets of weighting factors. This can be understood as
follows. According to Fig. 7-8, the selected weighting factors yme = 3/2 and
Yegr = 1/2 give low torque deficiency, high pumping work, and high EGR-errors
and consequently NO, emissions that perhaps do not fulfill the legislated emission
limits. The pumping work becomes higher when increasing Yme/Yegr, however
this leads to even higher EGR-errors and increases the NO, emissions which is
undesirable. Therefore, yme = 3/2 and yYegr = 1/2 are considered to be a worst
case scenario concerning the EGR-error and the pumping work.

8.1 Investigation of the control objectives

The validation of the control structure on the complete ETC cycle shows that
it achieves the control objectives in Sec. 2.2. This is illustrated by showing an
aggressive transient from the ETC cycle in Fig. 9-10. Note that this transient was
not used in the automatic tuning process in Sec. 6. The fulfillment is assessed in
the following way.

Control objective 1 is achieved since Ao is larger than the set-point Ay except
when the torque increases rapidly at 253 s and when Ap has a small undershoot at
263 s. To handle this, the controller closes both the EGR-throttle and the VGT-
position at 253 s and the controller closes the EGR-throttle at 263 s in order to
increase Ao as fast as possible. Control objective 2 is achieved since Ag is always
larger than or equal to the minimum limit ?\g‘m. Note that the smoke limiter
is active when Ap = ?\g‘m. Control objective 3 is achieved since Xegr follows its
set-point xg 4, except when Ao = )\gﬁ“ at 253.5 s and when Ap decreases rapidly
at 259 s. At these points it is important to increase Ao, so therefore the EGR-
throttle is closed which results in an EGR-error. Control objective 4 is achieved
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Figure 9 Validation of the proposed control structure in an engine test cell
on an aggressive transient from the ETC cycle. Note that this transient was
not used in the automatic tuning process in Sec. 6. The proposed control
structure achieves all the control objectives stated in Sec. 2.2.
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Figure 10 Control inputs and control modes for the experiment in Fig. 9.

since M. follows its set-point Mg except when the smoke limiter is active at 253.5 s.
Control objective 5 is achieved since the turbocharger speed is always smaller than
its maximum value n{***. Finally, control objective 6 is achieved since the EGR-
throttle is opened as much as possible when Ag > Ag), yielding minimized pumping
loss. This can been seen at 250 s, 258.5 s, and 265 s where the EGR-throttle is
fully open while the VGT controls the EGR-fraction. Quantitatively, following
the calculation in Sec. 5.4, the pumping losses are calculated to be reduced at
least 50%. The oscillations in mode, 4 are due to measurement noise and that
the outputs from PID3(eyxeqr) and PID4(ent) have approximately the same values

at these points. These oscillations are not harmful, since the PID controllers are
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implemented in incremental form yielding bump-less transfer.

Consequently, the proposed control structure achieves all the control objectives
in Sec. 2.2. Further, the experiment shows that the control structure has good
control performance with fast control of the performance variables and systematic
handling of trade-offs.

8.2 Comparison to the current production control system

The proposed control structure is compared to the current production system on
the complete ETC cycle by comparing Ap-error, Xegr-error, and pumping losses

N
E)\o = Z max(eko (ti)) 0)
i=1

N
Xegr Z |exegr(ti)‘ (33)
i=1
N
PMEP = 3 (pem(ti) —Pim(ti))

i=1

E

where t; is the time at sample number i. The comparison in Tab. 1 shows that
the two controllers have approximately the same control performance in the main
performance variables Ao and X.qr and that the production controller has 26%
higher pumping losses yielding 1.4% higher fuel consumption, that is significant
for a truck engine. The differences in E), and E., , between the controllers are
only due to that the tuning of the controllers have different trade-offs between
Ao-error and Xegr-error. The tuning of the proposed controller is selected to be a
worst case scenario concerning the EGR-error and the pumping work according to
Sec. 8. Since the production controller gives more pumping losses for this worst
case scenario, it will have at least 26% higher pumping losses for all reasonable sets
of weighting factors in the tuning of the proposed controller.

Table 1 The measures (33) for two different controllers over the ETC cycle,
showing that the production controller has 26% higher pumping losses. The
measures are normalized with respect to the proposed controller.

Controller Exo  Ex.,, PMEP
Proposed controller 1.00 1.00 1.00
Production controller 1.50 0.60 1.26

9 Conclusions

A control structure with PID controllers and selectors has been proposed and in-
vestigated for coordinated control of oxygen/fuel ratio Ao and intake manifold
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EGR-fraction xegr. These were chosen both as performance and feedback vari-
ables since they give information about when it is allowed to minimize the pump-
ing work. This pumping work minimization is a novel and simple strategy and
compared to another control structure which closes the EGR-valve and the VGT
more, the pumping work is substantially reduced. Further, the chosen variables are
strongly coupled to the emissions and therefore they give advantages in an indus-
trial perspective where the inner loop is combined with an outer loop in an engine
management system in a way suited for efficient calibration.

Based on a system analysis, Ao is controlled by the EGR-valve and X¢qr by
the VGT-position, mainly to handle the sign reversal from VGT to Ag. Besides
controlling the two main performance variables, Ao and X¢q4r, the control structure
also successfully handles torque control, including torque limitation due to smoke
control, and supervisory control of turbo charger speed for avoiding over-speeding.
Further, the systematic analysis of the control problem in Section 4 was used to
map the control objectives to the controller structure, and this conceptual coupling
to objectives gives the foundation for systematic tuning, be it manual or automatic.
This was utilized to develop an automatic controller tuning method. The objectives
to minimize pumping work and ensure the minimum limit of Ao are handled by
the structure, while the other control objectives are captured in a cost function,
and the tuning is formulated as a non-linear least squares problem.

Different performance trade-offs are necessary and they were illustrated on the
FEuropean Transient Cycle. The proposed controller is validated in an engine test
cell, where it is experimentally demonstrated that the controller achieves all con-
trol objectives and that the current production controller has at least 26% higher
pumping losses compared to the proposed controller.
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Notation
Table 2 Symbols used in the paper.
Symbol  Description Unit
A Area m?Z
Cp Spec. heat capacity, constant pressure  J/(kg - K)
e Control error —
J Inertia kg - mZ
K; Gain in a PID —
M Torque Nm
Me Engine torque Nm

Tyl Number of cylinders —
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Symbol  Description Unit
e Rotational engine speed TPmMm
T Rotational turbine speed TPm
(O/F)s Stoichiometric oxygen-fuel ratio —

P Pressure Pa
P Power w
quv Heating value of fuel J/kg
Te Compression ratio —
R Gas constant J/(kg- K)
R Radius m
t Time s
T Temperature K
Ta; Derivative time in a PID s
Ty Integral time in a PID s
Ts Sample time s
Uegr EGR control signal. 100:open O:closed %
Uygt VGT control signal. 100:open O:closed %
Us Injected amount of fuel mg/cycle
Vv Volume m3
\' Cost function —
w Mass flow kg/s
Xegr EGR fraction —
Xo Oxygen mass fraction —
v Specific heat capacity ratio —
Y Weighting factor —
n Efficiency —
0 PID parameters —
Ao Oxygen-fuel ratio —
T Pressure quotient —
T Time constant s
D, Volumetric flow coefficient —
w Rotational speed rad/s
Table 3 Indices used in the paper.
Index  Description Index Description
a air fric friction
amb ambient ig indicated gross
c compressor im intake manifold
d displaced m mechanical
e exhaust Norm  normalized
egr EGR Setp set-point
ei engine cylinder in t turbine
em exhaust manifold vgt VGT
eo engine cylinder out  vol volumetric
f fuel o fuel injection
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Abstract

In modern Diesel engines Exhaust Gas Recirculation (EGR) and Variable
Geometry Turbochargers (VGT) have been introduced to meet the new
emission requirements. A control structure that coordinates and handles
emission limits and low fuel consumption has been developed. This con-
troller has a set of PID controllers with parameters that need to be tuned.
To be able to achieve good performance, an optimization based tuning
method is developed and tested. In the optimization the control objectives
are captured by a cost function. To aid the tuning a systematic method has
been developed for selecting representative and significant transients that
excite different modes in the controller. The performance is evaluated on
the European Transient Cycle. It is demonstrated how weighting factors in
the cost function influence control behavior, and that the proposed tuning
method gives a significant improvement in control performance compared
to standardized tuning methods for PID controllers. Further, the proposed
tuning method and the control structure are applied and validated on an
engine in a test cell, where it is demonstrated that the control structure
achieves all stated control objectives.

IThis paper has been published as the conference paper ” Controller tuning based on transient
selection and optimization for a diesel engine with EGR and VGT” by Johan Wahlstrém, Lars
Eriksson, and Lars Nielsen, SAE Technical paper 2008-01-0985, Detroit, USA, 2008. The most
important sections in this publication is the automatic tuning method in Sec. 5 and the simula-
tion results in Sec. 6. The control approach in Sec. 2, the control structure in Sec. 4, and the
experimental validations in Sec. 7 are more completely described in Publication 3.
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1 Introduction

Legislated emission limits for heavy duty trucks are constantly reduced. To ful-
fill the requirements, technologies like Exhaust Gas Recirculation (EGR) systems
and Variable Geometry Turbochargers (VGT) have been introduced. The primary
emission reduction mechanisms utilized to control the emissions are that NO, can
be reduced by increasing the intake manifold EGR-fraction and smoke can be re-
duced by increasing the air/fuel ratio [5]. Note that recirculated exhaust gases,
present in the intake, also contain oxygen which makes it more suitable to define
and use the oxygen/fuel ratio Ag instead of the traditional air/fuel ratio [17]. The
main motive for this is that it is the oxygen contents that is crucial for smoke
generation and the idea is to use the oxygen content of the cylinder instead of air
mass flow, see e.g. [10]. Besides Ao it is natural to use EGR-fraction Xeg, as the
other main performance variable, but one could also use the burned gas fraction
instead of the EGR-fraction. Note that the emissions NO, and smoke are not used
as performance variables, since this would require either sensors or observers for
these.

The oxygen/fuel ratio A\ and EGR fraction x4 depend in complicated ways on
the EGR and VGT actuation. It is therefore necessary to have coordinated control
of the EGR and VGT to reach the legislated emission limits in NOy and smoke and
various approaches have been published. Reference [4] presents a good overview
of different control aspects of diesel engines with EGR and VGT. In [12] there is
a comparison of some control approaches with different selections of performance
variables, and in [14] decoupling control is investigated. Other control approaches
are described in [2, 6, 11, 15, 1, 13, 18].

In a joint industrial collaboration, a coordinated EGR and VGT control struc-
ture has been proposed in [17] that provides a convenient way to handle emission
requirements and at the same time optimizes the engine efficiency by minimiz-
ing the pumping work. This structure formulates the emission control strategy
in terms of performance variables, that have a direct relation to the NOy and
smoke emissions, which gives a structure with natural separation between control
design and emission fine tuning. The control engineer can focus on the control
loop performance while the calibration engineer can fine tune the controller set-
points to fulfill the emission limits. For a successful application of this control
structure, it is advantageous that it besides good behavior and good interfaces is
straightforward to calibrate and re-calibrate in order to save time when adapting
to hardware changes. Therefore, this paper proposes an automatic tuning method
for all controller parameters in the controller structure.

1.1 Outline

The proposed tuning method is based on optimization of a cost function, that
reflects the control objectives, and the tuning is formulated as a non-linear least
squares problem in Sec. 5. To aid the tuning a systematic method is developed for
selecting significant transients that exhibit different challenges for the controller.
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The fine tuning through optimization is then performed on the selected transients.
In Sec. 6 simulations on a European Transient Cycle (ETC) are used to illustrate
the transient selection method, and controller tuning and performance. Different
performance trade-offs are illustrated and discussed. The proposed tuning method
and the control structure are validated in collaboration with Scania CV AB in an
engine test cell where the goal is to investigate if the control structure achieves the
control objectives and the results are discussed in Sec. 7. Before reaching the main
content of the paper (Sec. 5-7) background is provided. Sec. 2 describes the key
ideas behind the control structure and the control objectives related to EGR and
VGT control. Sec. 3 describes a mean value diesel engine model, focused on gas
flows, that is used for tuning and simulation evaluations of the closed-loop system.
The recently proposed control structure is reviewed in Sec. 4.

2 Control approach

This paper proposes an automatic tuning method of a recently proposed control
structure for coordinated control of EGR-fraction and oxygen/fuel ratio Ap, which
is a novel choice of performance variables. Previous related work as cited above
cover other control approaches with different performance variables in the loop.
The most common choice of performance variables in the papers above are com-
pressor air mass flow and intake manifold pressure.

The choice of EGR~fraction and oxygen/fuel ratio Ao as performance variables
are described and investigated in [17] and the two main advantages are as follows.
The first advantage is as mentioned above that these variables are strongly con-
nected to the emissions, compared to e.g. manifold pressure and air mass flow.
The second advantage follows from the first one in that it gives a natural sepa-
ration within the engine control system. The performance variables are handled
in a fast inner loop, whereas trade-offs between e.g. emissions and response time
for different operating conditions are made in an outer loop. The idea with two
loops is depicted in Fig. 1. The focus in this paper is on the control design of the
inner loop. Note that focusing entirely on the emissions during the assessment of
the inner loop could be misleading since the emissions depend strongly on the set
points that have been generated for the inner loop. Therefore, the goal is to judge
the performance in terms of the set point following instead of emissions.

Neither EGR-fraction nor Ag are normally measured and have to be estimated
using observers. The observer design is important, but it is not the focus in this pa-
per. Examples of observer designs for thermodynamic states and gas compositions
can be found in [12, 13, 9, 3, 16, 7].

In addition to control EGR-fraction and Ag it is also necessary to have fuel
control, since the driver’s demand must be actuated. This is achieved through basic
fuel control using feedforward. Furthermore it is also important to monitor and
control turbocharger speed since aggressive transients can cause damage through
over-speeding.
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Inner loop
A, 4 e[ Yeor
Engine and emission a EGR & VGT
management xig, +  €xegr Controller
_ Uyt
Ao Xegr
load, speed, temperatures, ... ENGINE

Figure 1 A cascade control structure, with an inner loop where EGR and
VGT actuators are controlled using the main performance variables EGR
fraction Xeqr and oxygen/fuel ratio Ao. This sketch is a simplified illustra-
tion of the main idea that will be completed in Sec. 4 to also include fuel
control and turbo protection.

2.1 Control objectives

The primary performance variables to be controlled are engine torque M., normal-
ized oxygen/fuel ratio Ao, intake manifold EGR-fraction X4, and turbocharger
speed 1. The goal is to follow a driving cycle while maintaining low emissions,
low fuel consumption, and suitable turbocharger speeds, which together with the
discussion above gives the following control objectives for the performance vari-
ables.

1. Ao should be greater than a soft limit, a set-point A, which enables a trade
off between emission, fuel consumption, and response time.

2. Ao is not allowed to go below a hard minimum limit )\gﬁ“, otherwise there will
be too much smoke. Note that Af"™ is always smaller than Ag.

3. The EGR-fraction Xegr should follow its set-point. There will be more NO, if
the EGR-fraction is too low and there will be more smoke if the EGR-fraction
is too high.

4. The engine torque should follow the set-point from the drivers demand.

5. The turbocharger speed is not allowed to exceed a maximum limit, otherwise
the turbocharger can be damaged.

6. The pumping losses M, should be minimized in stationary operating points in
order to decrease the fuel consumption.
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Figure 2 Sketch of the diesel engine model used for simulation, control
design, and tuning. It has five main states related to the engine (Pim, Pem,
Xoim; Xoem; and wy) and two states for actuator dynamics (llegr and

Tygt ).

3 Diesel engine model

A diesel engine model is used for tuning and validation of the developed controller
structure, see [19]. This diesel engine model is focused on the gas flows, see Fig. 2,
and it is a mean value model with seven states: intake and exhaust manifold
pressures (Pim and pem), 0xygen mass fraction in the intake and exhaust manifold
(Xoim and Xpem ), turbocharger speed (wy ), and two states describing the actuator
dynamics for the two control signals (tlegr and tiy,q¢). These states are collected in
a state vector x

X:(pim Pem Xoim Xoem Wy 11egr 11vgt)T (1)

There are no state equations for the manifold temperatures, since the pressures and
the turbocharger speed govern the most important system properties, such as non-
minimum phase behaviors, overshoots, and sign reversals, while the temperature
dynamics have only minor effects on these system properties.

It is important that the model focusing on the gas flows can be utilized both for
different vehicles having the same engine but different driveline parameters and for
engine testing, calibration, and certification in an engine test cell. In many of these
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situations the engine operation is defined by the rotational speed n., for example
given as a drivecycle, and therefore it is natural to parameterize the model using
engine speed. The resulting model is thus expressed in state space form as

x = f(x,u,ne) (2)

where the engine speed n. is considered as an input to the model, and u is the
control input vector

u:(ué Uegr uvgt)T (3)

which contains mass of injected fuel us, EGR-valve position uegr, and VGT ac-
tuator position u,g¢. The EGR-valve is closed when ueqr = 0% and open when
Uegr = 100 %. The VGT is closed when u,g¢ = 0% and open when u,4¢ = 100 %.

A detailed description and derivation of the model together with a model tuning
and a validation against test cell measurements is given in [19].

4 Control structure

The control design objective is to actuate us, Uegr, and U, 4¢ in order to achieve the
control objectives stated in Sec. 2.1. The diesel engine is a non-linear and coupled
system and these properties could be considered using multivariable non-linear
controllers. However, here the approach is to build a controller structure using
min/max-selectors and SISO controllers for EGR and VGT control, and to use
feedforward for fuel control. There are two reasons for looking at SISO controllers.
Firstly, SISO controllers are accepted by the industry. Secondly, the idea is to
develop a simple structure that captures the essential requirements on a controller
handling all the control objectives.

Many different SISO controllers are available, but throughout the presentation
PID controllers will be used. The solution is proposed and motivated in [17], but
it is reviewed in the following sections and a MATLAB/SIMULINK schematic of the
full control structure is shown in Fig. 3, where all signals and the fuel controller
are included together with the EGR and VGT controller depicted in Fig. 1.

4.1 Signals, set-points and a limit

The signals needed for the controller are assumed to be either measured or esti-
mated using observers. The measured signals are engine speed (1), intake and
exhaust manifold pressure (pim, Pem) and turbocharger speed (1n(). The observed
signals are the mass flow into the engine Wi, oxygen mass fraction Xopim, Ao and
Xegr. All these signals can be seen in the block “Signals” in Fig. 3.

The set-points and the limit needed for the controller (see Fig. 3) vary with
operation conditions during driving. These signals are provided by an engine and
emission management system as depicted in Fig. 1. The limit and the set-points are
obtained from measurements and tuned to achieve the legislated emissions require-
ments. They are then represented as look-up tables being functions of operating
conditions.
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Figure 3 The control structure, as MATLAB/SIMULINK block diagram,
showing; a limit, set-points, measured and observed signals, fuel control
with smoke limiter, together with the main controllers for EGR and VGT.

4.2 Main feedback loops

The following main feedback loops are used

Uegr = —PID (€x,) (4)

Uygt = _PID(exegr) (5)

where ex, = AH — Ao and exegr = Xggyr — Xegr- These two main feedback loops
are selected to handle items 1 and 3 of the control objectives stated in Sec. 2.1. It
is known that the DC-gain in u,4¢ — Ao changes sign with operating point [8].
However, the main feedback loops in (4)—(5) handle this sign reversal because Uegr
is used to control Ag.
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4.3 Additional control modes

In order to achieve the control objectives 3, 5, and 6 stated in Sec. 2.1, additional
control modes are added to the main control loops (4)—(5) according to

min (—PID7(ex, ),

uegr(ti) _ PIDZ(exegr)) , if U—vgt(tifl) =100 (6)
—PID7 (ex, ) , else
100 , if (Uyge(ti—1) = 100)
& (exegr < 0.01)
uvgt(ti) = (7)
max (—PID3(exeqr),
—PID4(€nt)) , else

where ent = n§ —n¢. Note that there is no minus sign for PID, since the corre-
sponding channel has positive DC-gain. All other channels have negative DC-gain
in almost the entire operating region [17].

The additional control modes in the structure (6)—(7) are motivated as follows.
In operating points with low engine torque there is too much EGR, although the
VGT is fully open. To achieve control objective 3 also for these operating points, a
lower EGR-fraction Xeqr is obtainable by closing the EGR-valve uegr when u,g¢ =
100 using PID; (exegr) in (6). To achieve control objective 5 and avoid over-speeding
of the turbo, the VGT is also influenced by the turbine speed n; in (7). In this case
Ny is controlled with u,g¢ to a set-point n{ which has a value slightly lower than
the maximum limit n{*** in order to avoid that overshoots shall exceed nj™**.
Further, this structure also minimizes the pumping work in stationary points by
striving to open the actuators as much as possible [17]. Consequently, control
objective 6 is achieved. Note that there are sign reversals also in Uegr — Ao and
Uygt — Xegr. However, these sign reversals have only minor effects on the control
performance and therefore the control structure is not extended to handle these
effects.

In case 1 in (7) the VGT is locked to fully open (the value 100) until exeqr > 0.01
in order to avoid oscillations between case 1 and 2 in (6).

4.4 PID parameterization and implementation
Each PID controller has the following parameterization
1 de
PID;(e) = K; (e—I—TUJedt—I—Td]-dJJ (8)

where the index j is the number of the different PID controllers in (6)—(7). The
PID controllers are implemented in incremental form which leads to anti-windup
and bump-less transfer between the different control modes [20].
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4.5 Derivative parts

It is worth to point out that the loop from VGT-position to turbocharger speed
(PID4(ent) in (7)) does benefit from a derivative part in order to predict high
turbocharger speeds. This is due to the large time constant in the corresponding
open-loop channel. The channel uegr — Ao also has a large time constant, but
there is a lower demand on the band width for PID{ (e, ) compared to PID4(ent),
and consequently PID7(ey, ) does not need a derivative part. None of the other PID
controllers need a derivative part due to smaller time constants in the corresponding
channels.

4.6 Fuel control

Engine torque control, control objective 4, is achieved by feedforward from the
set-point M using the torque model and calculating the set-point value for us
according to

uj =1 Mg+ ¢2(Pem — Pim) + €3N +Cane + 05

This fuel control is implemented in the block “Delta feedforward” in Fig. 3.

Aggressive transients can cause Ag to go below its hard limit )\gﬁ““ resulting in
exhaust smoke. The PID controller in the main loop (4) is not designed to handle
this problem. Therefore, to handle control objective 2, a smoke limiter is used
which calculates the maximum value of us. The calculation is based on engine
speed M, mass flow into the engine W,i, oxygen mass fraction Xpim and lower
limit of oxygen/fuel ratio AZ™

max

" B Wei Xoim 120
AR (O/F)s 107 ey e

which is implemented in the block “Smoke limiter” in the top of Fig. 3.
Combining these two the final fuel control command is given by

Us = min(ug ** ug) (9)

which concludes the description and the description of the control structure in
Fig. 3.

5 Automatic Controller Tuning

In the control structure (6)—(7) there are four PID controllers that need to be
tuned. This can be a cumbersome work and therefore this section proposes an
efficient method for automatically finding the tuning parameters Kj, Ty;, and Tg;
in (8) off-line, based upon the control objectives in Sec. 2.1 and the model in Sec. 3.
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5.1 Cost function

The automatic tuning method is obtained by formulating the control objectives in
Sec. 2.1 as a non-linear least squares problem

min V(0
(6) (10)
0>0
where 0 is the vector of PID parameters
0 =Ky, Tur, K, Tiz, K, Tis, Ka, Tia, Taal® (11)

The cost function V(0) consists of 5 terms where each term reflects either a control
objective or an actuator stress. The first term uses a special signal to penalize Ao
error (see the motive below). The cost function is calculated as

N 2 5
V() =) Yme (W) F Yeor (WW)
i=1

MeNorm XegrNorm

+ (UQQT(ti» e) _uegT(tifl ) e)>2

UegrNorm (12)

+ (uvgt(tia e) - uvgt(tif1 y 9) ) z

WUygtNorm

MtNorm

max 2
max|m t»e 3 )O

where t; is the time at sample number i. The motives for the different terms in
the cost function are:

Term 1

In order to decrease positive ex, = Ay — Ao (note that negative ey, is allowed),
term 1 minimizes engine torque deficiency (epme = M3 — M,). Torque deficiency
appears when the smoke limiter in Sec. 4.6 restricts the amount of fuel injected, i.e.
when Ao = AZ™ (see Fig. 6 between 309 s and 313 s). Since AT < A§), positive

e\, exists when torque deficiency appears.

Term 2

. s
Minimizes EGR error (exeqr = Xegr — Xegr)-

Term 3 and 4

Avoid oscillations in the EGR valve and in the VGT control signals. The terms
have equal weight.
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Term 5

Avoids turbocharger overspeeding. This is a strict limit for machine protection and
this limit is enforced using a high penalty, yn¢ = 103.

As seen in (12) all the terms are normalized in order to get the same order of
magnitude for the five terms, and this means that the weighting factors have an
order of magnitude as yme =~ 1 and yegr =~ 1.

5.2 Optimization

A solver is proposed for the optimization problem stated in the previous section,
and it consists of three phases: an initialization method, a globalization heuristic,
and a local solver.

The tuning parameters are initialized using the Astrém-Hégglund step-response
method for pole-placement [20]. The values of the parameters are calculated in
several different operating points since the system is non-linear, and then the mean
values of the parameters over the entire operating range are used.

The non-linear least squares problem (10) has several local minima, and there-
fore precautions must be taken to avoid ending up in a bad local minimum. A
global optimization method could be used, but these have the drawback of requir-
ing long computational times. Instead a heuristic method is used to scan a large
region around the initial values from Astrém-Higglund. This is done in Phase 2
below, by taking large steps in all directions narrowing in on a good local minimum
with relatively short computational times. Then in Phase 3 a tailor made routine
for solving least squares problems is used.

Phase 1: Find an initial guess.

1. Initialization: Astrom-Hégglund step-response method.
Phase 2: Find a solution near a good local minimum.

1. For allm =1 to 9:

e Multiply 0(n) with 3, compute V(0) and save its value together with the
corresponding 0.

e Divide 0(n) with 3, compute V(0) and save its value together with the
corresponding 6.

2. Choose the set of parameters 0 which corresponds to the smallest value of
the computed V(0) in step 1.

3. Go to step 1 until the calculations don’t find any smaller V(0).

Phase 3: Finds the solution for the good local minimum.
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1. Initial guess: Solution from phase 2.

2. Use a standard Matlab non-linear least squares problem solver.

This algorithm results in a better local minimum compared to if only phases 1 and
3 are used, so the heuristic in phase 2 is valuable.

5.3 Transient selection

If a complete driving cycle is used in the automatic tuning when calculating the
cost function (12) it gives a long computational time. This computational time
can be decreased if only some few transients are used. For example the European
Transient Cycle (ETC) gives a computational time of 30 hours, but if only three
transients from the ETC cycle are used the computational time is reduced to 3
hours. When selecting transients it is important that they are representative and
significant, and therefore the following selection criteria are formulated.

Selection criterion 1

Below the EGR error measure Exeqr and the torque deficiency measure Epme are
introduced. The selected transients should be such that both these measures and
the turbocharger speed n are high. This is achieved by selecting transients that
consist of at least one of the ten highest values of each of these three.

The EGR error measure, Exegr, increases linearly as function of time when
lexegr] > 1.5% according to

Exegr(ti) =
Exegr(tifﬂ + Ts 5 if (|exegr(ti)‘ > 15%) &(i > ])

0 , else

where T is the sample time and exeqr = xZgT — Xegr- The torque deficiency
measure, Ene, increases when enpe > 0 according to

Emelti) =
Eme(tizr) + Tseme(ti) , if (eme(ti) > 0) & (1> 1)

0 , else

where eme = M§ — M.

Selection criterion 2

To capture the entire operating region the transients should include operating
points with low flows and high flows respectively, i.e. low speed and torque and
high speed and torque.
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Selection criterion 3

It is important to find transients which excite all control modes in (6)—(7). There-
fore the third selection criterion is to find transients which excite all control modes
in the following control mode signals. The activation times for the different control
modes shall be of approximately similar length.

Control modes for the EGR valve:

1, if PID;(ex, ) active
modecgr = (13)
2, if PID,(exeqr) active

Control modes for the VGT position:
1, ifuyge =100
modeyge = ¢ 2 , if PID3(exeqr) active (14)

3, if piDy(ent) active

Selection criterion 4

If the driving cycle consists of several driving conditions, at least one transient from
each driving condition should be included in order to get representative transients
for the complete driving cycle.

6 Results from European Transient Cycle simula-
tions

The transient selection method and control tuning method are illustrated and ap-
plied, and a simulation study is performed on the European Transient Cycle (ETC).
The cycle consists of three parts representing different driving conditions: urban
(0-600 s), rural (600-1200 s), and high-way (1200-1800 s) driving.

The closed loop system, consisting of the model in Sec. 3 and the control struc-
ture in Sec. 4 (depicted in Fig. 3), is simulated in Matlab/Simulink. The set points
for Ao and Xegr are authentic recordings that have been provided by industry. A
remark is that an observer is not used in the simulations. Instead a low pass filter
is used on all variables assumed to come from an observer in order to model its
time constant. This is done in the block “Signals” in Fig. 3. The different signals
in the cost function (12) are calculated by simulating the complete system and
sampling the signals with a frequency of 100 Hz. Note also that the EGR-valve
position is saturated at 80% due to that the EGR-valve does not affect the system
if the EGR-valve position is larger than 80%.
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Table 1 Selected transients from the ETC cycle that meet the selection
criteria in Sec. 5.3. These transients are used when calculating the cost
function V(0) (12).

Transient Characteristics

time interval

285-360 s Urban driving, high torque deficiency,
high turbocharger speed, low and high
flow.

850-870 s Rural driving, high EGR error and high

torque deficiency.

1680-1720 s High-way driving, modecqr = 2 and
mode,g¢ = 1 have long activation
times.

Table 2 Activation times for the different control modes in modeeg, (13)
and in mode,q¢ (14) expressed in percentages of the total transient time for
each selected transient in Tab. 1.

modecegr | Mode, gt

Transient 1 2 1 2 3
285-360 s 83 17 | 22 48 30
850-870 s 81 19 | 23 51 27
1680-1720 s | 36 64 |66 34 0

6.1 Transient selection results for the European Transient
Cycle

The four criteria in the transient selection method (see Sec. 5.3) are fulfilled for
the ETC cycle by selecting the transients manually according to Tab. 1, where the
characteristics of each transient are summarized in the right column. More details
about the selection are as follows. To apply the selection criteria, the control system
is simulated during the complete ETC cycle using the initialized PID parameters
according to Sec. 5.2, see Fig. 4. High values for the performance measures, as well
as low and high values for both torque and engine speed that are close to each other
are found in the first two transients in Tab. 1. Consequently, selection criteria 1
and 2 are fulfilled. Tab. 2 shows the activation times for the different control modes
in modegg, (13) and mode,g¢ (14). In the first two transients, modeeqr = 2 and
mode,g¢ = 1 have short activation times. In order to get longer activation times
for these two modes, the third transient is also used and thereby selection criterion
3 is fulfilled. Selection criterion 4 is fulfilled since the three transients in Tab. 1 are
selected from the three driving conditions: urban, rural, and high-way driving.
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Figure 4 Simulation of the control system during the complete ETC cycle
using the initialized PID parameters according to Sec. 5.2. The goal is to
find transients where the EGR error measures Exeqr, the torque deficiency
measures Eme, and the turbo speed are high and where the torque and
speed are low and high, see Sec. 5.3. The result is the first two transients in

Tab. 1, i.e. 285-360 s and 850-870 s.
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Figure 5 Comparison in simulation between two sets of PID parameters.
The first set of PID parameters is optimized using the cost function (12)
and the second is optimized without term 3 and 4. The second set of PID
parameters gives oscillations in the control signals. Consequently term 3
and 4 in the cost function are important in order to avoid oscillations.

6.2 Actuator oscillations

The importance of term 3 and 4 (actuator oscillations) in the cost function is il-
lustrated in Fig. 5, where the control system is simulated with two sets of PID
parameters. The first set of PID parameters is optimized using the cost func-
tion (12) and the second is optimized without term 3 and 4. The second set of PID
parameters gives oscillations in the control signals. Consequently term 3 and 4 in
the cost function are important in order to decrease the actuator oscillations. This
is also shown in Tab. 3, where the values of term 3 and 4 are lower at the optimized
PID parameters than the values at the initialized PID parameters. Further, a tun-
ing rule for avoiding oscillations in the control signals Ueqr and u,4¢ is to decrease
the sum Yme + Yegr until the oscillations in the control signals disappear.

6.3 Balancing control objectives

The weighting factors Yme, Yegr, and yn¢ in the cost function (12) are tuning
parameters. When tuning these, trade-offs are made between torque deficiency,
EGR error, pumping losses, and turbo over-speed.

A tuning strategy for the relation between yme and yegr is to increase yme
when a controller tuner wants to decrease the torque deficiency and increase yegr
when a controller tuner wants to decrease the EGR error and the pumping losses.
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It is important that the sum yme + Yegr is constant in order to avoid influence of
the third and fourth term in the cost function when tuning the first and the second
term. In the following sections Yme + Yegr = 2. A tuning strategy for avoiding
turbo over-speeding is to increase ynt until the fifth term becomes equal to zero.
The effects of the automatic tuning on the dynamic behavior, on the complete
cycle, and on the controller parameters are described in the following sections.

Effect of tuning on dynamic behavior

The effect of the automatic tuning on the dynamic behavior is shown in Fig. 6,
where the control system is simulated on a significant transient (a part of the first
transient in Tab. 1) from the ETC cycle with two sets of weighting factors. The
first set is Yme = 1 and Yegr = 1 and the second set is Yme = 3/2 and yegr = 1/2.
The latter set of weighting factors penalizes the torque deficiency more than the
first one.

The setting yme = 3/2 and yeqr = 1/2 gives less torque deficiency but more
EGR error and more pumping losses compared to ypme = 1 and yegr = 1, which
is seen in Fig. 6 in the following way. Between 305 and 308 s the engine torque
is low which leads to a high Ag, an open EGR-valve, and that the VGT position
controls the EGR-fraction so that the EGR error is low. Thereafter, an increase
in engine torque at 308 s leads to a decrease in Ao and therefore a closing of the
EGR-valve. This closing is faster if yme/Yegr is increased from 1 to 3 which leads
to a lower EGR-fraction (i.e. more EGR error), a more closed VGT position, a
faster increase in turbocharger speed, and consequently a lower torque deficiency.
Note also that there are more pumping losses at Yme = 3/2 and Yegr = 1/2 due
to that the EGR-valve and the VGT position are more closed during the transient.

Effect of tuning on complete cycle

The effect of the automatic tuning on the complete cycle is shown in Tab. 3, where
the cost function (12) and its 5 terms together with the mean value of the pumping
loss are calculated from simulations of the complete ETC cycle. Note that the
relation between the 5 terms and the cost function in Tab. 3 is

V =yMe(Term 1) + yegr(Term 2)+

(Term 3) + (Term 4) + ynt(Term 5) (15)

Exactly as Fig. 6, Tab. 3 shows that yme = 3/2 and Yeqr = 1/2 give less torque

deficiency but more EGR error and more pumping losses compared to yme = 1 and

Yegr = 1. Consequently, the selected transients in Tab. 1 are representative for the

complete ETC cycle. Tab. 3 also shows that the turbocharger speed never exceeds

its maximum limit during the ETC cycle except for yme = 1/2 and yeqr = 3/2
where the term 5 has a small positive value.

It is important to note that the pumping loss is minimized in stationary points

by the control structure in all 4 cases in Tab. 3. However, in dynamic conditions

trade-offs are made between torque deficiency and pumping loss according to Fig. 6.
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Figure 6 Comparison between two simulations of the control system using
two sets of weighting factors. The first set is Yme = 1 and Yeqr = 1 and
the second set is Yme = 3/2 and Yegr = 1/2. The latter set of weighting
factors gives less torque deficiency but more EGR error and more pumping
losses compared to the first set of weighting factors.
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Table 3 Values of different variables computed from simulations of the
complete ETC cycle using initialized and optimized PID parameters for
three different sets of weighting factors. The variables are the 5 terms in
the cost function (12), the cost function V, and the time mean value of
the pumping loss. These variables show that the automatic tuning has a
significant effect and improves the control performance.

Oinit Optimized 0

YMe 3/2 1 1/2

Yegr 1/2 1 3/2
Term 1, torque deficiency | 0.36 | 0.25 0.29 0.75
Term 2, EGR error 1.74 | 1.34 1.10 0.57
Term 3, Uegr diff. 0.32 | 0.17 0.14 0.07
Term 4, u, 4 diff. 0.17 | 0.05 0.04 0.07
Term 5, turbo over-speed | 0 0 0 5e-05
V(Optimal 0) 1.27 1.57 141
V(Initial 0) 1.90 2.59 3.29
L [ (Pem — Pim) dt par] | 027 035 031 0.22

These trade-offs can also be seen in Tab. 3, where a decrease in pumping loss leads
to an increase in torque deficiency.

Using the cost function in Sec. 5.1 for tuning has a significant effect and improves
the control performance compared to if only the initialization method in Sec. 5.2
is used. This is seen in Tab. 3, where the optimal values of the cost function V are
lower than the initial values of V for all cases. It can also be seen that the values
of the 5 terms in the cost function decrease for the optimized PID parameters
compared to the values of the terms for the initialized PID parameters, except for
the torque deficiency and turbo over-speed at Yyme = 1/2 and vegr = 3/2.

Effect of tuning on controller parameters

The optimization steps in the automatic tuning method in Sec. 5.2 have a significant
effect on the controller parameters. This is shown in Fig. 7 where the initialized and
optimized PID parameters are calculated. The difference between the initialized
and optimized K4 is about 10? and for K; and K3 the differences are about 107.
Consequently, the initialization is far away from the optimal solution. It can also be
seen in Fig. 7 that the optimized gains K; are decreased compared to the initialized
gains (except for Ky at Yme =1, Yegr = 1), which means that the optimized PID
parameters give a more cautious control compared to the initialized parameters.
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Figure 7 Comparison between initialized and optimized PID parameters
showing that there is a significant difference between them. The optimized
PID parameters are calculated for two diflerent sets of weighting factors.

7 Engine test cell results

The PID parameters, that are obtained off-line in Sec. 6 using the proposed tuning
method, are applied on the control structure in Sec. 4 and validated in an engine
test cell in two different experiments. The first experiment below investigates if the
control structure achieves the control objectives stated in Sec. 2.1. This is done on
a ETC cycle transient that was used for optimization in the tuning method. The
second experiment below validates the control structure on a transient that was
not used for optimization.

The signals needed for the controller are either measured or estimated using
observers. The mass flow into the engine W, oxygen mass fraction Xoim, Ao and
Xegr are estimated using observers [7]. The engine speed (n.), intake and exhaust
manifold pressure (Pim, Pem) and turbocharger speed (n{) are measured. The
controller runs at 100 Hz and there are no additional sensors necessary compared
to the standard controller used by the industry.
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7.1 Investigation of the control objectives

This first engine test cell experiment was performed to investigate if the control
structure, where the PID parameters are based on the tuning method in Sec. 5,
achieves the control objectives in Sec. 2.1. This experiment is shown in Fig. 8
for the second transient in Tab. 1. The set points for Ap and Xy, are given as
functions of the operating point and have been provided by industry.

The PID parameters are initially tuned off-line using the weighting factors
YMe =4/3 and Yegr = 2/3. This resulted in actuator oscillations in the engine test
cell experiments probably due to model errors and that no gain scheduling is used
on the PID parameters. Therefore, the gains Kj in the vector (11) were manually
decreased in the engine test cell experiments which gives slower response. How-
ever, the values of the parameters Tyq; and Ti; obtained from the tuning method
are unchanged, and therefore the relation between the proportional, integral, and
derivative part of the PID controllers are preserved. Consequently, the decrease in
Kj only effects the total gain of the PID controllers and it does not influence the
main goal of evaluating how the control structure achieves the control objectives
where the PID parameters have received their basic tuning using the method in
Sec. 5.

Control objective 1 is achieved since Ao is larger than the set-point A except
when the torque increases rapidly at 851 s and 858 s. To handle this, the controller
closes the EGR-throttle at 851 s and the controller closes both the EGR-throttle
and the VGT-position at 858 s in order to increase Ag as fast as possible. Control
objective 2 is achieved since Ag is always larger than or equal to the minimum limit
)\‘(‘Jﬁ“. Note that the smoke limiter is active when Ag = ?\81“. Control objective 3
is achieved since Xegr follows its set-point xg g, if Ao > ?\g‘i“. At 858 s A is equal
to A" and the EGR-throttle is closed in order to increase Ap, resulting in a high
EGR-error. At 854 s the controller closes the EGR-throttle in order to decrease
the EGR-error. However, this closing speed is low due to that the gains in the
PID-controllers were decreased. Control objective 4 is achieved since M. follows
its set-point M$ except when the smoke limiter is active at 858 s. The smoke
limiter is also active at 851 s, but the torque deficiency is very small at this point.
Control objective 5 is achieved since the turbocharger speed is always smaller than
its maximum value n{***. Finally, control objective 6 is achieved since the EGR-
throttle and the VGT position are opened as much as possible when Ag > Ag,
yielding a minimized pumping loss. This can been seen at 853 s where the EGR-
throttle is fully open while the VGT controls the EGR-fraction and at 854 s where
the VGT is fully open while the EGR-throttle controls the EGR-fraction.

7.2 Results from a non-optimized transient

This second engine test cell experiment was performed to validate the control struc-
ture on a transient that was not used for optimization in the tuning method. This
experiment is shown in Fig. 9 where the set point for Ag is constant and the set
point for xeg, is changed manually. The PID parameters are initially tuned off-line
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Figure 8 Validation of the control structure in an engine test cell on a
significant transient from the ETC cycle. Here, the PID parameter tuning
is based on the method proposed in Sec. 5. The control structure achieves
all the control objectives stated in Sec. 2.1.
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Figure 9 Validation of the control structure in an engine test cell on a non-
optimized transient, showing that the control structure gives priority to Ao
before the EGR-fraction between 30 and 40 s. Here, the PID parameter

tuning is based on the method proposed in Sec. 5.
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using the weighting factors yme = 3/2 and Yegr = 1/2. Then, the PID parameters
are manually fine tuned in the engine test cell experiments in order to improve the
control performance.

Fig. 9 shows that the controller with the applied tuning method results in a
controller that achieves control objectives 1, 2, 3, and 6. In addition it shows that
the controller also handles actuator saturation and non reachable set points. The
experiment shows that the objectives for Ag are fulfilled and that the pumping
minimization is achieved by opening the EGR-throttle fully when Ao > Ag. The
control objective for EGR is fulfilled as long as the set point is reachable. The
set-point commanded at 15 s combines a high Ao and EGR-fraction and is not
reachable with the engine configuration, this is an engine property and does not
depend on the controller. After the transients in turbocharger speed and Ag, due
to the set-point change at 15 s, this results in an EGR error after 30 s. At these
points the VGT is saturated at 20 % and the EGR-valve controls Ag. It is worth to
note that it is the control structure and not the proposed tuning that gives priority
to Ao before the EGR-fraction, if the set-points for Ao and EGR-fraction are not
reachable at the same time and Ag < Ag.

Furthermore it is seen in both Fig 8 and 9 that actuator saturation is handled
well by the controller, i.e. the controller has bumpless transfer between modes
when the actuators enter and leave their saturations. The control structure and
tuning method thus gives a controller that achieves the control objectives as long
as set-points are reachable.

Based on the experimental results shown in Fig 8 and 9, it is seen that the
control structure, with parameters based on the proposed tuning method, achieves
all the control objectives in Sec. 2.1 in the engine test cell.

8 Conclusions

For efficient calibration a control tuning method was proposed for a control struc-
ture with PID controllers and selectors that regulates oxygen/fuel ratio Ao and
intake manifold EGR~fraction. The tuning method is based on control objectives
that are captured in a cost function, and the tuning is formulated as a non-linear
least squares problem. An important step in obtaining the solution was precautions
to avoid ending up in a local minimum in a separate phase. To aid the tuning a
systematic method was developed for selecting significant transients that exhibit
different challenges for the controller.

The performance was evaluated on the European Transient Cycle. It was
demonstrated how the weights in the cost function influence behavior, and that
the tuning method is important in order to improve the control performance com-
pared to if only the initialization method is used. Furthermore, it was shown
that the control structure with parameters based on the proposed tuning method
achieves all the control objectives, and it has been successfully applied in an engine
test cell.
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Notation

Table 4 Symbols used in the paper.

Symbol  Description Unit
e Control error —
E Performance measures —

K; Gain in a PID —




References

173

Symbol  Description Unit

M. Engine torque Nm

eyl Number of cylinders —

e Rotational engine speed TpPmMm

(O/F)s  Stoichiometric  oxygen-fuel —
ratio

P Pressure Pa

t Time S

Taj Derivative time in a PID S

T Integral time in a PID S

Ts Sample time s

Uegr EGR control signal. 100:open %
0:closed

Uygt VGT control signal. 100:open %
0:closed

Us Injected amount of fuel mg/cycle

\% Cost function —

w Mass flow kg/s

Xegr EGR fraction —

Xo Oxygen mass fraction —

Y Weighting factor —

0 PID parameters —

Ao Oxygen-fuel ratio —

w Rotational speed rad/s

Table 5 Indices used in the paper.

Index  Description

c compressor

egr EGR

et engine cylinder in
em exhaust manifold
€o engine cylinder out
im intake manifold
Norm normalized

Setp set-point

t turbine

vgt VGT

1 fuel injection
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Non-linear Compensator for handling

non-linear Effects in EGR VGT Diesel

Engines'
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Sweden.

Abstract

A non-linear compensator is investigated for handling of non-linear effects
in diesel engines. This non-linear compensator is a non-linear state depen-
dent input transformation that is developed by inverting the models for
EGR-flow and turbine flow having actuator position as input and flow as
output. The non-linear compensator is used in an inner loop in a control
structure for coordinated control of EGR-fraction and oxygen/fuel ratio.
A stability analysis of the open-loop system with a non-linear compen-
sator shows that it is unstable in a large operating region. This system
is stabilized by a control structure that consists of PID controllers and
min/max-selectors. The EGR flow and the exhaust manifold pressure are
chosen as feedback variables in this structure. Further, the set-points for
EGR-fraction and oxygen/fuel ratio are transformed to set-points for the
feedback variables. In order to handle model errors in this set-point trans-
formation, an integral action on oxygen/fuel ratio is used in an outer loop.
Experimental validations of the proposed control structure show that it
handles nonlinear effects, and that it reduces EGR-errors but increases
the pumping losses compared to a control structure without non-linear
compensator.

1This report is also available from Department of Electrical Engineering, Linképing University,
S-581 83 Linkoping. Technical Report Number: LiTH-R-2897
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1 Introduction

Legislated emission limits for heavy duty trucks are constantly reduced. To ful-
fill the requirements, technologies like Exhaust Gas Recirculation (EGR) systems
and Variable Geometry Turbochargers (VGT) have been introduced. The primary
emission reduction mechanisms utilized to control the emissions are that NO, can
be reduced by increasing the intake manifold EGR-fraction X4, and smoke can be
reduced by increasing the air/fuel ratio [4]. Note that exhaust gases, present in
the intake, also contain oxygen which makes it more suitable to define and use the
oxygen/fuel ratio Ap instead of the traditional air/fuel ratio. The main motive for
this is that it is the oxygen contents that is crucial for smoke generation. Besides
Ao it is natural to use EGR-fraction Xeqr as the other main performance variable,
but one could also use the burned gas fraction instead of the EGR-fraction.

The oxygen/fuel ratio A and EGR fraction x4 depend in complicated ways on
the EGR and VGT actuation. It is therefore necessary to have coordinated control
of the EGR and VGT to reach the legislated emission limits in NOy and smoke.
Various approaches for coordinated control of the EGR and VGT for emission
abatement have been published. [3] presents a good overview of different control
aspects of diesel engines with EGR and VGT, and in [9] there is a comparison of
some control approaches with different selections of performance variables. Other
control approaches are described in [2], [8], [12], [1], and [11].

Inspired by an approach in [5], a non-linear compensator is investigated for
handling of non-linear effects in diesel engines. This non-linear compensator is a
non-linear state dependent input transformation that is developed by inverting the
models for EGR-flow and turbine flow having actuator position as input and flow as
output. The non-linear compensator is used in an inner loop and a control structure
with PID controllers and min/max-selectors similar to [13] is used in an outer loop.
The control objectives for the control structure are described in Sec. 1.1. Sec. 2
describes a mean value diesel engine model that is first used for system analysis in
Sec. 3 and later used for development and analysis of the non-linear compensator
and the proposed control structure. The control structure in [13] is described in
Sec. 4. The non-linear compensator is developed and analyzed in Sec. 5, while Sec. 6
describes a control structure with non-linear compensator. The control structure
in [13] and the proposed control structure are compared in an engine test cell in
Sec. 7.

1.1 Control objectives

The primary variables to be controlled are normalized oxygen/fuel ratio Ag, intake
manifold EGR-fraction Xcgr, engine torque M, and turbocharger speed n¢. The
goal is to follow a driving cycle while maintaining low emissions, low fuel consump-
tion, and suitable turbocharger speeds, which gives the following control objectives
for the performance variables.

1. Ao should be greater than a soft limit, a set-point A&, which enables a trade-off
between emission, fuel consumption, and response time.
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Figure 1 Sketch of the diesel engine model used for system analysis and
control design. It has five states related to the engine (Pim, Pem, XOim,
Xoem, and wy) and three for actuator dynamics.

2. Ao is not allowed to go below a hard minimum limit )\gﬁ“, otherwise there will
be too much smoke. AF'™ is always smaller than A.

3. Xegr should follow its set-point Xegr- There will be more NOx if the EGR-fraction
is too low and there will be more smoke if the EGR-fraction is too high.

4. The engine torque, M., should follow the set-point M from the drivers demand.

5. The turbocharger speed, ny, is not allowed to exceed a maximum limit nj***
preventing turbocharger damage.

)

6. The pumping losses, M, should be minimized in stationary points in order to
decrease the fuel consumption.

The aim is now to develop a control structure that achieves all these control ob-
jectives when the set-points for EGR-fraction and engine torque are reachable.

2 Diesel engine model

A model for a heavy duty diesel engine is used for system analysis and control
design. This diesel engine model is focused on the gas flows, see Fig. 1, and it
is a mean value model with eight states: intake and exhaust manifold pressures
(pim and pem), oxygen mass fraction in the intake and exhaust manifold (Xoim
and Xpem), turbocharger speed (w¢), and three states describing the actuator
dynamics for the two control signals (uegr and uvgt) where there are two states for
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the EGR-actuator to describe an overshoot. These states are collected in a state
vector x

~ ~ ~ T
X:[pim Pem XOim XOem Wt  Uegr1 Uegr2 uvgt]

There are no state equations for the manifold temperatures, since the pressures and
the turbocharger speed govern the most important system properties, such as non-
minimum phase behaviors, overshoots, and sign reversals, while the temperature
states have only minor effects on these system properties.

The resulting model is expressed in state space form as

x = f(x,u,ne)

where the engine speed n. is considered as an input to the model, and u is the
control input vector

u= [U-é Uegr vagt]T
which contains mass of injected fuel us, EGR-valve position uegr, and VGT actu-
ator position Uygt.

A detailed description and derivation of the model together with a model tuning
and a validation against test cell measurements is given in [15]. The derivatives of
the engine state variables are given by (1), the dynamics of the actuators is given
by (2)-(5), and the oxygen concentration in the exhaust gas is calculated in (6).
Further, the main performance variables are defined by (7), the EGR flow model
is given by (8)—(11), and the turbine flow model is given by (12)—(14).

d d
a Pem :f1 (Xau)) a Wt = fZ (X»u) (18‘)
d Ro. Tq
a Pim = ;1/1 t (Wc + Wegr — Wei) (1b)
d Ra Tim
— Xoim =—2™ ((Xoem — Xoim) W,
dt Oim Dim Vim(( Oem O m) egr‘|‘
(XOC - XOim)Wc) (1C)
d Re Tem
— X =—— (Xpe — X Wi + Wei 1d
dt Oem pemvem ( Oe Oem) ( £+ el) ( )
11egr = Keg‘r 11egr] - (Kegr - 1)ﬂ'egTZ (2)
4 eqrt = —— (teqr(t — Tacqr) — thegrt) 3)
dt egrl Tegri egr degr egrl
d _ .
a Uegr2 = @(U—egr(t - Tclegr) _uegrl) (4)
d . 1 -
- Wvgt = 7(uvgt(t - Tdvgt) _uvgt) (5)

dt Tvgt
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3 System properties

~ 2
Uygt — Cygt2
O,] _ < Vg Vg )
Cvgt]

(10)

An analysis of the characteristics and the behavior of a system aims at obtaining
insight into the control problem. This is known to be important for a successful
design of a EGR and VGT controller due to non-trivial intrinsic properties, see for
example [7]. Therefore, a system analysis of the model in Sec. 2 is performed in [16].
The analysis shows that the DC-gains for the channels u,g¢ — Ao, Uegr — A0,

and U, gt — Pem change sign with operating point.
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3.1 Mapping of sign reversal

Knowledge about the sign reversal in the entire operating region is important when
developing a control structure. Therefore, the sign reversal is mapped in [16] by
simulating step responses in the entire operating region. In Fig. 2 the sign reversals
in Uygt — Ao, Uegr — Ao, and U, gt — Pem are mapped by calculating the DC-
gain in the step responses and then plotting the contour line where the DC-gain
is equal to zero. The step responses are simulated at 20 different u,4¢ points, 20
different ueqr points, 3 different ne points, and 3 different us points. The size of
the steps in u,q¢ is 5% of the difference between two adjoining operating points. A
system analysis also shows that the engine frequently operates in operating points
where the sign reversal occurs for the channels w,g¢ — Ao and Uygy — Pem [16].
Consequently, it is important to consider the sign reversal for u,g¢ — Ao and
Uygt — Pem in the control design.

4 Control structure with PID controllers

A control structure with PID controllers and min/max-selectors is proposed in [13]
with the following algorithm

min (—PI7(ex, ),

Uegr(ti) = PIz(exegr)) ,if Wyge(ti1) = 100 (15)
—PI1(ex,) , else
100 , if (uvgt(ti—l) =100)
& (exegr < 0.07)
uvgt(ti) - (16)
max (—PI3(exegr),
—PID4(€nt)) , else

where ex, = AH — Ao, exegr = Xggr — Xegr, and eny = ng — ng. This structure
handles the sign reversal in u,g¢ — Ao because Uegr is used to control Ap, and
it also minimizes the pumping work by opening the EGR-valve and the VGT as
much as possible while achieving the control objectives for Ao and Xegr [13].

4.1 Engine test cell experiments

The control structure (15)—(16) is applied and validated in an engine test cell. The
goal is to experimentally verify the control performance during steps in Ag.

An available production observer, similar to the one in [10], is used to estimate
the oxygen mass fraction Xpim. Once Xpim is estimated, the mass flow into
the engine Wei, Ao and Xegr are calculated. The engine speed (n.), intake and
exhaust manifold pressure (Pim, Pem) and turbocharger speed (n{) are measured
with production sensors. Due to measurement noise, all measured and observed
variables are filtered using low pass filters with a time constant of 0.1 s. The
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Figure 2 For the system in Sec. 2, the channel u,g¢ — Ao has a sign
reversal (thick gray line) that occurs at low to medium engine speed, e gy —
Ao has a sign reversal (thin black line) that occurs at high engine speed,
and W, gy — Pem has a sign reversal (thick black line) that occurs at a small
region with high load and medium engine speed.

PID parameters are initially tuned using the method in [14] with yapme = 3/2 and
Yegr = 1/2, and are then manually fine tuned in the engine test cell experiments.
The experiment in Fig. 3 shows that the control structure (15)—(16) gives slow
control at the first step and oscillations at the third step. This is due to that
the DC-gains in Uegr — Ao and Uygr — Xegr (the two loops that are used as
feedbacks in (15)—(16)) increase when Ao increases. This could be handled using
gain scheduling, but it is time consuming to tune the parameters for each operating
point. Instead, these non-linear effects are handled using a non-linear compensator
that will be described in the following sections.
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Figure 3 Step responses for the control structure (15)—(16) in an engine
test cell showing slow control and oscillations at different steps, i.e. this
control structure does not handle non-linear effects in the diesel engine.
Operating point: ne = 1200 rpm and us = 136 mg/cycle.
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Figure 4 A block diagram of the system with a non-linear compensator on
the EGR and VGT actuator. This non-linear compensator is an inversion of
the models for EGR-flow and turbine flow having actuator position as input
and flow as output.
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Figure 5 A block diagram of the system with a non-linear compensator
on the EGR actuator. This non-linear compensator is an inversion of the
EGR-flow model having actuator position as input and flow as output.

5 Non-linear compensator

To handle the sign reversal in u,g¢ — Ao and U,g¢t — Pem in Fig. 2 and the
non-linear effects in Fig. 3, a non-linear compensator is used according to Fig. 4.
This non-linear compensator is a non-linear state dependent input transformation
that is developed by inverting the models for EGR-flow and turbine flow having
actuator position as input and flow as output. The approach is similar to [5] that
performs these inversions on similar models for EGR-flow and turbine flow. These
inversions lead to two new control inputs, uw, . and uw,, which are the EGR-flow
Wegr and the turbine flow W, provided there are no model errors in the non-linear
compensator.

In the following sections, the non-linear compensator is described and the sys-
tem properties of the system in Fig. 4 are investigated. In Sec. 5.1 only the non-
linear compensator for the EGR-actuator is considered according to Fig. 5 and
in Sec. 5.2 the non-linear compensator for both the EGR and VGT-actuator is
considered according to Fig. 4.
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5.1 Inversion of position to flow model for EGR

The non-linear compensator in Fig. 5 is a static inversion of the EGR-flow model (8)
to (11) having actuator position as input and flow as output. This inversion results
in the following expressions for ueg, with uw,, , as a new control input

LLWegr V Tem Re

feqr = (17)
gr
Aegrmax Pem max(‘yeg‘mo-])
Cegr2
’v — e e —
cor 2 Cegri
c 2 ¢ f (18)
2 3
max ( egr ) ~ Legr + egr ,O
2Cegﬂ Cergl Cegrl
max max
u’egr if VEQT 2 uegr
— 3 min max
Uegr = § Vegr  if UWIGTT < Vegr < Ut (19)
min : min
uegr if Vegr < uegr

where Weg, is given by (9) and (10). The exhaust manifold temperature Tep is
calculated using the model in [15] and [6]

Ntot Tdpipe lpipe Mpipe

Tem = Tamb + (Te = Tamv) € Weo cpe (20)
where
Weo = Wei + Wy, Te=Tim + Anv fre(Wy, me) (21)
Cpe Weo
and
fre (Wi, ne) = Cfre1 Ws + CiTe2 Te + CTe3 Wi e + CoTed (22)
and Wei = Weilpim,ne) and Wy = We(ne,us). The signals pim, Pem, and

n. are measured. Further, in the non-linear compensator it is assumed that the
EGR-actuator is ideal, i.e. Tlegr = Uegr-

Solving (11) for tiegr results only in one solution according to (18) since fegr
is saturated in (11) when llegr > —Cegr2/(2Cegr1). To avoid a complex solution
in (18), a max-selector is used inside the square root sign. A max-selector is also
used in (17) to avoid a division by zero when V¢4, = 0. Finally, saturation is used
in (19).

The goal is now to investigate how the non-linear compensator for the EGR-
actuator handles the sign reversals and the non-linear effects in u,q¢ — Ao and
Uygt — Pem. This is done by simulating step responses in u,4¢ for the system in
Fig. 5. The sign reversal in u,g¢ — Ao and U,g¢ — Pem are mapped in Fig. 6
in the same way as in Fig. 2 and the result is that there is no sign reversal in
Uygt — Ao and Uygt — Pem When Uegr < 80%. However, when the EGR-valve is
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Figure 6 For the system in Fig. 5, the channel u,g¢ — Ao has a sign
reversal at the gray line and u,g¢ — Pem has a sign reversal at the black
line. Both these sign reversals only occur when the EGR-valve is saturated.

saturated at Ueqr = 80%, there are sign reversals that occur at the same operating
points as in Fig. 2 where uegr = 80%.

Further, there are still large non-linear effects in u,g¢ — Ao and Uyge —
Pem When uegr < 80. This is illustrated by calculating the quotient between the
maximum and minimum DC-gain for the operating region in Fig. 6 when ueg, < 80.

The result is that

maX(KuvgtH?\o) —62. 103
min(Ku\,gtH?\o) .
max(Kuy,,, 5pem) —10.10%

min(Kuvgthem)

(23)

(24)

where Ky, . 5ao and Ky, p.,, are the DC-gains for w, gt — Ao and Uygt — Pem-
For linear systems, these quotients are equal to 1, and consequently there are still
significant non-linear effects for the system in Fig. 5.
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5.2 Inversion of position to flow model for EGR and VGT

To handle the non-linear effects in u,g¢ — Ao and u, gt — Pem in the quotients (23)
and (24), a non-linear compensator for both the EGR and VGT actuator is used
according to Fig. 4. The non-linear compensator for the EGR actuator is described
in the previous section and the non-linear compensator for the VGT actuator is
a static inversion of the turbine flow model (12) to (14) having actuator position
as input and flow as output. This inversion results in the following expression for
Uyg¢ With uw, as a new control input

Uw, v Tem Re

fv t — (25)
¢ Avgtmax Pem maX(fnt»O~1)
Vyvgt =
max (fvgt — Cf2, O) 2 (26)
Cvgt2 — Cygtl, | Max 1— ,0
Cf1
wigt™ i vyge > ughte
Upge = Voge I DT < vyge < ulhgx (27)

min : min
wigt if vyge < wigt

where fry is given by (13) and Tem is given by (20)—(22). The pressure pem is
measured. Further, it is assumed that the VGT-actuator is ideal, i.e. Tygt = Uygt.

The first max-selector in (26) is used to avoid a complex solution and the second
max-selector is used so that v, 4¢ is constant when f,g¢ < cf2. A max-selector is
also used in (25) to avoid a division by zero when frjy = 0. Finally, saturation is
used in (27).

Simulations show that the system in Fig. 5 is stable and that the system in
Fig. 4 is unstable. The unstable system in Fig. 4 is stabilized by a controller in
Sec. 6. The physical explanation of this instability is as follows. A positive step
in uy, according to Fig. 7 leads to an increase in u,g4¢ and therefore a decrease
in pem. Since the output u,g¢ from the non-linear compensator increases when
Pem decreases, the non-linear compensator will continue to open up the VGT until
it is saturated, and the result is an error between uyw, and the turbine mass flow
W;. This instability is further analyzed in Sec. 5.3 by investigating stability of
linearized models of the system in Fig. 4.

To investigate the system in Fig. 4 for non-linear effects in u,g¢ — Ao and
Uygt — Pem, the quotients

maX(KthﬁAo) maX(Kuwtﬂ‘pem)

min(Kth_n\O) ' min(Kuwt—mem)

are calculated for the operating region in Fig. 6 when ueg, < 80. Kuwtﬂy\o and
Kuw, 5pen are the DC-gains for uw, — Ao and uw, — Pem between different
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Figure 7 A step response of the system in Fig. 4 with uw,_, = 0.04 kg/s

showing that this system is unstable.

egr

stationary points. However, these DC-gains can not be calculated directly since the
stationary points are unstable for the system in Fig. 4. Therefore, these DC-gains
are calculated using the chain rule according to

KuvgtHAo

Kuy, =20 = Ko ow. (28)
Uyvgt— Wi
K
K, e = st ben (20)
¢ KuvgtHWt

where the DC-gains Ky, ,, a0, Kiygispem, and Ky, w, are calculated from
step responses in u,4¢ for the system in Fig. 5. The result is that

max (K
max{Kuw, 20) _ 77 (30)
mln(Kth%Ao)
max(K
.X( wwoven) 3 (31)
mln(KuWL‘}‘Pem)

Comparing these quotients with (23) and (24), the conclusion is that the system
in Fig. 4 has less non-linear effects compared to the system in Fig. 5.

5.3 Stability analysis of the open-loop system

A mapping of poles for linearized models of the system in Fig. 4 is performed in
order to analyze the stability of these models. The linear models are constructed
by linearizing the non-linear system in Fig. 4 where the block "ENGINE” is the
eight-order model in Sec. 2. The linearization is performed in the same operating
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points as the operating points in Fig. 2 and 6. The linear models have the form

x=Ai{x+B;ju
1 1 (32)
y=Cix+D;u

where 1 is the operating point number and

.
u=[uw,,, uw,]

~ ~ ~ T
X:[pim Pem XOim XOem Wt  Uegr1l Uegr2 uvgt]

Y= [Wegr pem]T

The motives for selecting Wegr and pem as outputs will be described in Sec. 6.1.

A mapping of the poles for the models (32) are performed in Fig. 8 showing that
there is one pole in the right complex half plane for almost the complete operating
region except in the black areas and at the thick black lines where all poles are
in the left complex half plane. Consequently, the linearized models (32) are stable
only in the black areas and at the thick black lines in Fig. 8.

6 Control structure with non-linear compensator

The control design objective is to coordinate uw,,, and uw, in Fig. 4 in order
to achieve the control objectives stated in Sec. 1.1. The approach is to build a
controller structure using min/max-selectors and PID controllers similar to the
structure (15) and (16). The solution is presented step by step in the following
sections and a block diagram of the proposed closed-loop system is shown in Fig. 9.

6.1 Main feedback loops

The first step in the control design is to choose outputs and main feedback loops.
It is natural to choose the EGR flow W4, and the turbine flow Wy as outputs
due to that UW,y, = Wegr and uyw, = W, if there are no model errors in the non-
linear compensator. However, the system can not be stabilized using these outputs.
The reference [5] shows that if Weg, and the compressor flow W, are chosen as
outputs in feedback linearization, there will be an unstable zero dynamics in pem-
To handle this unstable mode, W,g; and pem are chosen as outputs. Therefore,
the following main feedback loops are chosen

Uw,,, =PI} (Wg,, Wegr) (33)
uw, = —PL(pem,Pem) (34)

These two main feedback loops are selected to handle items 1 and 3 of the control

objectives stated in Sec. 1.1 where the set-points A% and xgg, are transformed to

the set-points W¢ g, and pg,, according to the following section.
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Figure 8 A mapping of poles for linearized models of the system in Fig. 4
showing that there is one pole in the right complex half plane for almost the
complete operating region except in the black areas and at the thick black
lines where all poles are in the left complex half plane. In the thin white
area in the upper right corner in the left bottom plot, Uegy is equal to 80%.

6.2 Set-point transformation and integral action

The set-points Ag

S
and Xg g,

are transformed to the set-points

S N 3
Wegr and pg,, in two

steps. Firstly, the equilibriums for W, and Weg, of the mass balances (1b)—(1d)

are calculated from A% and xg g,
we = W 2 4408 (O/F)s(1 —x34,)X 35
c = 2Xoe B4/B°+ (o) /Fs — Xegr)AOc (35)
S XZQT‘
Wegr = 1 xs c (36)

where

egr

B = (A5 (0/F)s = Xoe) (1= x¢gr) + (0/FsxEqr,
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Figure 9 Block diagram of the closed-loop system, showing; an integral
action on Ao, set-points calculations, a structure with PI controllers, a PID
controller for the turbocharger speed N, and a non-linear compensator.

Xoc is the constant oxygen concentration in air passing the compressor, and (O/F);
is the stoichiometric relation between oxygen and fuel masses. Note that W, is used
instead of W¢ in (36) in order to get the correct value of W¢,, in stationary points
when W, > W§, i.e. when Ap > Ay that is allowed in diesel engines. Secondly, the
equilibriums for pim and pem of a third-order model are calculated from W¢ and
Xggr- This third-order model is a simplification of the eighth-order model in Sec. 2
and the three states in the simplified model are pim, Pem, and the compressor
power P.. This model is based on the control design model developed in [5]:

Pim = Kim (We +u1 — Ke Pim)
Pem = Kem (Ke Pim — w1 —up + Wy) (37)

Pc = 7(nmpt 7Pc)

Al —

Ne Pe
Tamb Cpa ((pim/pamb)uu - 1)
Pi =Nt Cpe Tem (1= (Pamb/Pem)F ) U2

W, =

The variables kem = Kem (Tem ), Wr = We(us, ne), ke = Ke(1e), and 1 are treated
as external slowly varying signals and Kim, T, Nm, Tambs Cpa, Pamb, Has Nt, Cpes
and . are constants.

The equilibriums for pim and pem of the third-order model (37) are

WS
e egr
i
S\ Ha e 38
cve ()" 1) Tamo We .
pzm =Pamb 1—

CpeMemt Tesm(W(S; + Ws)



6 Control structure with non-linear compensator 191

where Nemt = Ng Nm Nt. The set-point T3, for the exhaust manifold temperature
is calculated using the model in [15] and [6]

_ htot Tdpipe lpipe Mpipe

Tesm = lamv + (Te - Tamb) e Weo cpe
where ws o |
qHV TTe [ Ws, Me
Wé —_ ¢ W’ T =T
o 1 - ngr + f ¢ m + C-pe Wgo
and

fre(Ws,ne) = cire1 W + CiTe2 e + CfTe3 We e + CTes
The set-point 13 for the compressor efficiency is calculated using the model in [15]
Me = Nemax — XT Qcx
X is a vector which contains the inputs
Wg - Wcopt
X =
e — 7Tcopt

S
where the non-linear transformation for pp"—*“b is
am

s e
e (i )
Pamb

and the symmetric and positive definite matrix Q. consists of three parameters

aq as
Qc =
az daz
The model parameters Nemax, @1, A2, and a3 are tuned according to [15].

Integral action

If the control structure is applied on a higher order model or a real engine, there
will be control errors for Ag. This is due to that the equilibriums (38) for the third
order model are not the same as the equilibriums for pi;n and pem of a higher order
model or a real engine due to model errors in the third order model. In order to
decrease these control errors, the following integral action is used

di

Fr Ko €ro (39)
where ey, = A4 —Ao. The state i is fed into W¢ in (35) according to
We
WS — .
¢ 2Xoc

(B+ /B2 +4(Ns +D(O/Fe(1 —xi,)Xoc )
B =((A5 +1)(0/F)s = Xoe) (1= X5g,) + (O/F)s x5,
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The set-point transformation (36) between xg,, and W¢ . is based on the definition
of Xegr in (7) and does not have any model errors and consequently there is no

need of using integral action on Xegr.

6.3 Saturation levels

The saturation levels for the control inputs uw,,, and uw, are calculated using
the models for the EGR-flow (8) and the turbine flow (12) in the following way.
The saturation levels for uw, , are calculated as

Acgrmax fegr(ugngirn) Pem max(‘yegra 0.1)

Wmin _ 40
VTenRe o
wmax _ Aegrmax feg'r(ule‘ng(,lnx)pem max(‘PegT,OJ) (41)

cor V TETTI Re

where fegr(uggif‘) and fegr(ugyt*) are given by (11), and uggf‘ and ugyt* are the

saturations levels for ueqr. The saturation levels for uy, are calculated as

Avgtmax Pem mMax (f]‘[t, 0.1 ) f\)gt(u\%it“)

Wmin _ o
' VTom Re (42)
WJ‘[n'Lax _ Avgtmax Pem Mmax (fre,0.1) fvgt(u%’i;") (43)

\% Tem Re

where fyge(ul) and fug(UL*) are given by (14), and ult* and ult$* are the
saturations levels for u,4¢. To get the correct values on the saturation levels (40)-
(43), the max-selectors in (17) and (25) have to be used in the same way in (40)—

(43).

6.4 Additional control modes

In order to achieve the control objectives 3, 5, and 6 stated in Sec. 1.1, additional
control modes are added to the main control loops (33)—(34) according to

wax s if (uw, g, (tio1) = WS )&
uw,,, (ti) = (ew,,, >—5-107%) (44)
PIi (Wegr, Wegr) , else
min(—PL(ps,,, Pem),
i, () = —PI3(Wegr, Wegr)) i uw,, (ti1) = W™ (45)
—PIL(pS s Pem) , else
Uit = —PIDy(en) (46)

where ew,,, = ngT — Wegr and eq¢ = n{ —n¢. The additional control modes
in the structure (44)—(46) are motivated as follows. In operating points with low
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engine torque there is too little EGR-flow although uw, . is saturated at Wt
To achieve control objective 3 also for these operating points, a higher EGR-flow
is obtainable by decreasing uw, when uw, , = WS using PI3(Weg,, Wegr)
in (45). The appropriate value for uyy, is then the smallest value of the outputs
from the two different PI controllers. To achieve control objective 5 and avoid over-
speeding of the turbo, the lower saturation level u\%it“ for the VGT is influenced by

the turbine speed ny in (46). In this case n is controlled with uTi"

vgt O & set-point
max

n; which has a value slightly lower than the maximum limit n{*** in order to avoid
that overshoots shall exceed n{***. This means that u\%it“ will open up the VGT,
thereby decreasing the input torque to the turbocharger, and thereby keeping its
speed within limits. The PID controller in (46) benefits from a derivative parts
in order to predict high turbocharger speeds [13]. The other saturation levels for
Uegr and U, g¢ are set to u‘e‘gf =0, Ugyy = 80, and uyyt” = 100. The saturation
levels for PID,4 are set to 22 and 100.

Further, the proposed control structure (44)—(46) gives priority to Xeqr before
Ao or equivalent it gives priority to Wegr before pem during aggressive load tran-
sients. This can be seen in the following way. During aggressive load transients,
Pi,, increases yielding a decrease in uw,. If pg,, is too large, uw, is saturated
at W{™™ and p,, is not reached while uw,,, controls Wegr. Consequently, Wegr
has higher priority than pem.

r

Pumping minimization and handling of other control objectives

This structure also minimizes the pumping work in stationary points by striving
to open the actuators as much as possible. Consequently, control objective 6 is
achieved, and this can be understood as follows. The important controller action
is coupled to Ap and pem, and in particular the operating conditions where there
is a degree of freedom when Ao > AL. For these conditions pem > Ppg,, since
Pem and pg,, increases when Ao and AY increases for constant xegr. There are
two cases to consider for these conditions. In the first case the proposed controller
strives to reduce pem by opening the VGT, through the second row in (45). To
maintain W¢ g, the second row in (44) forces the EGR-valve to be opened as much
as possible. Either p$,, is reached or Pl (pf ., Pem) saturates at W{™*, due to
the integral action. In the other case, coupled to the first rows in (44)—(45), the
EGR-valve is fully open and it is necessary to increase Weg, by closing the VGT
to reach W¢,,.. In both cases the actuators are thus opened as much as possible
while achieving control objectives 1 and 3 and this minimizes the pumping work
according to [13].

In case 1 in (44) uw,,, is locked to Wt until ew,,, > —5- 1073 in order
to avoid undesirable oscillations between case 1 and 2 in (45). Further, control
objective 2 and 4 are achieved using feedforward fuel control and a smoke limiter
in the same way as in [13].
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6.5 Integral action with anti-windup

The integral action (39) is implemented in discrete form with anti-windup according
to Algorithm 1 that is motivated as follows. In operating points where uyy, or
Uw,,, are saturated at their maximum values and e, < 0, pem can not be
decreased to get ep,,. = O while controlling Weg4,. Consequently, Ao can not be
decreased to get ex, = 0 leading to that ex, < 0 and i — —oo. To handle this and
affect 1 so that 1 — O for these operating points, row 2 in Algorithm 1 is executed
that is a discrete form of di/dt = —61 if oy = 1,,. In order to increase i if er, > 0,
a max-selector between 1 and «; is used in row 4, where oy : =11+ Ts Ky, eag
in row 3 is a discrete form of (39) if ap = i,,. Further, due to noise, time delays,
and dynamics in the system there are some few operating points where e, < 0,
Uygt < 100, and Uegr < 80 leading to that i — —oo slowly. To handle this, row
2-4 are also executed when ey, < —1 and u,g4¢ > 50, otherwise row 6 is executed.
Moreover, in operating points where uy, = W™ or pS,. > 10° pem can not
reach p§,, leading to that ey, > 0 while controlling Weg,. This leads to that Ao
can not reach A{) leading to that ey, > 0 and i — +oo. To handle this and limit
i for these operating points, a min-selector between a3 and i,_1 is used in row 9,
otherwise row 11 is executed.

Algorithm 1 Integral action with anti-windup
L if (ep,,, <0 and (uw, =W or uy,,, = W) or
(exo < —1and u,g¢ > 50) then

2: oK =g — TS 6in_1

3: o2 =1n—1 + Ts Kyg erg
4: oz = max(xy, x2)

5: else

6: o3 = ip_1+ T Ky\o o
7: end if

8: if uw, = W™ or p$,, > 10° then
9: iy = Hlin(O(3,"Ln,] )

10: else

11: i = a3

12: end if

6.6 PID parameterization and implementation

Each PI controller in (44)—(45) has the following parameterization

1
PL(y%,y) =K <<x)~ys—y+T”J(ys—y)dt> (47)
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where the index j is the number of the different PI controllers. The PID controller
in (46) has the following parameterization

1 de
PID4(e) = K4 <e—|— TMJedt—I_TMdt) (48)

that does not benefit from the tuning parameter o in (47) due to that the set-
point n{ in (46) is constant. The PI and PID controllers are implemented in
incremental form which leads to anti-windup and bump-less transfer between the
different control modes [17].

6.7 Stability analysis of the closed-loop system

To analyze if the proposed control structure (44)—(45) stabilizes the linearized
models (32), the control structure is applied to these linearized models and the
closed-loop poles are mapped. The control parameters are tuned using the method
in [14] with yme = 3/2 and Yeqr = 1. Each control mode in (44)—(45) is analyzed
separately resulting in linear closed-loop systems. The poles for these closed-loop
systems are mapped in Fig. 10 showing that all poles are in the left complex half
plane for almost the complete operating region except in operating points at the
thick black line in the left bottom plot where there is one pole in the right complex
half plane. Further, the system analysis in [16] shows that the DC-gain from u,4¢
to Xegr has reversed sign (positive sign) in these unstable operating points. The
question is what effect this instability and sign reversal have on the control perfor-
mance. Simulations show that if the system operates in these unstable points in
the beginning of a transient and Wegr < W¢,,, the VGT position decreases until
Wegr = Wy, (according to PI3(Wgg,, Wegr)) in (45)). Consequently the system
will leave the unstable operating points. If the system operates in the unstable
points in the beginning of a transient and Weg, > W§ ., the VGT position in-

egro
creases until it is fully open, and then PIy (W¢ ., Wegr) in (44) becomes active and
closes the EGR~valve until Wegr = W{ .. Consequently, the system can not get

caught in the unstable region. However, the effect of this instability and sign rever-
sal is that there exist two sets of solutions for the EGR-valve and the VGT-position
for the same value of W¢,, depending on if Weqr < W¢g, or if Wegr > W, in the
beginning of a transient. However, the proposed control structure is not extended
to handle this, since the maximum profit in pumping work would only be 2.5 mBar,

which is an insignificant value.

7 Engine test cell experiments

The control structure proposed in Sec. 6 is applied and validated in an engine test
cell. The goal is to compare the following two control structures for the steps in
Fig. 3, for an aggressive transient from the European Transient Cycle (ETC), and
for the complete ETC cycle.

PID: The control structure without non-linear compensator (15)—(16).
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Figure 10 A mapping of poles for the closed-loop system where the pro-
posed control structure (44)—(45) is applied to the linearized models (32).
All poles are in the left complex half plane for almost the complete operating
region except in operating points at the thick black line in the left bottom
plot where there is one pole in the right complex half plane.

NLC: The proposed control structure with non-linear compensator as depicted in
Fig. 9.

The observer, measured signals, and tuning for PID are explained in Sec. 4. For
NLC, the same observer as the one in Sec. 4.1 is used to estimate the oxygen mass
fraction Xoim. Once Xoim is estimated, the mass flow into the engine Wi, Ao
and Weg, are calculated using the model in Sec. 2. The engine speed (n.), intake
and exhaust manifold pressure (Pim, Pem), compressor mass flow (W.), and tur-
bocharger speed (n{) are measured with production sensors. Due to measurement
noise, all measured and observed variables are filtered using low pass filters with
a time constant of 0.1 s. The controller parameters are initially tuned using the
method in [14] with manual initialization and yme = 3/2 and Yegr = 1, and are
then manually fine tuned in the engine test cell experiments.
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7.1 Comparing step responses in oxygen/fuel ratio

PID and NLC are compared in Fig. 11 for the same three steps as in Fig. 3.
The result is that NLC gives approximately the same step response in Ag for all
three steps with fast control and less oscillations compared to PID. Consequently,
NLC handles nonlinear effects. Further, the internal variables for NLC for this
experiment in Fig. 12 show that pem and Weg, follow their set-points and that
in # 0 in stationary points, i.e. integral action is necessary to handle model errors
in the set-point transformation.

7.2 Comparison on an aggressive ETC transient

PID and NLC are compared in Fig. 1314 on an aggressive ETC transient showing
that NLC gives less EGR-error but more Ap-error when Ag < A%. This can be
understood as follows. At t=122-124 s, PID closes the VGT in order to increase
Xegr and it closes the EGR-valve to fully closed in order to increase Ao, yielding
Xegr = 0 and a high EGR-error. However, NLC closes the VGT in order to increase
Pem and it opens the EGR-valve in order to increase Wegy, yielding less EGR-error
compared to PID. However, since PID closes the VGT and the EGR-valve more
than NLC, PID gives a faster increase in turbocharger speed and therefore a faster
increase in Ag and less torque deficiency.

Further, at t=127-132 s x¢,, is equal to zero and NLC closes the EGR-valve
directly yielding xegr = 0. However, PID has to first fully open the VGT, and then
the PID can switch control mode and close the EGR-valve. This leads to a later
closing of the EGR-valve and more EGR~error compared to NLC. However, since

the EGR-valve is more open for PID, PID gives less pumping losses at t=126-131 s.

The differences in EGR-error, Ag-error, and pumping losses between the two
controllers at t=122-125 s are only due to that the tuning of the controllers have
different trade-offs between EGR-error and Ap-error. However, the differences
in EGR-error and pumping losses at t=127-132 s are due to the selected control
loops and modes in the control structures according to the explanation above.
Consequently, the main benefit with NLC is that it reduces the EGR-error at
t=127-132 s. However, one drawback with NLC is that it increases the pumping
losses at t=126-131 s.



198 Publication 5. Non-linear Compensator for handling Non-linear ...

0.25

I
N

EGR fraction [-]
<3
s
ol

0.1
0

35

w
o

N
(&)

VGT position [%)]

20
0

A G O
o O©O o

EGR position [%]
w
o

20
10
0 1 1 1 1 1 1
0 10 20 30 40 50 60
Time [s]

Figure 11 Comparison between PID and NLC for the same steps in Ay as
in Fig. 3. NLC gives approximately the same step response in Ao for all three
steps with fast control and less oscillations compared to PID. Consequently,
NLC handles nonlinear effects.
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Figure 12 Validation of the internal variables for NLC for the experiment
in Fig. 11 showing that pem and Weg4, follow their set-points and that i, # 0
in stationary points, i.e. integral action is necessary to handle model errors
in the set-point transformation.
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Figure 14 Comparison between PID and NLC on an aggressive ETC tran-
sient. PID gives less torque deficiency and a faster increase in turbo speed
compared to NLC.
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7.3 Comparison on the complete ETC cycle

PID and NLC are compared on the complete ETC cycle by comparing Ag-error,
Xegr-error, and pumping losses

N
E?\o = Z max(e?\o (ti)v 0)
i=1

N
F—xegr = Z |exegr(ti)‘ (49)
i=1
N
PMEP = 3 (pem(ti) —Pim(ti))
i=1

where t; is the time at sample number i. The comparison in Tab. 1 shows that PID
has 47% higher EGR-error and 13% lower pumping losses. These two differences
are due to the selected control loops and modes in the control structures and that
the tuning of the controllers have different trade-offs between EGR~error and Ap-
error as explained in Sec. 7.2. However, the difference in Ag-error is only due to
that the tuning of the controllers have different trade-offs.

Table 1 The measures (49) for two different controllers over the ETC cycle.
The measures are normalized with respect to NLC.

Controller E,, Ey,, PMEP
NLC 1.00 1.00 1.00
PID 0.44 147  0.87

8 Conclusions

Inspired by an approach in [5], a non-linear compensator has been investigated for
handling of non-linear effects in diesel engines. This non-linear compensator is a
non-linear state dependent input transformation that was developed by inverting
the models for EGR-flow and turbine flow having actuator position as input and
flow as output. This leads to two new control inputs: the EGR-flow and turbine
flow. A mapping of the sign reversals in u,g+ — Ao and U,g¢t — Pem Wwhen
the non-linear compensator for the EGR~actuator is used shows that they only
occur when the EGR-valve is saturated. Further, a stability analysis of linearized
models of the open-loop system with a non-linear compensator shows that these
models are unstable in a large operating region. This system is stabilized by a
control structure that consists of PID controllers and min/max-selectors. The
EGR flow and the exhaust manifold pressure are chosen as feedback variables in
this structure. Further, the set-points for Ao and Xeq, are transformed to set-
points for the feedback variables. In order to handle model errors in this set-point
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transformation, an integral action on Ag is used in an outer loop. Experimental
validations of the proposed control structure show that it handles nonlinear effects,
and that it reduces EGR-errors but increases the pumping losses compared to a
control structure without non-linear compensator.
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Nonlinear EGR and VGT Control with

Integral Action for Diesel Engines!
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Sweden.

Abstract

A non-linear multivariable control design with integral action is proposed
and investigated for control of EGR valve and VGT position in heavy duty
diesel engines. The main control goal is to regulate oxygen/fuel ratio and
intake manifold EGR~fraction, and they are specified in an outer loop.
These are chosen as main performance variables since they are strongly
coupled to the emissions. An existing non-linear control design based on
feedback linearization is extended with integral action. In particular the
control design method utilizes a control Lyapunov function, inverse optimal
control, and a non-linear compensator. Comparisons between different
control structures are performed in simulations showing the following four
points. Firstly, integral action is necessary to handle model errors so that
the controller can track the performance variables specified in the outer
loop. Secondly, the proposed control design handles the non-linear effects
in the diesel engine that results in less control errors compared to a control
structure with PID controllers. Thirdly, it is important to use the non-
linear compensator and it is sufficient to use a control structure with PID
controllers and a non-linear compensator to handle the non-linear effects.
Fourthly, the proposed control design is sensitive to model errors in the
EGR and turbine flow model while a control structure with PID controllers
and a non-linear compensator handles these model errors.

1This is an extended version of the paper “Robust Nonlinear EGR and VGT Control with
Integral Action for Diesel Engines” by Johan Wahlstrom and Lars Eriksson, IFAC World Congress,
Seoul, Korea, 2008.
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1 Introduction

Legislated emission limits for heavy duty trucks are constantly reduced. To ful-
fill the requirements, technologies like Exhaust Gas Recirculation (EGR) systems
and Variable Geometry Turbochargers (VGT) have been introduced. The primary
emission reduction mechanisms utilized to control the emissions are that NO, can
be reduced by increasing the intake manifold EGR-fraction Xe4r and smoke can be
reduced by increasing the air/fuel ratio [5]. Note that exhaust gases, present in
the intake, also contain oxygen which makes it more suitable to define and use the
oxygen/fuel ratio Ap instead of the traditional air/fuel ratio. The main motive for
this is that it is the oxygen contents that is crucial for smoke generation. Besides
Ao it is natural to use EGR-fraction Xegr as the other main performance variable,
but one could also use the burned gas fraction instead of the EGR-fraction.

The oxygen/fuel ratio Ao and EGR fraction Xeqr depend in complicated ways
on the EGR and VGT actuation. It is therefore necessary to have coordinated
control of the EGR and VGT to reach the legislated emission limits in NOy and
smoke. Various approaches for coordinated control of the EGR and VGT for emis-
sion abatement have been published. Reference [4] presents a good overview of
different control aspects of diesel engines with EGR and VGT, and in [9] there is
a comparison of some control approaches with different selections of performance
variables. Other control approaches are described in [2], [8], [12], [1], and [10].

A non-linear multivariable control design is proposed in [6]. This design includes
construction of a Lyapunov function, inverse optimal control, and a non-linear
compensator which provides a control law that handles interactions and non-linear
properties in the system. The compressor mass flow W, and exhaust manifold
pressure Pem are chosen as outputs, and therefore the set-points for Ag and Xegr
are transformed to set-points for W, and pem. This transformation is based on
a third-order model that describes the most important dynamics in the engine:
the pressure dynamics in the intake and exhaust manifolds and the turbocharger
dynamics. The third order non-linear model captures the main system properties,
such as non-minimum phase behaviors and sign reversals. If the control design is
applied to a higher order model or a real engine, there will be control errors for Ao
and Xegr due to model errors in the third order model. In order to decrease these
control errors, this paper proposes a control design that extends the one in [6] with
integral action. It also analyzes the robustness of the structure and compares it
with the design in [6] and with two other PID based controllers.

1.1 Outline

A mean value diesel engine model that is used in simulation for tuning and valida-
tion of the developed controller is described in Sec. 2. The control design method
used in this paper is described in Sec. 3. Sec. 4 describes the proposed control
design with integral action. For efficient calibration an automatic controller tuning
method is developed in Sec. 5. Finally, Sec. 6 illustrates the advantages with in-
tegral action, non-linear control, and a non-linear compensator. It also illustrates
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Figure 1 Sketch of the diesel engine model used for simulation, control
design, and tuning. It has five states related to the engine (Pim, Pem,
Xoim; Xoem, and wy) and three for actuator dynamics.

the sensitivity to model uncertainties by comparing the proposed control design
with a control structure with PID controllers and a non-linear compensator.

2 Diesel engine model

A model for a heavy duty diesel engine is used in simulation for tuning and val-
idation of the developed controller. This diesel engine model is focused on the
gas flows, see Fig. 1, and it is a mean value model with eight states: intake and
exhaust manifold pressures (pim and pem), oxygen mass fraction in the intake and
exhaust manifold (Xoim and Xgem), turbocharger speed (w¢), and three states
(Uegr1, Uegr2, and U,g¢) describing the actuator dynamics for the two control
signals (Uegr and u,g¢). These states are collected in a state vector x

- - - T
X =[pim Pem Xoim Xoem Wi Uegrl Uegr2 uvgt]

There are no state equations for the manifold temperatures, since the pressures and
the turbocharger speed govern the most important system properties, such as non-
minimum phase behaviors, overshoots, and sign reversals, while the temperature
states only have minor effects on these system properties.

The resulting model is expressed in state space form as

x = f(x,u,ne)

where the engine speed n. is considered as an input to the model, and u is the
control input vector
u= [ué Uegr uvgt]T
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which contains mass of injected fuel us, EGR-valve position uegr, and VGT actu-
ator position Uy g¢.

A detailed description and derivation of the model together with a model tuning
and a validation against test cell measurements is given in [15]. The derivatives
of the engine state variables are given by (1), and the oxygen concentration in
the exhaust gas is calculated in (2). Further, the main performance variables are
defined by (3).

d d
a pem :f1 (X,U,), a Wy = fZ(X)u) (]‘a)
d Ro T
a Pim = ;1/1 Lk (Wc + Wegr - Wei) (1b)
d Ra Tim
— Xoim =——((X — Xoim) W,
dt Oim pimvim(( Oem Olm) egr+
(XOC - XOim) Wc) (10)
d Re Tem
— X =—— (Xpe — X We + Wei 1d
dt Oem pemvem ( Oe Oem) ( £+ el) ( )
Wei Xoim — Wr (O/F)s
X0oe = 2
Oe Wf+Wei ( )
Wegr _ Wei Xoim

Ao

Xegr = =0T = —Tetf0im 3
€9 W, ‘I'Weg'r W (O/F)S ( )

3 Robust nonlinear control

The control design method used is based on a non-linear multivariable method
proposed in [11] and [7]. It includes construction of a Control Lyapunov Func-
tion (CLF) and inverse optimal control that guarantees robustness of optimal con-
trollers. The control design method is briefly reviewed below.

Consider the system

x = Tf(x) + g(x)u
y=h(x)+jlxJu, xeR", uyecR™

(4)

where u = 0 render the equilibrium point x = 0. As mentioned above, the control
design method includes construction of a CLF V/(x) that is defined as follows.

Definition 1 (Control Lyapunov Function)
A positive definite, radially unbounded, smooth scalar function V(x) is called a
Control Lyapunov Function (CLF) for (4) if there exists a w such that

V(x) =L V(x)+Lg V(x)u <0

for all x # 0. The notation Lq V(x) denotes the Lie derivate of V(x) along the
vector field q(x).
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The control design method also includes inverse optimal control, where the goal
is to first design a control law and then determine which cost function it minimizes.
In order to obtain a simple relation between the control law and the cost function,
the cost function is chosen quadratic in u according to

JOO Ix)+uR(x)udt, 1x)>0, R(x)>0 (5)
0

In standard optimal control [3], the control law that minimizes (5) is found by
solving the Hamilton-Jacobi-Bellman equation

0= m&n[l(x) +uR(x)u+L¢V(x) + Ly V(x)ul (6)

where V(x) is a CLF. Eq. (6) has the solution

u(x) = 3R (L V)T (7

Consequently, the goal is to first design V(x) and the matrix R(x), and then deter-
mine 1(x) in order to see which cost function the control law (7) minimizes. The
function 1(x) is found by solving (6) for l(x), with the control law (7) inserted,
yielding 1

l(x) = ZlLg V()R Ly V)T(x) — L¢ V(%) (8)

The optimal control law (7) guarantees stability and robustness properties. In
particular, if
(x) >0 (9)

and R(x) is diagonal then the control law (7) gives asymptotic stability and it is
robust to static input uncertainties and has (1/2,00) gain margin [11].

4 Control design with integral action

A control design without integral action of a diesel engine using the method in
Sec. 3 is proposed in [6]. This gives an inner loop that handles nonlinearities
and decouples the system. However, as will be shown in Sec. 6, integral action is
necessary to handle model errors so that the controller can track the performance
variables Ao and X.qr specified in an outer loop. Therefore, the proposed design
is extended with integral action, resulting in the proposed closed-loop system with
integral action shown in Fig. 2.

4.1 Control design model

In order to get a simple control law, the eighth order model in Sec. 2 is simplified
to a model with three states: pim, Pem, and the compressor power P.. This model
is based on the control design model developed in [6].
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Figure 2 Block diagram of the closed-loop system, showing; set-points cal-
culations, integral action on the flow W, , non-linear control of the flows u;
and u;, and a non-linear compensator that is an inversion of position to
flow models.

The simplifications that lead to this third order model are as follows. First,
the states Xpoim and Xpem are removed from the eighth order model due to that
they do not affect the other states. However, these states affect the performance
variable Ag and it can therefore not be chosen as an output for the third order
model in Sec. 4.2. Next, it is assumed that the actuators dynamics are fast and the
actuator states are therefore removed. Further, the exhaust manifold temperature
Tem is treated as an external slowly varying signal, the turbine and compressor
efficiencies are assumed to be constant, and the turbocharger dynamics is modeled
as a first-order system by using the compressor power P, as a state. Moreover, the
EGR-flow Weg, and the turbine flow W, are treated as control inputs wy and u;.
The values for uegr and 1,4y are then obtained by using inversion of position to
flow models (see Fig. 2). These simplifications lead to the following control design
model

Pim = Kim (We +u1 — Ke Pim)
Pem = Kem (Ke Pim — w1 —uz + Wy) (10)

Pc - 7(nmPt 7Pc)

Al —

Ne Pe
Tamb Cpa ((pim/pamb)p’a - ”
Py =Tt Cpe Tem (1 - (pamb/pem)ue) uz

W, =

The variables Kemn = Kem (Tem), Wi = We(us, ne), and ke = ke(ne) are treated
as external slowly varying signals and Kim, T, Nm, N, Tamb;s Cpas Pamb, Ha, MNt,
Cpe, and M are constants. This model is the same as the control design model
developed in [6] if cpgq = Cpe and g = Ue.

A linearization of this model is performed in several operating points covering
the complete operating region showing that these linearized models have one pole
in the right complex half plane for the complete operating region and are therefore
unstable.
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4.2 Outputs and set-points

The design objective is to regulate Ao and Xegr to their set-points Af and xgg;.
However, Ag can not be calculated from the control design model in Sec. 4.1.
Further, pem has to be chosen as one output in order to get stable zero dynamics [6].

Therefore, the following outputs are chosen

Y1 =We—WZ, Y2 =Pem —Pem (11)
The set-points A and xg, are transformed to the set-points W¢ and pg,, in two

steps. Firstly, the equilibriums for W, and Weg, of the mass balances (1b)—(1d)
are calculated from A% and xg g,

w
ws = ((5 + \/52 4 (0/F),(1 —xggr)XoC)
2Xoc (12)
S _ ngT S
Wegr =135 We

egr

where
B = (b (0/F)s = Xoc) (1= Xeg:) + (0/F)s Xegr,

where Xo. is the constant oxygen concentration in air passing the compressor, and
(O/F)s is the stoichiometric relation between oxygen and fuel masses. Secondly,
the equilibriums for pi;m and pem of the third-order model in Sec. 4.1 are calculated
from W and W§

egr
s s
We+ Wegr

ke

S —
Pim =

- Cpa ((ppufrb)ua _ ]> Tars WE —%e (13)

CpeNemt Tem(Wé + Wy)

S —
Pem = Pamb

where Nemte = Ne MmNt

4.3 Integral action

If the control design is applied on a higher order model or a real engine, there will
be control errors in (11), yielding errors in Ap and Xegr (this will be illustrated in
Fig. 4). This is due to that the equilibriums (13) for the third order model are not
the same as the equilibriums for pim and pem of a higher order model or a real
engine due to model errors in the third order model. In order to decrease these
control errors, the following approximate integral action is used

di . s .

a:—él—K(WC—WC):—él—Km (14)
where & is small and positive to ensure stable zero dynamics. The choice of y;
as input to the integral action ensures that the set-point W¢ is achieved. Integral
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action can not be performed on Ag since Ap can not be calculated from the control
design model. Further, if integral action is performed on Xeq4r, stable zero dynamics
can not be guaranteed.

The next step is then to ensure that W¢ . is achieved and this is done by feeding

the state i into pg,,. The set-point pg,, depends nonlinearly on W¢g and W¢,, it
is therefore natural to utilize (13) when determining the gain from i to p$,,. As a

result the following set-point for pem is received

WS+ WS i
Pl (i) = —— 0
~s . Ha T He
Cpa ((%ﬂf;)) - ]) Tamb (Wg + 1)

CpeMemt Tem(Wé + Wi +1)
To simplify the control design, the Taylor expansion of p$,, (i) is used according to

e d . ) d . .
pxsam(l) ~ pzm(o) + apZm(o)l = pZm + apZm(O)l (15)
where £p8. (0) = d;/d; with

dy = [HaWE (WS + W) (WS + Weg ) e T+
((Wﬁ + W§,)he — keuupamb}m) Wf] CPﬂ(pZm)uc+]Tamb

egr

dZ = Cpencmtkeua uepambuaJrueTem(Wg + Wf)z
Using the set-point (15) for pem, the outputs become

yr =W —W;, Y2 =Pem —Pom —d11/d2 (16)

4.4 Feedback linearization

The first step in the control design method is to construct a CLF V(x), which is
done using feedback linearization. For the fourth order model (10) and (14), and
the outputs (16), the relative degrees become 1 = 1 and r; = 1. Consequently, U
can be formulated as

U = G(y,z)u+F(y,z) (17)

where y = [y1 y2]", u=[u; u2]", z = [pim,il’, the matrix

7kem 7kem

G(y,z)—[‘“ b ]

is invertible with
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He
CpeNemt <] - (%) ) Tem

X Ha (19)
Cpa ((ppuL:b) - ]> TTamp
and where
Flunz) = | gy scpnforebim = aWe =%
’ di H-Kc(lz = We)) +kem(kepim+Wf)

Note that the set QO = {(Pim,Pem,Pc) : Pim > Pamb,Pem > Pamb,Pc > 0} is
invariant, i.e. every trajectory starting in Q stays in Q for all t [6]. This leads to
that a,b > 0.

Then by applying the feedback and input transformation

u=G"(y,z)(—axy — F(y,z) + w) (20)

and the change of coordinates x — [y, zl, the system (10) and (14) is transformed
into the system

Yy=—ay+w (21)
z="o(y,z) + goly,z) w (22)

where w is the new input and « is a positive scalar constant.

4.5 Stability of the zero dynamics

When feedback linearization is used it is necessary to investigate the stability of
the zero dynamics, that is defined by

z= fO (Oa Z’)
For (22) the zero dynamics becomes

dpim  q1(pim) (

Pim —a3()

iy
dt

where

qi1 (le) = C‘pakimpimTamng
dz2(pim, 1) = _CpakimuapimuaTambTWS_

He
Pamb
CpeMemtPamb™® | T— % Pim lem
a4, TPem

. pambua d161
= Kem (WS +Ws) ) -
Q3(l) C‘pakemTambWS << dz + em( c + f))

He
Pamb
1— ﬁ C‘pencmtTem + CpakemTambWs
a4 T Pem
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To analyze the stability of the zero dynamics (23), the Lyapunov function

1 1
V, = 20212% + iciiz

is used where z; = pl\% —q3(i). The zero dynamics (23) is asymptotically stable if

: 2 wao1 a1 dcar(al(i))? . Cz1 . 2
Vz =Cz1Z7 | Ha Pim q72+47(11 *Cié I*ZCiq_—g(l)Z] <0

for all [zq,1] # 0 which is true if 6 > 0 and

Cz1 4 Ha—1 q71

c a(as)tePim g,

This is possible if q7/q2 < 0, which is true if dyi/d2 + P,y > Pamb- This relation
is achieved by implementing the integral action (14) in discrete form with anti-
windup according to

€n = iT‘Lf1 _Ts(éinf1 + Ky])

1= €n ) if €n > 1.-'min
n = . . .
lmin if €n < lmin

where Tg is the sample time and
. d
bmin = _Ez(pzm _pamb)
1
4.6 Construction of a CLF

In order to obtain a simple control law, a quadratic Lyapunov function
V=ciyf+cry3 (24)
is constructed, which is a CLF for the system (21), since
V=-2ciay? —2cay3 <0

for w=0 and all y # 0.

4.7 Control law

Using the CLF (24), the control law (7) can be applied to the system (21). However,
this control law will contain the non-linear cancellation (20) that is sensitive to
model errors. In order to obtain a robust control law, this cancellation is avoided
by applying the control law (7) to the system (17) instead, using the same Lyapunov
function V. Since V is a CLF for the system (21), it is a CLF for (17) since u can
be selected according to (20). Note that z is known since pim is measured and i is
calculated in the control structure.
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To apply the control law (7), the control inputs are centered at their set-point
values

s
Vi = _Weg'r)

V) =Uy — Wg — Wf
This leads to that v = 0 renders the equilibrium point y = 0.
A simple control law for the system (17) is achieved by choosing R~ = diag{y1,v2},

yielding

Vi | T v1( crayr +c2kemy2)
=——R ' (LgV) = 25
[Vz } 2R (ke V) Y2(—c1byr +c2kemy2) (25)

The last step is to find 1(x) and check the criterion (9). This is done in Proposition 1
in Appendix A showing that there exist no y1, v2, ¢1, c2, and K such that 1(x) > 0
for all x and therefore there is no guarantee that the control law (25) gives a globally
robust system according to Sec. 3. An analysis of V(x) also shows that that there
exist no vy, y2, c1, c2, and K such that V(x) < 0 for all x and therefore there is no
guarantee that the control law (25) gives a globally asymptotically stable system.
In Appendix B, l(x) and V(x) are also analyzed for the control design without
integral action proposed in [6] showing that this design does neither guarantee a
globally robust nor an asymptotically stable system for all x, even though it is
shown in [6] that there exists a constant ¢ such that the design in [6] guarantees
an locally asymptotically stable and robust system in the region L = {x: V(x) < ¢}
by selecting y; and vy, sufficiently large.

Even without a control law that gives a globally asymptotically stable and ro-
bust system, there is a possibility that the control law (25) handles interactions and
non-linear properties in the system since the control law is model based. There-
fore, the control performance of the proposed control structure is investigated in
the following sections.

5 Automatic controller tuning

In the proposed control design there are five tuning parameters: vy, Y2, ¢1, C2,
and K. The tuning objectives are to minimize the error between Ao and Ay,
minimize the error between Xxcqr and xgg,, and to achieve the inequality (9) for as
many x as possible. However, it is difficult to achieve these objectives by manual
tuning, especially the last objective. Therefore a method for automatic tuning of
the parameters is developed. It is based on the method in [14] but with a modified

cost function.

5.1 Cost function for tuning

The automatic tuning method is obtained by formulating a non-linear least squares
problem

min V(0)
0>0
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where 0 are the tuning parameters
0 =1[y1,v2 ¢c1, ca, KIT (26)

The cost function V(0) is calculated as

N N 2 N2
Vie =Y ao (a2t} gy, (Sooarli))

i1 )\ONorm XegrNorm
. (uegr(ti) uegr(n-__]))2 . (uvgt(ti) uvgt(ti_ﬂ)z (27)
UegrNorm UvgtNorm
min (L(x(t)),0) ) ®
+71 N
Norm

where t; is the time at sample number i. The motives for the different terms in
the cost function are:

Term 1: Minimizes Ao error (ex, =Ay —Ao)
Term 2: Minimizes EGR error (exegr = xigr — Xegr)~

Term 3 and 4: Minimize oscillations in the EGR valve and VGT control signals.
The terms have equal weight.

Term 5: If the inequality (9) is not satisfied, this term minimizes 1(x)? using a
high penalty, y; = 100. However, this does not guarantee that the inequality (9)
is satisfied for all operating points. For example, if the tuning method is applied
to the transient cycles defined by Tab. 1, 1(x) becomes negative in 31 % of the
total number samples.

In the tuning method in [14] there is also a term that penalizes high tur-
bocharger speeds to avoid overspeeding. This is important to handle, but it is
not the focus in this paper. In this paper the focus is on the control performance
for Ao and Xegr, and therefore the investigated operating points in Sec. 6 have no
overspeeding of the turbocharger.

As seen in (27) all the terms are normalized in order to get the same order of
magnitude for the five terms. The weighting factors ya, and yegr are set to 3 and
1, and the constant & in (14) is set to 107°.

5.2 Optimization

A solver has been developed for the optimization problem stated in the previous
section, and it consists of three phases. Firstly, the tuning parameters are initial-
ized manually. Secondly, a globalization heuristic method is used to scan a large
region around the initial values in order to avoid ending up in a bad local mini-
mum. Thirdly, a standard non-linear local least squares solver is used. A detailed
description of this optimization method is given in [14].



6 Controller evaluation 217

Table 1 The table defines 4 transient cycles that consist of steps between
17 different operating points. Cycle 1 starts at 1 and ends at 5, cycle 2 starts
at 6 and ends at 9, cycle 3 starts at 10 and ends at 12, and cycle 4 starts at
13 and ends at 17. All cycles spend 10 s in each point. These cycles are used
for tuning, and they cover a large operating region and capture important
system properties such as non-linear effects and sign reversals. The values
for Ay and x¢g, are obtained by calculating the stationary points of the
eighth order model for the 17 points below. The operating points OP; and
OP; are not used due to that pem < Pim In these operating points that
might result in back-flow in the EGR-valve in a real engine. Instead, the
operating point 8 is used where the EGR-valve is closed. The operating
points OP3 and OP,4 are not used due to that the turbocharger speed is too
high in these operating points.

Uus [mg/cycle] \ Uegr [Y0)] H Operating points
40 7 OP; | OP;3 11
230 10 6,9 | OP, | OP4 | 10,12
0 8
60 40 4 3 14 13,17
10 1,5 2 15 16
Uyge (%] | 30 | 60 | 30 60
e [rpm] || 1000 2000

6 Controller evaluation

The performance of the control system in Fig. 2 is evaluated by comparing four
different control systems:

CLF with integral action: The control system in Fig. 2 where the controller
tuning method in Sec. 5 is applied to the transient cycles defined by Tab. 1.
These transients consist of steps in Ag and xgg, between 17 different operating
points.

CLF without integral action: Same as above, but K is set to zero and removed
from 6 in (26). Simulations show that there are negligible differences in control
performance between ” CLF without integral action” and the control design in [6].
In particular, these two controllers becomes equal if cpq = cpe and pg = e
in (18)-(19) and if ¢z = 0 in [6].

PID: The control structure with PID controllers and automatic tuning method
proposed in [13]. It has the following control structure

min (—PIy(ex, ),

uegr(ti) _ PIZ(exegT)) , if uvgt(tifﬂ =100 (28)

—PIi(ex,) , else
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Figure 3 A control design with an integral action on the oxygen/fuel ratio
Ao, set-points calculations, a structure with PI controllers, and a non-linear
compensator that is a flow to opening inversion.

100 i (Wyge(ti_q) = 100)
& (exeqr < 0.01)
uvgt(ti) = (29)
max (_PI3(exegr))
—PID4(€nt)) , else

where ex, =AY — Ao, exegr = ngr — Xegr, and eny = N§{ — Ny

PID and non-linear compensator: The control structure with PID controllers
and a non-linear compensator in Fig. 3 proposed in [16]. The non-lincar com-
pensator is the same non-linear compensator as in Fig. 2. The block “Structure
with PI controllers” in Fig. 3 consists of the following equations

Weer™ i (U, (tio1) = WIE)&
uw,,, (ti) = (ew,,, > —5-1073) 0
P (Wggry Wegr) , else
min(—PL (pgm, Pem),
uw, (ti) = —PI3(Wegr, Wegr)) if uw,,, (tio) = Wikax 1)

—PI; (pvapem) ’ else

where ey, ,, = W¢ gr —W.gr. The controller parameters are automatically tuned
by applying the method in Sec. 5 to the transient cycles in Tab. 1, changing the
parameters in (26) to the parameters for the controllers in Fig. 3, and setting

the weighting factors to ya, = 1/8, Yegr = 3/8, and y1 =0.

The full eighth order model, described in Sec. 2, is used as plant model to
evaluate the four control systems above. All their control parameters are held
constant for the entire operating region, i.e. no gain scheduling is used. In addition,
a low pass filter is applied to all variables that are assumed to come from an
observer. These variables are Ao, Xegr, Wegr, and Tem.
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Figure 4 Illustrative example simulating CLF with and without integral
action showing that the stationary control errors in Ao and Xegr are reduced
if an integral action is used.

Sec. 6.1-6.4 discuss various properties of the four controllers with the aid of steps
in the set-points for Ap and Xegr. In all cases the operating point is n. = 1200
rpm and us = 130 mg/cycle, that is not used in the four transient cycles in Tab. 1.
Then, Sec. 6.5 compares and discusses the four controllers and their performance
on all cycles defined by Tab. 1.

6.1 Benefits with integral action

In Fig. 4, advantages with integral action are illustrated by comparing ” CLF with
integral action” and "CLF without integral action”. Steps in A% and xgg, are
performed and the result is that the stationary control errors in Ag and Xegr are

reduced when the integral action is included.

6.2 Benefits with non-linear control and compensator

In Fig. 5 and 6, advantages with non-linear control and a non-linear compensator
are illustrated by comparing ”CLF with integral action” and PID. In Fig. 5 the
same steps in Ag, and xgg, are performed as in Fig. 4. The result from Fig. 5 is
that PID gives slower control compared to CLF.

In Fig. 6, ”CLF with integral action” and PID are simulated at two other steps
in Ay and xgg, compared to Fig. 5. The operating point in Fig. 6 renders higher
DC-gains in Uegr — Ao and Uyge — Xegr (that corresponds to the two loops that
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Figure 5 Illustrative example simulating ”CLF with integral action” and
PID showing that PID gives slower control compared to CLF.
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Figure 6 Illustrative example simulating ”CLF with integral action” and
PID at two other steps in Ag and x¢4, compared to Fig. 5 showing that
PID gives oscillations and CLF gives no oscillations.
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are used for feedback in (28) and (29)) compared to the operating point in Fig. 5.
The result is that PID gives oscillations, while CLF gives no oscillations. Since the
same control parameters are used in Fig. 5 and 6 for CLF respectively PID, the
simulations show that the CLF based design handles the non-linear effects in the
diesel engine, such as non-linear gains. Fig. 5 and 6 also show that the proposed
design gives a stable system for the investigated operating points and achieves good
control performance.

6.3 Importance of the non-linear compensator

The previous section shows that the non-linear control law (25) together with
the non-linear compensator handle the non-linear effects in the diesel engine. The
question now is: is it important to use both a non-linear control law and a non-linear
compensator or is it sufficient to use the PID control structure with a non-linear
compensator in Fig. 3 to handle the non-linear effects? To answer this question
”"CLF with integral action” and ”"PID and non-linear compensator” are compared
in Fig. 7 and 8 on the same steps in A and xg 4, as were used in Fig. 5 and 6. Fig. 7
and 8 show that there are only small differences in control performance between
these two control systems. ”"PID and non-linear compensator” gives a little faster
response in Ag while ”CLF with integral action” gives a little smaller EGR-error.
These differences are only due to that the tuning of the controllers have different
trade-offs between Ag-error and xegr-error. However, both these control systems
handle the non-linear effects in the diesel engine. Consequently, it is important to
use the non-linear compensator to handle the non-linear effects since both ”PID
and non-linear compensator” and ”"CLF with integral action” use the non-linear
compensator. Further, it is sufficient to use the control structure in Fig. 3 to
handle the non-linear effects since ”PID and non-linear compensator” and ” CLF
with integral action” have approximately the same control performance.

6.4 Drawback with the proposed CLF based control design

In Fig. 9 and 10, disadvantages with the proposed control design are illustrated
by comparing ” CLF with integral action” and ”PID and non-linear compensator”.
In this comparison two model errors are introduced in the plant model. These
errors are 10 % positive errors in the maximum opening areas for the EGR and
turbine flow model. The same steps in Ay and x¢, are investigated as in Fig. 7
and 8. The result is that ”CLF with integral action” gives stationary control
errors and ”PID and non-linear compensator” gives no stationary control errors.
Consequently, ”PID and non-linear compensator” handles the model errors in the
EGR and turbine flow model while " CLF with integral action” is sensitive to these
model errors. This is due to that ”PID and non-linear compensator” has integral
parts in the PID controllers and ” CLF with integral action” has no integral parts
in the control law (25). The integral action in Fig. 2 only handles model errors in
the block ”Set-point from 3:rd order model” and the control law (25) only handles
model errors in the block ”CLF and inverse optimal control”.
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Figure 7 Illustrative example simulating ”CLF with integral action” and
”PID and non-linear compensator” showing only small differences in control
performance and that these control systems handle the non-linear effects
compared to PID in Fig. 5.
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Figure 8 Illustrative example simulating "CLF with integral action” and
”PID and non-linear compensator” showing only small differences in control
performance and that these control systems handle the non-linear effects
compared to PID in Fig. 6.
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Figure 9 Illustrative example simulating "CLF with integral action” and
”PID and non-linear compensator”. In this comparison model errors are
introduced in the EGR and turbine flow model for the simulation model
showing that "CLF with integral action” gives control errors while ”PID
and non-linear compensator” gives no control errors.
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It is natural that the proposed control design in Fig. 2 is sensitive to these
model errors, since the non-linear compensator is developed by using feedback
linearization on the EGR and turbine flow model, i.e. by inverting these models.
To handle these model errors, it is important to use integrators that directly affect
the inputs to the non-linear compensator according to the structure in Fig. 3. Such
integrators with feedback from pem and/or Wegr could be added to the structure
in Fig. 2 to handle these model errors. However, this has not been investigated.

6.5 Comparison on the four transient cycles

The four control structures are compared on the four transient cycles defined in
Tab. 1 by comparing Ag-error and Xegr-error

N
Exo =) €3, (ti)

i=1

Exegr = Z eiegr(tl)

i=1

(32)

where t; is the time at sample number i. Each control structure is simulated on
two different simulation models. Simulation model A is the model in Sec. 2 and
simulation model B is the same model except that the maximum opening areas
are increased with 20 % for the EGR and turbine flow models in the plant model.
These model errors are larger than the model errors in Sec. 6.4 in order to get large
effects on the control errors in Tab. 2. The model errors in Sec. 6.4 are set to 10 %
to avoid saturations in the actuators.

The goal is to investigate if the results in Sec. 6.1-6.4 are valid also for the four
transient cycles. Tab. 2 shows that ”CLF with integral action” reduces the errors
compared to ”CLF without integral action”. Consequently, integral action reduces
control errors and the result from Sec. 6.1 is valid. PID has higher errors than the

Table 2 The measures (32) for four different controllers over the cycles de-
fined in Tab. 1. Two different simulation models are used. Simulation model
A is the model in Sec. 2 and simulation model B is the same model except
that 20 % positive model errors are introduced in the maximum opening
areas for the EGR and turbine flow model. The measures are normalized
with respect to PID for simulation model A.

Simulation model A B
Measure | Ex, EXCgr Exo Exegr
PID 1.00 1.00 | 0.79  0.84
PID and non-linear compensator || 0.17 0.92 | 0.16 0.86
CLF with integral action 0.27  0.37 | 0.49 1.23
CLF without integral action 0.38 0.66 | 1.57  6.14
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other three controllers for simulation model A. Consequently, non-linear control
improves the control performance which confirms the result from Sec. 6.2. ”PID
and non-linear compensator” and ”CLF with integral action” have approximately
the same control performance for simulation model A. The differences in E5, and
Ex.,, between these two controllers for simulation model A are only due to that
the tuning of the controllers have different trade-offs between the Ao and Xeg:-
errors. Consequently, it is important to use the non-linear compensator and it is
sufficient to use "PID and non-linear compensator” to reduce the control errors
compared to PID which confirms the result from Sec. 6.3. Finally, ”PID and non-
linear compensator” has lower errors compared to ”CLF with integral action” for
simulation model B which confirms the result from Sec. 6.4 that ”PID and non-
linear compensator” handles model errors in the EGR and turbine flow model while
”CLF with integral action” is sensitive to these model errors.

7 Conclusions

A non-linear multivariable control design is proposed in [6] for control of EGR and
VGT in diesel engines. This design includes construction of a Lyapunov function,
inverse optimal control, and a non-linear compensator which provides a control
law that handles interactions and non-linear properties in the system. This design
is extended with integral action on the compressor mass flow to handle model
errors so that the controller can track the performance variables specified in the
outer loop. The design in [6] is locally asymptotic stable and robust, but it is
shown that neither the here proposed design nor the one in [6] guarantee a globally
asymptotically stable and robust system.

Comparisons between different control structures have been performed in sim-
ulations showing the following four points. Firstly, stationary control errors are
reduced when integral action is used in the proposed design compared to a control
design without integral action. Secondly, the proposed control design handles the
non-linear effects in the diesel engine that results in less control errors compared
to a control structure with PID controllers. Thirdly, it is important to use the
non-linear compensator and it is sufficient to use a control structure with PID con-
trollers and a non-linear compensator to handle the non-linear effects. Fourthly,
the proposed control design is sensitive to model errors in the EGR and turbine flow
model while a control structure with PID controllers and a non-linear compensator
handle these model errors.
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A Analysis of stability and robustness properties
for the proposed design with integral action

An analysis of the robustness properties for the proposed design with integral action
is performed. This is done by checking the criteria (9) in the following proposition.

Proposition 1

For the system (17), the outputs (16), the CLF (24), and R™" = diag{y1,7v2} there
exist x = [y1 Y2 Pim 1" such that 1(x) in (8) is negative for any positive y1, V2,
Ci, C2, and K.

Proof
The function 1(x) becomes

Ux)=aryr +a2y2 +a3y1yz + asy3 + as y3

where

W,
ar =—2c¢ <—TC — a(—Ke Pim + We + W)+ b(We +Wf)>

d1(01+ K
az:m(ﬂgvﬂ

az =2acic2kemyr —2bcicakemy2

—kem(—Ke pim + Wé’ +We

egr))

as =ci(a’y1 +b’y2) >0
as =¢5 kg (Y1 +7v2) > 0

Completing the squares in 1(x) gives

as aj 2 by 2 b2 a?
Ux) = +—y2+-—] +Db + =) - =2 -1
(x) = as (1‘“ 2a4y2 2a4) ! <y2 2b1) 4b7 4day

where

a3  (a+b)?c3kZ, viv2

by =as — — = >0
T 4 ¥1 a? +v2 b2
as aq
by =a; —
2 2 2as
There exist x such that
b, as ag
= ——= =——"Yy; — — 33
Y2 20, Y1 2a4y2 2as ( )

ar £0 (34)
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since yy and yy can be selected to satisfy (33) and pim can be selected to sat-
istfy (34). For these x, it holds that

2 2
b3 ay

W ==1% " 1q,

for any positive y1, y2, ¢1, ¢2, and K. O

Consequently, there exist no vy, y2, ¢1, ¢2, and K such that 1(x) > 0 for all x
and therefore there is no guarantee that the control law (25) gives a globally robust
system according to Sec. 3. V(x) is analyzed in the same way as the analysis of 1(x)
above, showing that there exist no vy, v2, ¢1, ¢2, and K such that V(x) < 0 for
all x and therefore there is no guarantee that the control law (25) gives a globally
asymptotically stable system.

B Analysis of stability and robustness properties
for the design without integral action

An analysis of the robustness properties for the design without integral action
in [6] is performed. This is done by checking the criteria (9) in the same way as
the analysis in Appendix A and this is done in the following proposition.

Proposition 2
For the design in [6], i.e. for the system (10), the outputs (11), the CLF

V=ciyf+cays+c3z3 (35)

where z; = (pim/pamb)uu - (pism/pamb)p’ay and R™! = diag{Y1 vYZ} there exist
x = [y1 Y2 z2]" such that 1(x) in (8) is negative for any positive y1, Y2, 1, C2,
and c3.

Proof

The function 1(x) becomes

Ux) =a1y1 +azy2 + a3y y2 + asyi + as y3+

2
asYyi1z2t+aryzzy +agz; +aszy
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where

W,
ay = — 2C1 <_’TC — a(—ke Pim +Wc +W§g‘r) + b(Wz +Wf)>

ay =2c kem(wg + ngr —Ke Pim)
az =2acic2kemyr —2bcicakemy2
as =c(a?y; +b%y;3) >0

as =c5 k3 (Y1 +7v2) >0

—Ha a—1

Qg :—261(:1 C3kimuapa‘r‘;bp$m Y1 <O
—la a—1

a; = —202 C3 kem kim qum:ib p?m Y1 < 0

_ 212 2 —2u 2ug—2
ag =€3 kim Ha pamba pima Y1 > 0

a9 =—2c3Kim Ha p;—sﬁ) D?Tii] (—KePim +We + ng'r)

Completing the squares in 1(x) gives

2
as Qg aj
l = _— _ —
(x) a4<y1+2a4y2+2a47~2+za4> +
2 2 2
b4 bz bz aj
b — — ] ——=———+Db
1(y2+2b122+2b1> 4oy da, 3
where
b . @3 _(atb)P Ik iy
1 =05 — = 5 5 >0
4ay Yias+vy2b
by =a _ L
2 =a2 2as
az ag
bs =a; —
4 =Qy 2as
aga; byby 2¢3 Kim pa ((bT—T)We +bTW5)
b3 =ag — o - n T—p
2ay 2b; pa;mbpim “(a+b)T
There exist x such that
bs b, as [e¥3 aj
—z) — , ——Yyr— =z — —— 36
y2 2b;q 2 2b;q Ui 2a 2a4 2 2ay (36)
b3z, <0 (37)

since y1 and Yy, can be selected to satisty (36) and z; can be selected to satisfy (37).
Note that b3 # 0 since x # 0 for these x. The x that satisfy (36)—(37) gives

for any positive y1, y2, €1, ¢2, and c3. ([
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Consequently, there exist no yi, vz, ¢1, c2, and c3 such that 1(x) > 0 for all

x and therefore there is no guarantee that the design in [6] gives a globally robust
system according to Sec. 3. V(x) is analyzed in the same way as the analysis of
1(x) above, showing that there exist no 1, v2, ¢1, c2, and c3 such that V(x) < 0
for all x and therefore there is no guarantee that the design in [6] gives a globally
asymptotically stable system.
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