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Abstract

Powertrain subsystem complexity has been on the rise with increasing le-
gal requirements and meeting disruptive market trends. There is greater
potential for cost efficient robust operation with integrated control units
and software development. For systems that are interdependent, operat-
ing towards the common goal of fuel optimal operation under controlled
exhaust emissions, it would be natural to integrate controls using a supervi-
sory controller with a holistic overview of subsystem operation that utilised
synergies and optimal trade-offs.

Connected cars have grown exponentially owing to consumer demand
which offers rich data on vehicle operation and enables the possibility of
tailoring systems to individual optimum operation. The possibility to feed
external data, such as traffic information combined with the specific vehicle
historic operation, enables prediction of the future vehicle trip and operating
condition with greater accuracy.

A supervisory control framework for a diesel powertrain that is capable
of utilising predicted look ahead information is developed. The look ahead
information as a time trajectory of vehicle speed and load is considered.
The supervisory controller considers a discrete control action set over the
first segment of the trip ahead. The cost to optimise is defined and pre-
computed off-line for a discrete set of operating conditions. A full factorial
optimisation carried out off-line is stored on board the vehicle and applied
in real time.

In the first approach, a set of predefined trip segments with off-line op-
timisation is considered. Here a library of segments is considered which
would need to provide sufficient coverage of all possible trip characteristics
along with a pattern matching or clustering algorithm. Another approach,
to use a lumped parameter based model that can characterise the behaviour
of the subsystems over the trajectory, is also examined for real-time on-line
application. Simulation comparison of both controllers with the baseline
controller indicates a 1% total fuel equivalent cost improvement while of-
fering the flexibility to tailor the controller for different cost objective and
improving robustness of exhaust emission control.
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Part 1

Introductory Chapters






Chapter 1

Introduction

This thesis is written within the scope of the project titled "Multivari-
able Methods for energy efficient Engine Control" (MultiMEC). The project
partners include Volvo Car Corporation, AB Volvo and Chalmers Univer-
sity of Technology. The project part relevant to this thesis is carried out
with cooperation between Volvo Car Corporation and Chalmers University
of Technology. This part of the project is financed by Volvo Car Corpo-
ration and the Swedish governmental agency for innovation, FFI Vinnova.
The aim of the project is to develop a modular control system design for
the integrated engine system including combustion engine, emission after
treatment and heat management that optimises fuel efficiency with fulfilled
emission requirements. The main highlights of the research project and
scope is expressed in Figure 1.1.

1.1 Outline

The thesis consists of two parts. Part I consists of background, literature
survey and advancements in the field of integrated propulsion control fol-
lowed by a summary of contributions and future work. This part serves as
an introduction and motivation for the included papers in Part II.

In Chapter 2, an introduction to the societal impact of combustion en-
gines in passenger cars and legislation development ensuring technology
adoption to reduce harmful exhaust gas emissions is described. The in-
cremental increase in technology adoption in diesel engines to fulfil market
and legal demands has led to complex sub systems in modern diesel engines.
The chapter is concluded with need for holistic control of the diesel engine.
In Chapter 3, basics of propulsion control and engine control is introduced.
This is followed up with the state of the art control techniques available
in the literature that covers supervisory control of diesel engines with the
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Figure 1.1: MultiMEC Project schematic representation of goals

mentioned complex subsystems. Chapter 4 serves to introduce the area of
route and driver - prediction, characterisation and potential impacts. The
existing infrastructure and technology needed for look ahead prediction is
described. Chapter 5 serves to summarise the contributions of the research
activity, a glimpse of future work area and the summary of the included
papers.

Part I consists of three scientific papers that constitute the base for
this thesis. In [1], a smaller subset of the problem is considered that in-
cludes only the NO, after-treatment control. A control interface and a
scheme is proposed which is evaluated. In [2|, the complexity is increased
by the additional consideration of the combustion engine. The carry over
and modifications necessary for the supervisory control is discussed, imple-
mented and evaluated. In [3], a model based approach is used to utilise the
look ahead information in the supervisory controller. A real time control
that uses the look ahead trajectory is described and evaluated.



Chapter 2

Background

2.1 Transport and society

Transport has greatly influenced civilisation and its development. Today,
transport is regarded as a basic necessity and the sector is a significant
contributor to global economies. Rapid growth of automobiles has fuelled
society’s economic prosperity. Passenger cars have grown from a luxury in
their days of introduction to a basic necessity. In the moment of disruptive
business models of ownership, there is potential for positive contribution
to society. Alternate business models provide potential for economically
effective use of propulsion technology and environmentally responsible use
of resources. Irrespective of the disruptions, passenger car usage has been
growing over the past decades and is projected to reach almost a billion as
is illustrated with the help of Fig. 2.1.

1000 000
950 000
900 000

850 000

800 000

750 000

700 000

650 000 I I
600 000 I

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Cars in use (1000s)

Figure 2.1: Global in use cars.[4]
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2.1.1 Energy efficiency and CO; legislation

Global observations attribute a quarter of the world Green House Gas
(GHG) contribution to the transport sector and nearly 12% of the GHG
is estimated to be generated from passenger cars as illustrated in Fig. 2.2.
[5]. In the EU, transport industry contributed about 21% of COs emis-
sions, 72.9% of which is from road transport, 44.4% of which is from cars.
Thus, nearly 6.8% of EU emissions is from passenger cars [6]. In the USA,
28.5% of CO4 emissions were from transport, 41.6% of which is from pas-
senger cars. Thus making 11.8% of total CO4 emissions [7]. United Nations
Framework Convention on Climate Change (UNFCCC) dealing with green-
house gas emissions mitigation, adaptation, and finance brought 196 nations
come to an agreement (the Paris agreement) to govern emission reductions
from 2020. With continuing demand and growth of passenger cars, energy
effectiveness is crucial to meet the UNFCCC commitment to limit global
warming to 1.5 °C relative to pre industrial levels [8]. To meet the UNFCCC
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Figure 2.2: Global CO, emissions by sector. [9]

commitment, EU GHG reductions in transport sector will have to amount
to at least 30% by 2030 compared to 2005. Cars produced 553 Tg of equiv-
alent CO4 in 2005 and have a target to reduce to 387 Tg by 2030. The
number of EU passenger cars in use in 2005 were about 234 million. A
polyfit estimate of in use vehicles in 2030 is around 335 million . With an
EU average driving distance of 11000 km, the fleet average of cars in use
needs to be 105 g/km [10, 11]. The EU legislation is already moving in this
direction with 95 g/km being enforced for new registrations in 2021 based
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on the NEDC. A further 15% and 30% reduction for 2025 and 2030 is based
on the equivalent WLTC target set in 2021. [12-14]

2.1.2 Environmental impact and NO, legislation

Apart from CO,, exhaust emissions of concern from combustion engine pro-
pelled automobiles include carbon monoxide (CO), unburned hydrocarbon
(HC), nitrogen oxides (NO and NO;) and particulate matter (soot remain-
ing after combustion). The environmental impact of diesel exhaust emis-
sions with effects such as smog, acid rain, ozone reaction has been widely
accepted across the world [15]. The impact of poor air quality (caused by
exhaust emissions) on human health leading to respiratory problems, short-
ening of life expectancy and degradation of life quality is also recognised by
national authorities and health practitioners [16]. The level of NO, emis-

H Waste
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B Energy production and distribution
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Figure 2.3: NO, generated by sector in the EU

sions have been on a downward trend in the EU (-52% since 1990) and
US, and have been on the rise in growing economies especially in China
and India. In the EU, road transport sector is the leading contributor to
anthropogenic NO,, formation at about 40% followed closely by the energy
sector as is shown in Fig. 2.3 [17]. In recognition of this and to substantiate
control of such harmful engine exhaust emissions, national bodies have set
forth exhaust emission test procedures to be certified for sales of automo-
biles. Regulatory bodies for monitoring, control and certification of vehicles
have designed increasingly stringent test procedures since 1980. Deviations
from legislative intentions and reality have been highly alarming. Effective
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reduction in pollutant emissions is expected to align with real driving con-
ditions starting with Euro 6d temp mainly with the use of Real Driving
Emissions (RDE) test procedure [18, 19]. The usage of Portable Emission
Measurement Systems (PEMS) device to measure on road emissions along
a route distributed in almost equal proportions of urban, rural and mo-
torway traffic combined with extended ambient conditions is a key change
brought in by RDE introduction. The use of World Light Transient Cycle
(WLTC) and RDE in conjunction with evaluation methodologies (CLEAR
and EMROAD) and Relative positive acceleration (RPA) aim to enforce
strict emission constraints at all instance of vehicle operation. An overview
of the significant changes adopted in the emission certification procedure is
shown in Fig. 2.4. Technology for meeting levels beyond legal requirements
exist already [20]. RDE test results reported publicly as mandated under
the EU regulation indicates that the technology for fulfilling the stringent
RDE and PEMS procedures exist and are already available on the market
[21].

orvetype |urban |rural | uroan [l Avige |

Distance % 29-44 23-43 23-43 Moderate 0-—700m
Average Speed km/h  15-40 60-90 >90 Extended 700 -1300m
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30 to 35°C
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CLEAR o
Test Procedure Changes EMROAD Posmv?
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Figure 2.4: A brief overview of the boundary conditions in Real Drive Emis-
sions test procedure

2.2 Diesel engine

Modern day passenger cars are propelled by combustion engines, electric
machines or a combination. Combustion engines have been the dominating
choice in road transport for the past century since their invention. Diesel
engine powered cars have been popular for the last few decades due to their
higher energy efficiency compared to gasoline engines. In the EU, the pas-
senger car market has an almost equal share of both gasoline and diesel
powered engines. Development of diesel engine technology for energy effi-
ciency has been driven by legislation and customer demands. Advancements
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in diesel engine emission technologies has progressed due to legislation, me-
dia, customer awareness and manufacturer’s social responsibility.

The Diesel cycle comprises of 4 strokes as shown in Fig. 2.5. Fresh air
is drawn in to the engine cylinder during the intake stroke when the intake
valve is open. The fresh air drawn is compressed which increases the temper-
ature in the engine cylinder during the compression stroke. Diesel is injected
into the cylinder which causes combustion by self ignition and delivers work
at the piston in the power stroke. The residual gases are removed by open-
ing the exhaust valve. Modern diesel engines are direct injected, usually
turbocharged and with advanced catalysts for exhaust after-treatment [22].

L i Ll

L L] L

Figure 2.5: The Diesel cycle shown with the four strokes from left to right:
Intake, Compression, Combustion and Exhaust stroke

Common rail direct injection

Diesel engine noise primarily due to diesel combustion has been a long
impediment in their adaptation to passenger car applications. Indirect in-
jection systems did not improve the noise issue significantly enough. The
fuel efficiency advantage offered by diesel engines compared to gasoline en-
gines was not sufficient for significant offtake in the passenger car segment.
The introduction of common rail direct injection systems with split injec-
tion strategies significantly improved the noise generated by diesel engines
while offering increased energy efficiency due to accurate fuel control. The
system comprises of a high pressure pump that accumulates pressurised fuel
in a fuel rail. The high accuracy electrically actuated fuel injectors used in
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conjunction with the common rail offer greated degree of freedom to inject
a wide range of fuel quantity accuractely at precise timing. A schematic
of the components is shown in Fig. 2.6. These systems provide for better
NO, and soot trade-off in comparison to legacy mechanical systems due to
such accurate fuel control and at very high pressure. It also provides for
increasing the exhaust temperatures to quicken the light off of the catalysts
downstream the diesel engine in a fuel efficient manner [23].

(©

Figure 2.6: Common rail direct injection system shown with its main com-
ponents: Low pressure fuel pump in diesel tank, High pressure pump, the
accumulating common rail, electrically actuated fuel injectors in the cylin-
der head and the fuel return lines.

Turbocharged diesel engines

The diesel engine is lean burn since diesel fuel is burnt with air in a ratio
that usually exceeds the stoichiometric air-diesel fuel ratio (14.5 : 1) usually
by factors in the range of 2-5. As the air-fuel ratio decreases, the engine
generates more soot and also is less energy efficient due to the poor com-
bustion of fuel. Thus the amount of fuel that can be injected is limited by
the amount of fresh air in the cylinder. It is natural here to consider that
more fuel injected leads to more power produced. In order to increase the
power of the engine and improve energy efficiency, modern diesel engines are
equipped with turbochargers. A turbine placed in the exhaust is rotated by
the exhaust energy which drives the compressor that is mechanically linked
to the turbine. The compressor placed in the intake air system increases the
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pressure of air which is drawn into the cylinder thereby increasing the engine
power. The increased efficiency is a result of using the exhaust energy to
increase the volumetric efficiency of the engine. While it increases efficiency
and power, the response time of the engine is lowered due to the inertia
of the turbine and the associated mechanical systems [22|. A schematic of
a turbocharged diesel engine with associated components is shown in Fig.

2.7.

Figure 2.7: Turbocharger and Exhaust gas recirculation in a Diesel engine

Exhaust gas recirculation

In order to reduce the NO, generated by diesel engines, Exhaust Gas Recir-
culation (EGR) technology is widely adapted by diesel engine manufacturers
as an in-cylinder measure. A fraction of the exhaust gases is diverted back
to cylinder during the compression stroke of the diesel engine. The recircu-
lated gas could be cooled to further improve the effectiveness of the EGR
to reduce NO,. The exhaust gas acts as an inert species in the combustion
chamber to reduce the combustion temperature thereby reducing the gen-
eration of NO,. This however leads to a reduction in energy efficiency since
it effectively reduces the air available for combustion. It also increases the
soot due to lower combustion temperature. Modern day diesel engines could
employ low pressure (derived after turbine expansion), high pressure (de-
rived before the turbine expansion), cooled (passing the exhaust air through
a cooler) or warm (without any cooler) EGR systems or a combination of
these mentioned. EGR is controlled by an EGR valve that is driven with
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reference for actuation from the engine control unit [24]. A high pressure
warm EGR system is shown in Fig. 2.7.

2.2.1 Diesel exhaust after treatment system

Car manufacturers have equipped diesel engines with Exhaust After Treat-
ment Systems (EATS) to meet stringent emission legislation which has been
tightened continuously over the last decade. The prime exhaust species that
are controlled include nitrogen oxides (NO,.), soot particulates, unburned
hydrocarbon species (HC) and carbon monoxide (CO). Unlike the Three
Way Catalyst (TWC) that is able to control these emissions (excluding soot)
in the gasoline engine, the TWC is not effective in diesel applications since
diesel engines are operated in fuel lean conditions and hence the exhaust
tends to contain significant amount of oxygen (which is essential for the
simultaneous redox reactions among the exhaust species). Thus specially
developed systems are used separately for reduction of NO,, capture and
oxidation of soot and oxidation of HC and CO |[25]. The EATS system of a
Euro 6 diesel engine used in our work is shown in Fig. 2.8.

Urea
dosing
module

NO

Lean NO, Diesel Selective
Trap Particulate Catalytic
Filter Reduction
Diesel
Engine

Figure 2.8: Exhaust After treatment System for a Euro 6 Diesel Engine

Diesel oxidation catalyst

The Diesel Oxidation Catalyst (DOC) contains precious metals and the
objective with the catalyst is to oxidise the HC and CO species in the
diesel exhaust. Upon lightoff which is usually around 100 °C, the catalyst is

10
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almost 90% efficient. The catalyst along with the Diesel Particulate Filter
(DPF) oxidises nitrogen monoxide to nitrogen dioxide. This is useful for
the Selective catalystic Reduction (SCR) catalyst to attain increased NO,
conversion efficiency [26]. The functionality of the DOC is summarised in
Fig. 2.9.

Figure 2.9: Schematic summarising the functionality of the diesel oxidation
catalyst

Diesel particulate filter

The DPF captures and traps the soot particulates in the diesel exhaust. A
simple visualisation of the mechanism is shown in Fig. 2.10. The trapped
particles are burnt with the help of passive regeneration by oxidising soot
using nitrogen dioxide or by active regeneration. Active regeneration is
achieved by increasing the exhaust temperature by using split post injections
in the combustion engine or by using a fuel injector in the exhaust pipe.
The DPF is usually catalysed to increase the nitrogen dioxide that enables
burning soot economically, treating unburnt HC and also for improving SCR
efficiency by having a higher NOy : NO, ratio in the treated gases. [27]

Lean NO, trap

A Lean NO, Trap (LNT) operates by adsorbing the NO, species as nitrates
in the catalyst. The amount of adsorption is limited by the catalyst vol-
ume and the catalyst temperature. The adsorbed nitrates are reduced in a
fuel rich environment by operating the diesel engine fuel rich for short time
instances. An illustration of the main mechnaism is shown in Fig. 2.11.
The LNT is not efficient at high loads and high exhaust temperatures. But

11
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Figure 2.10: Ilustration of simplified mechanism of soot accumulation in a
diesel particulate filter

the LNT systems are capable of treating NO, at a lower light-off temper-
ature compared to SCR catalyst. The LNT system imposes a higher fuel
consumption due to the regeneration events when the catalyst reaches a
certain NO, threshold. Also, operating the diesel engine in fuel rich condi-
tions poses drivability issues and hence need to be limited to certain driving
conditions. [28]

BaCO, Ba(NO,), Ba(NO,), BaCO, -
LNT Catalyst LNT Catalyst

Figure 2.11: Simplified mechanism of lean NO, trap shown during NO,
adsorption under fuel lean conditions (left) and NO, reduction under fuel
rich conditions (right).

Selective catalytic reduction

Most heavy duty diesel engines used in trucks, construction equipments and
stationary equipments use SCR technology to treat NO,. This is highly
suitable for applications where the exhaust temperatures are higher due to
their relative higher load in their applications. Ammonia is used as the NO,,
reducing agent. This is generated by injecting aqueous urea solution in the

12
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exhaust pipe before the SCR, when the thermal conditions are satisfactory
for urea decomposition to ammonia. The ammonia generated reduces NO,
in the exhaust in the SCR. Excess ammonia is stored on the SCR, the
capacity of which is dictated mainly by the catalyst temperature. The SCR
catalyst functioning along with the associated dosing system is shown in Fig.
2.12. The SCR NO, conversion is almost negligible until the SCR light off
has been reached, which is higher than the LNT light off temperature. The
poor performance in low temperature conditions sets the requirement for
heating up the catalyst using the engine exhaust thereby increasing fuel
consumption. [29]

EMS

Diesel Exhaust Fluid

Tank
D

Urea
dosing
module

Figure 2.12: Selective catalytic reduction with associated diesel exhaust
fluid dosing system

2.2.2 Hybridisation

In vehicles powered with more than a single source of propulsion power,
torque split needs to be determined to satisfy the driver request. Depend-
ing on the comparative size of the devices, the strategies vary extensively. If
the two sources have almost equal power, they could be classified as full hy-
brids. If the electrical machine provides assistance to the combustion engine
propulsion, these can be categorised as mild hybrids. Electrification of cars
is hindered mainly by cost. Minor hindrance to their market penetration
include range anxiety, battery power density, charging infrastructure etc,.
Fig. 2.13 is indicative of the energy efficiency potential of electrification
compared with relative cost of technology upgrade.

13
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Figure 2.13: The impact of hybridisation on cost and energy efficiency

Mild hybrids could be utilised to reduce the effect of transient power
demands on the combustion engine thus reducing exhaust emissions and
fuel consumption. They could be used to alter engine loads so as to op-
erate the combustion engine more fuel efficiently even as driver demand is
different. Popularly five different locations (PO to P4) of the electric ma-
chine on the drivetrain are examined by automotive experts as shown in Fig.
2.14. These pose different performance capabilities along with associated
cost,robustness and packaging complexity. Strategies for torque split need
to account for possible brake energy recuperation, transient dynamics, driv-
ing range among several others for optimal energy utilisation. Being a cost
efficient technology to fulfil CO, and emission requirements, mild hybrids
are expected be a popular choice among automotive manufacturers.

2.3 Subsystem complexity in diesel engines

There has been an incremental change in emission control legislation over
the years. Manufacturers have adapted combustion engines by adding sub-
systems to stay in line with the requirements. This has meant that sys-
tem complexity has been on an escalating growth. To meet growing legal
exhaust emission regulation and consumer performance improvement de-
mands, diesel powertrains use an array of complex subsystems.

In modern diesel engines, an array of technology is used to control NO,
exhaust emissions. These include engine in-cylinder measures such as ex-

14
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PO P1 P2 P3 P4

H Gearbox

Engine Rear Axle

Clutch

Figure 2.14: Mild Hybrid: Possible configurations / positions for electric
machine placement

haust gas recirculation, fuel injection, valve open and close timing, engine
swirl etc.,. External engine measures include the EATS components such
as the LNT and SCR. Subsystems might affect both emission control ob-
jectives and fuel consumption. Incremental emission legislation has led to
addition of subsystems. Fig. 2.15 is an brief of technology adaptation by
manufacturers to meet legal demands.

Presence of varied actuator mechanisms in the subsystems impacts their
response time. Combustion systems controlled by fuel injection systems
contain piezoelectric actuators that can be actuated precisely with response
time in the order of micro seconds. Fuel injection systems have a combined
response time that is in the order of milli seconds. This is mainly be-
cause fuel is supplied by the on board tank and fluid control is thus assured
[30]. Air path related systems such as exhaust gas recirculation and tur-
bocharger systems depend on turbine mass inertia, limited by compressor
speeds, the actuator valves, engine speed-load and also by the air dynamics.
The complex air path circuit that includes cooling circuits and compression
or expansion paths make the response time slower in comparison to the
combustion systems. The response time of such systems are thus slower
and in the order of 1 to 3 seconds [31].

In case of Lean NO, trap, the adsorption of NO, on the catalyst is com-
plex and dependant on the NO, coverage fraction and catalyst temperature.
The regeneration of LNT catalyst is controlled both by fuel injection as well
as air path actuators. The additional impact of LNT regeneration on torque

15
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Figure 2.15: Incremental emission standards with corresponding diesel tech-
nology adopted popularly to fulfil

delivery makes the LNT system regeneration response slower than the air
path system around 5 to 15 seconds. The SCR system depends on NHj
storage on the catalyst and the NO, conversion efficiency depends on the
exhaust flow, temperature and the NHj3 coverage fraction. The response
time of SCR systems depend on urea delivery and sufficient conditions for
dosing thus having a response time in the order of 30 seconds.

These subsystems vary in their implementation due to their response
times, dependency on driving cycle, EATS catalyst and engine states. With
incremental addition of subsystems constrained by low computational pow-
ered control systems, rule based coordination has been the main stream
control implementation due to experience and rich experimental data with
these systems. Coordination of subsystems were not extremely difficult
when the number of subsystems were low and they were relatively simple.
Mechanical control systems and later PID controls were sufficient for earlier
propulsion systems. But current generation systems use a variety of sub-
systems that have a common goal and are dependent on one another. The
use of slave-master type of systems loose the potential synergy offered by
the subsystem interactions. With the introduction of Euro 6d temp, several
subsystems would need a tighter coordination to fulfil legislation effectively
while being efficient.

16



Chapter 3

Diesel powertrain control

The driver in a passenger car sets a reference speed request that is processed
by the vehicle control unit. The Engine Control Unit (ECU) delivers the de-
manded power by the vehicle control by coordinating subsystem controllers
to fulfil legal requirements. The coordination could use a holistic objective
to take advantage of the subsystem synergies.

3.1 Propulsion control

The driver reference for vehicle speed is obtained from the accelerator pedal
or from the cruise controller. The vehicle control module determines the
requested torque and engine speed through the help of pedal maps and a
road load model with vehicle parameters. For a vehicle with automatic
transmission, the transmission control unit determines the suitable gear for
the driver request. Thus it decides the engine speed and torque. In hybrid
vehicles, a controller is also needed to split the torque between the different
propulsion power sources. The power request translated from driver request
by the vehicle control module is summarised in Fig 3.1.

3.2 Engine control

Modern diesel engines include a multitude of complex electrical and elec-
tronic actuators and sensors as shown in Fig. 3.2. These are essential for
operating the various engine subsystems. The sensors and actuators are
connected to the engine control unit. The Engine Control Unit (ECU) is
further connected to other sub units in the vehicle through an array of com-
munication protocols. The ECU could thus communicate with any possible
external information such as Look ahead information provided by a telemat-
ics system. The engine control unit computes the actuator actions based on
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Vehicle Speed
Sensor

Torque

Vehicle Control
Module

Other modules

Figure 3.1: Vehicle control module shown with inputs from driver and ve-
hicle speed sensors to determine the power required from the propulsion
sources on board.
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sensor information and calibration of the engine control software. Automo-
tive grade ECU’s are made to withstand a wide range of climatic conditions.
In making the electronic components robust, the ECUs are expensive and
offer limited computational ability compared to general electronics. Being a
core automotive component, control strategies developed for engine systems
tend be robust. In developing such strategies, actuator control is achieved
with the help of look up tables, parameters and switching models that are
computationally less intensive. [32]

3.3 DBaseline subsystem control

The ECU is supplied with a targeted engine speed and torque requested from
the vehicle control. The desired power is delivered through the coordina-
tion of the engine subsystems to fulfil the demand while satisfying emission
regulations. The engine subsystems are usually operated with settings that
have been calibrated on the ECU based on the current engine speed and
torque required. The ECU utilises the sensors and models of the systems
developed to generate these actuator settings. In early generation engines,
fewer and simpler subsystems meant that they could be calibrated with ex-
perience from expected behaviour and testing. The complexity started to
mount with the use of turbochargers which improved efficiency and power
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Sensors
l Actuators
Engine EGR, VGT, etc |
Management Combustion Control
System EATS Actuators

Figure 3.2: Engine management system assisted by sensors fulfils reference
torque and speed requirement by controlling the engine subsystem actua-
tors.

but at the cost of response time. Since then there has been a substan-
tial focus on improving the performance with advanced control techniques.
The addition of more subsystems that have been complex such as the af-
tertreatment system pose new challenges. The degrees of freedom offered
with the array of systems on the modern diesel engine provide for operating
the engine in diverse manners depending on the objective. Conventional
subsystem coordination has primarily been rule based since the complexity
growth has been incremental. Thus experience in these systems has been
used to coordinate the subsystems so far.

3.4 State of the art control techniques

As mentioned in 2.3, the incremental growth of engine subsystems followed
the emission legislation requirements. In simpler subsystem set-up, coordi-
nation between subsystems was more rule based. This was acceptable due
to the simplicity of subsystems. However with increased subsystems, the
interdependence of subsystems with the same and conflicting objectives, the
need for more integral subsystem coordination is has become necessary.
Turbocharged diesel engine control using mean value models has been a
popular approach [33|. Feedforward controls based on mean value models is a
widely applied industry approach. Feedback based control approaches using
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mean value models has also been used for turbocharged diesel engines with
EGR [34-36] and layered or cascaded control approaches. Model predictive
controllers have also been proposed in studies [37] with inherent limitations
of computational capacity limiting their implementation.

Studies with EGR-SCR balancing along with fuel consumption minimi-
sation have been carried out that have shown potential fuel savings [38].
A control oriented model for integrated engine control has been studied in
[39]. An equivalent cost based integrated diesel engine control approach is
studied in [40, 41| where equivalent costs have been proposed for total fuel
consumption minimisation under emission constraints.

Model Predictive Control (MPC) has been used significantly especially
in subsystems. MPC for torque split, Air path control, EATS control have
been carried out. However an approach for the complete system has been
deemed too complex for the ECU. An MPC implementation is mainly hin-
dered by the absence of algorithms that are capable of execution in the
limited memory framework in the EMS. However research in this area is
growing and a breakthrough in either hardware or algorithms can make
a bigger acceptance to their implementation. [42]. The use of data based
methods has prevailed in engine control strategies that minimise the compu-
tational requirements. Data driven adaptations have been proposed by few.
However, the Engine control system robustness requirements are not met
with the proposed solutions in a cost efficient manner. Further the ability to
model the subsystems with calibration experience with the subsystems has
led to a good accuracy resulting in incremental performance improvements
with traditional data based methods.

Hybrid electric vehicle control where optimal power split of propulsion
power source is the main objective has shown similar control techniques. A
variety of available control techniques for hybrid vehicle control has been
shown in [43-49]. Optimal control techniques have been mainly studied
and suggest that heuristic based systems for online implementation could
be derived from a mix of targeted drive cycles. A summary of control
techniques in propulsion control as discussed above is summarised in Fig
3.3.

In the area of supervisory control methods for complex powertrain sys-
tems, the literature is rich in optimal control but poor in real time control
techniques. Significant amount of studies have focussed on optimal control
of systems which serve as a benchmark for real time controllers. Also, focus
has been mostly on heavy duty diesel engines and applications.
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Optimal Control Heuristic Control
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* Wide availability of algorithms
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* Suitable for Benchmarking Real time

* Simpler implementation software
* Easier carry over of control calibration
» Suitable for real time control

strategies

* Higher computational requirement * Loss of optimality

* Requirement of prediction for optimal * Data / Experiment for controller
control calibration

* Loss of robustness / Higher need for * Higher requirement of experienced
verification judgement

Figure 3.3: Comparison of optimal and heuristic control techniques for su-
pervisory control of powertrain systems

3.5 Supervisory control

In our research, a supervisory controller that takes a holistic perspective
of the engine and its subsystems is intended to be developed. The pro-
posed controller is also aimed to be implementable in a real time ECU. An
equivalent consumption management approach is chosen so that controller
performance could be judged based on a fair metric. An Equivalent Con-
sumption Management Strategy (ECMS) is used with quantification of cost
of actions in fuel equivalent terms [50].

To propose a suitable framework for the coordination of subsystems, a
system analysis of the subsystems is carried out on the Volvo Euro6d diesel
engine. The division into subsystems is done such that the powertrain is
broken down into significant functional blocks. Each subsystem has a prime
objective and can affect other subsystems as indicated in Fig 3.4. As an
example, EGR, SCR and LNT systems have the main objective to reduce
NO, emissions. Fuel injection timing can be used to control NO, emissions
too. But this would also increase fuel consumption. A knowledge based
controller that has information of how much NO, can be treated by the
EGR, LNT and the SCR could be used to such that fuel consumption can
be minimised while also controlling NO,, emissions.

The hypothesis is that control of such complex subsystems would help in
developing a robust controller that can guarantee better fuel consumption
and controlled exhaust emissions compared to a master-slave interaction
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between the subsystems described in 3.3.

In order to control the subsystems, the main phenomenon of these sub-
systems are studied. The idea is to use the phenomenon to develop control
strategies from a holistic perspective. The hypothesis is that such a con-
troller would be superior in performance to the baseline rule based controller
for subsystems. In doing so, 8 subsystems are listed:

1.

2.

Boosting system including the air filter, turbocharger, cooler

Combustion including the fuel injection system along with the cylin-
ders and manifolds

High pressure EGR including the EGR valves and the cooling system

Low pressure EGR including the EGR valves and the cooling system

. The Kinetic Energy Recovery System (KERS) based on an belt driven

integrated starter generator
Lean NO, trap including the associated sensors
Diesel particulate filter including the associated sensors

Selective catalytic reduction catalyst and urea dosing system

Vehicle ‘ Brakes ‘ ‘Transmission‘ ‘ HMI ‘ ‘ Telematics ‘
Control

L Fuel Exhaust
Objectives . .
Consumption Emissions
SEERIE Combustion Air Path KERS ‘

Figure 3.4: Subsystems in a diesel engine and associated complexity in
control for objective fulfilment
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Chapter 4

Route prediction based control

With the growth of positioning system in car navigation systems and general
acceptance of mobile devices, route prediction is a certainty in the near fu-
ture. Advances in autonomous vehicles have made significant contributions
in development of hardware and infrastructure for route prediction. Contin-
ued market penetration of devices proves the acceptability of such systems
[51, 52]. Predicting vehicle speed and road load is significant for power-
train control and optimisation. Driver behaviour is an important factor
that can improve accuracy of this look ahead information. Implementation
of prediction based controllers for route based control have varying degree
of computational requirement depending on being online, offline or cloud
based strategy. An overview of systems required for route prediction based
control is shown in the info-graphic in Fig. 4.1.

User Statistical } Traffic Aware
Analysis systems

‘ Navigation System Route Prediction In Car Telematics ]
Causal Control Cluster Control

Online / On Cloud

o Online Optimisation
Optimisation

Adaptive Control

Figure 4.1: Route prediction and associated control techniques
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4.1 Route prediction and control

Optimal route or trajectory prediction based on real time traffic and sta-
tistical analysis is already available as a service. Foremost, the route op-
timisation is carried out with minimal time to destination in parallel with
minimum tolls and minimal distance. In a study with 252 drivers in Wash-
ington and Seattle to predict route from trip observations, it was noticed
that on average 40% of trips taken were repeated trips [53]. This opens up
the possibility to predict a vehicle trajectory given a history of routes. With
information on the existing position and historic logs of the user travel, the
destination and the entire route can be predicted to an accuracy of about
90% after 2-3 minutes or kilometres driving from the initial position. Route
characteristics such as traffic flow, road grade, wind speed also affect fuel
consumption and emissions. [54, 55].

The potential benefits of using predicted driving route has been demon-
strated in [56]. Optimal control performance can be viewed upon as the
performance for the specific controller with a 100% certainty of route pre-
diction to realisation. Of course, in reality this will be impossible and devi-
ations from prediction need to be accounted for in a practical implementa-
tion. However, the results achieved with optimal control can be viewed as
a benchmark for comparison of performance.

4.2 Prediction horizon and segmentation

Destination of the route travelled is prone to errors in route prediction
with a higher probability in comparison to near future predictions in short
horizon. Traffic conditions are also volatile. The confidence of prediction
thus is high for short immediate horizons. Thus segmentation of available
look ahead information and powertrain control in short near future horizon
could lead to reliable performance.

Subsystems such as the EATS have a longer response time in compar-
ison to fuel injection. With an integrated approach, the combined system
performance could be improved if the controller could take advantage of the
synergy while considering the subsystem differences. Such holistic systems
would need to consider the spread in response times, functional overlap
and interference of the subsystems. A lot of research has been done with
open loop control. Most have the full drive cycle as horizon and optimise
over the entire drive cycle. These solutions offer benchmark for optimal
performance but not real time implementation. However, these could be
applied to shorter horizons but there is a need to carefully handle the hori-
zons. There is risk of losing generality and becoming worse than rule based
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systems in some cases.

Another approach to utilise the predicted route is to categorise parts of
the driving route to segments. In this approach, a dictionary of pre cat-
egorised segments is available. Each segment categrorised has a varying
characteristic that could be parametrised, e.g. in average vehicle speed, ac-
celeration, distance, location, driver behaviour or a regressive combination.
An optimal control could be parametrised by these dictionary segments.
Clustering of similar driving segments is made from the predicted route
and the corresponding controller is applied to the segmented identified. An
example of clustering could be [57]. This method however depends on the
segment identification, sufficient coverage of scenarios and correlation of
identified segments. This could lead to sub optimal performance and in
some cases there could be worse performance than rule based real-time con-
trollers.

4.3 Driver characterisation and its influence

Driving profile, including characteristics of acceleration, braking, distance
travelled play an important role in the behaviour of powertrain systems.
These characteristics have been acknowledged to impact energy efficiency
and emission control also by legislation in using Relative Positive Acceler-
ation (RPA) for representative real drive cycles [58]. In a study on driving
style, fuel consumption increased by 20-40% while NO, was increased by
50-255% with higher RPA [59]. The influence of eco-driving on fuel con-
sumption is also well established to the extent that transportation author-
ities emphasise knowledge and practice of such behaviour. Also significant
is societal aspects of mobility. Regional and cultural influence on driving
behaviour has indicated variations and similarities as identified in a survey
[60]. Their impacts have been studied by researchers of fuel economy im-
pact. Knowledge of driver behaviour offers a potential to increase energy
efficiency and control exhaust emissions. Driver adaptive systems might be
key to unleash the potential of look ahead systems. Deviation from pre-
diction of drive cycles can be minimised using such driver characterisation.
Use of drive behaviour models in combination with traffic low information
offers potential for powertrain control optimisation.

Other aspects of driver behaviour other than aggressiveness also exist.
These could be frequency of operation, average distance travelled, main-
tenance of equipment, loading characteristics. These play significant role
in ageing prediction, a key parameter that affects different components of
the propulsion system differently. A summary of these influencing factors
is shown in Fig. 4.2.
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Route Equipment
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Figure 4.2: Driver behaviour and vehicle usage pattern that influence fuel
consumption and exhaust emissions

4.4 Control implementation

With incremental growth in the number of electrical and smart sensors on
board the engine, there is a consistent growth in memory requirements on
the ECU. The automotive functional safety standard, [SO26262 applicable
throughout the lifecycle leads to higher requirement of memory and func-
tionality including powertrain control. Along with increasing legislation
demands on diagnostics, there is a huge proportion of on board diagnos-
tic functions that consume memory. Control functions for torque and fuel
delivery that are scheduled with higher frequency also consume a lot of
RAM |[61]. There is potentially a limited amount of memory for introducing
advanced control concepts unless automotive specific algorithms are devel-
oped.

Online control where models, solvers and the control are implemented
on board the EMS, while being robust is usually limited by computational
capacity onboard the vehicle. Online optimisation techniques rely on the
hardware where all computation is carried out. Since they are limited by
memory, only less memory demanding control such as rule based techniques
or offline-optimised control can be used.

The potential to use advanced controls might increase with distributed
or integrated control units but that would place additional constraints on
the other systems and robustness cannot be guaranteed [62]. Over the air
updates might help in bringing more efficient algorithms when available
but flexibility is usually limited by the hardware. It is further complicated
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by the product development cycle in the automotive industry where these
designs need to be frozen quite early in the process.

An Alternate is to use cloud services. But this would rely on cloud
computing resources and quality of connectivity. Cloud computing might
be able to offer computational requirements for Model Predictive Con-
trol (MPC) and Dynamic Programming (DP) solutions to be implemented.
These systems could be much flexible compared to on board solutions as
they could offer change of infrastructure with advances in computing tech-
nology. But open questions on communication, cybersecurity and economy
exist. The use of such cloud systems could be potentially used for non Au-
tomotive Safety Integrity Level (ASIL) classed functionality and control.
However, there are potential pitfalls with the capability to demonstrate
emission legislation if such functions would impact exhaust emissions. An
overview of implementation structures possible is shown in Fig. 4.3.

Online Control Offline Control Cloud Based

A = B B =

Offline Solvers Cloud Contains
EMS contains Models Models and
Models Parameterised S
Solvers EMS contains
Control Models EMS contains
Control Control

Figure 4.3: Possible route prediction based control implementation struc-
tures

4.5 Current infrastructure

The European rapid assistance system for automotive collisions, eCall is
mandatory for all cars manufactured since April 2018. The Minimum Set of
Data (MSD) list from eCall implementation suggests that all manufacturers
are ready with systems that support broadcasting information [63]. Com-
mercial offers on today’s market for connected services include over the air
updates, emergency assistance, road side assistance, climate control, driver

27



CHAPTER 4. ROUTE PREDICTION BASED CONTROL

statistics, concierge services, traffic aware routing etc.,. These have shown
wide acceptance and willingness by users to pay for such services. The legal
requirement and penetration of connected services has made hardware and
the associated infrastructure necessary for processing vehicle data available.

Engine control diagnostic loggers have existed since a long time. These
usually contain key statistics of vehicle usage that is usually quite wide
varying from engine load operations, ambient temperature measurements
etc.,. Such data could help classify vehicle operation characteristics. Traffic
information system such as google services provide real time traffic updates
and even optimal routes for better driving experience. These systems have
the necessary infrastructure to provide key data necessary for look ahead
prediction. The quality of such a prediction of vehicle speed depend on
careful fusion of data. Connected cars that can merge driver route history,
position and traffic information system are necessary for route prediction
based control as shown in the Fig. 4.4.

55
== | =

Cloud Services

Engine
Diagnostic
Logs

Vehicle

Telematics

Traffic Information System

Figure 4.4: Infrastructure required for look ahead prediction and control
adaptation: Positioning systems, On board vehicle data communication,
cloud services and Traffic information system.

In summary, today’s vehicles are connected and data transfer is already
possible in both directions. Cloud services also exist and can provide com-
putational ability and adaptation to newer algorithms independent of on
board vehicle hardware. Adding data that is logged in the EMS to the data
transmitted would be a huge benefit to predict route and drive characteris-
tics.
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Chapter 5

Contribution and Future work

5.1 Contributions

Using the subsystem analysis described in 3.5, an objective function with
equivalent fuel consumption of the diesel engine is framed. LNT-SCR co-
ordination for NO, aftertreatment complying with exhaust emission con-
straints while also minimising equivalent fuel consumption is taken up as
the first problem to solve. An interface with NO, conversion efficiency is
used considering the holistic perspective of the system as motivated in 3.5.
Segmentation of look ahead information is used while considering discrete
action sets of controls. After the control structure is designed, discrete en-
gine control modes are introduced to add the engine as a subsystem. The
segmentation is reviewed considering the response times of the subsystem.
The optimisation procedure is to run discrete action cases of the subsystems
with the introduced interface on the simulation models of the subsystems.
In order to carry out the work online the ECU, lumped parameter mod-
els are used to evaluate the discrete action sequences. The controllers are
evaluated on the simulation platform using variations of the Worldwide har-

monised Light vehicle Test Cycle (WLTC).

5.1.1 Problem Statement

The objective of the control problem is to minimise fuel and urea consump-
tion grouped as engine cost Cgpgine and EATS cost Cgars using engine
Upngine and EATS ugars controls from the beginning of the driving cycle at
time 7p to the end of the cycle at time 7% while fulfilling NO, legislated
tailpipe mg’oz requirements. The optimisation problem is expressed as:
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Ty
min CEngine + O dt
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A formulation for the cost function in fuel equivalent terms is derived
for usage in control optimisation. The cost of engine fuel usage is used
as a direct term to arrive at Cgpgine. The EATS cost Cgars is derived by
the combination of equivalent fuel components of urea used by the SCR
Murea and fuel used by the LNT mlf‘t. Apart from them costs for difference
between initial and final catalyst states of LNT 9~NO$ and SCR 9~NH3 is used.
The methodology behind the costs are detailed in [1-3]. The EATS cost are
summarised below:

Crars = C * Opars” (5.2)
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5.1.2 Proposed control architecture

A control architecture is proposed for coordinating subsystems that differ in
their nature of response time and complexity in system objective. A discrete
control action set enables the applicability of such a control architecture in
conjunction with the subsystem interface. The discrete control action sets
for the engine, LNT and the SCR subsystem are derived. The idea to use
discrete control action sets is to minimise the computational requirement
to optimise the control problem. While this may come at a cost of losing
optimum, the decision for this approach is motivated by its usability in a
standard EMS on board the vehicle.

The engine action set is a choice between two sets of actuator maps with
objective of (1) attaining low engine out NO, when the EATS has a lower
NO, conversion efficiency Lowyno, and (2) achieving best fuel consumption
when the EATS is capable of higher NO, conversion Lowcp,. The choice
of 2 engine modes provides for simplicity in the interface and computation
while it does come at an unknown cost from the optimal control.

The control interface for the LNT is the choice of a factor that modifies
the target threshold for LNT regeneration. A low factor (<1) would result in
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a lower threshold than default leading to more frequent regeneration thereby
more NO, conversion efficiency through the LNT. The fuel consumption
would thus be higher. The vice-versa would be applicable for a higher
factor. A discrete choice of three factors iy, niedium pMeh s used in the
LNT interface. This provides for a reasonable estimate when the LNT is
used to its maximum possible efficiency, minimum possible and also a middle
ground between the two. The discrete choices enable a quick estimation of
costs for the optimisation.

Similar to the LNT, the control interface for the SCR is obtained by
modifying target buffer for ammonia in the SCR using a multiplication
factor. A higher factor (=1) would lead to maximum NHj target buffer
thus resulting in higher NO, conversion from the SCR at the cost of higher
urea, consumption. The reverse is true for a lower factor. A choice of
three factors ngey , nacsaim, ngég;; is used so as to obtain a reasonable spread
between the conversion efficiencies. Summary of control actions used in the

scheme are:

UEngine € {LOWNOza LOWCOg}

UEATS = [ULNT7 USCR]T

Low Medium _ High
urNT € NN TENT S TN

Low , Medium , High
uscr € {7MsCr> MSCR 5 TISCR

Using discrete action sets would come at an additional cost from the op-
timal control. It could be argued that true optimality can be achieved only
in case of complete knowledge of the drive cycle. Since only an estimated
trajectory is assumed to be known, which is prone to change as the cycle
progresses, adaptation to the change is significant to realise any potential
improvement over the baseline control. Hence, comparison of controllers
in this work is done with the baseline controller performance. Apart from
the uncertainty in the drive cycle, the computation time required for such
a discrete number of action combination is less and hence is the approach
chosen here. The architecture derived is shown in Fig. 5.1.

5.1.3 Supervisory control optimisation

The supervisory control interface is defined considering look ahead segmen-
tation. The system analysis helped in defining the subsystem interface by
focussing on the phenomenon leading to the supervisory control interface.
The optimisation algorithm considered here is to use the look ahead trajec-
tory and calculate the lowest cost control action combination set for each
segment of the trajectory. This is applied as the supervisory control set
point.
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Figure 5.1: Supervisory control architecture with interface
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In a first approach, the trajectory is broken into small segments. The
idea is to develop a characterisation algorithm and classify these segments.
Each classified segment is optimised off-line by considering the discrete con-
trol action set and is parametrised by the engine, catalyst states and the
segment type. This is stored on-board the ECU and applied for each seg-
ment. This approach is detailed in [2].

In an alternative approach, a lumped model for the subsystems is used.
This is driven by the complete segment and the cumulative effect is mod-
elled. The discrete set of control actions is simulated and optimal control
action is arrived. The lumped models are a combination of lookup tables
and simple parameters. Being computationally non intensive, these models
are intended to be fast and hence possible to implement in the EMS. This
approach is detailed in |[3].

In both approaches described above, a full factorial estimate is done with
all the discrete actions from the subsystems. The action set combination
that guarantees the emission constraints while having the lowest equivalent
fuel consumption is chosen and applied as the supervisory control set point
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for the upcoming segment in the drive cycle.

5.1.4 Potential with Supervisory controller

In [1], the supervisory controller’s ability using look ahead data to balance
the NO, conversion between the two subsystems (LNT-SCR) to minimise
equivalent consumption is demonstrated. In [2, 3|, the same is extended
including the combustion engine where around 1% equivalent fuel saving
is achieved compared to the baseline controller. The equivalent fuel saving
while guaranteeing controlled exhaust emissions without altering the un-
derlying local level controllers is demonstrated for almost all cases using
simulation with a number of cycles generated using WLTC segments.

5.2 Future work

Control validation results of the approach taken and the segmentation will
be the subject of future research work. The approach might also be extended
with a focus on the next promising electrified powertrain layout which in-
herently has complex subsystems owing to strategic shift and market trend
in passenger car propulsion.

5.2.1 Drive cycle characterisation

Characterising segments are used in the initial works. However, to fully
utilise segment identification and parametrisation, sensitivity of optimal
control to parametrised segment based control is needed. The methodology
to characterise, classify and thus develop clustered control policies with data
available will be focussed upon. The best practice to predict the sensitive
prediction parameters shall be determined using historic log of geotagged
vehicle operation.

5.2.2 Verification of control proposals

The proposed control schematic shall be verified on physical test objects
such as a vehicle in the emission test cell to show proof of concept in real
time. Focus on real world performance and disturbance handling will be
looked upon while also comparing against the baseline control. A drive
cycle that is representative of real world challenges will be determined for
usage.
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5.2.3 Inclusion of mild hybridisation

Inclusion of mild hybrids with electric Kinetic Energy Recovery System
(KERS) is within the scope of the project. KERS offers potential in fuel
saving and emission control by shifting engine operating point, peak torque
shaving, quick heat up of catalyst, regenerative braking to list a few. The
degree of freedom offered by KERS needs a careful integration in the su-
pervisory controller.

5.3 Summary of Included Papers

Paper I

Dhinesh Velmurugan, Daniel Lundberg and Tomas McKelvey, "Su-
pervisory Controller for a LNT-SCR Diesel Exhaust After-Treatment
System", European Control Conference, June 2018, Limassol, Cyprus.

In this paper, as the first subproblem, the LNT-SCR coordination is ex-
plored in the context of developing a supervisory controller for the diesel
powertrain while using look ahead information. An interface that indirectly
controls the NO, conversion efficiency of the LNT and the SCR is devel-
oped. A controller that minimises Emission Equivalent Fuel Consumption
(EEFC) is proposed. Using the engine speed and torque trajectory from
a WLTC cycle segmented in parts, controller setpoints for the defined ob-
jective is calculated using simulation of the subsystem models. The result
is compared to a conventional rule based controller used for the LNT-SCR
coordination under different initial catalyst conditions and differently ar-
ranged sequenced WLTC parts.

Paper 11

Dhinesh Velmurugan, Tomas McKelvey and Daniel Lundberg, "Su-
pervisory controller for a Light Duty Diesel Engine with an LNT-
SCR After-Treatment System", International Powertrains, Fuels &
Lubricants Meeting, SAE International, September 2018, Heidel-
berg, Germany.

In this paper, the complexity of the developed LNT-SCR controller is ex-
tended by the addition of the combustion engine as a third subsystem. The
same interface is carried over. For the combustion engine, 2 discrete modes
are chosen with 2 distinct objectives. The first mode has the objective of
least engine exhaust NO, while compromising on fuel consumption. The
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second mode has the objective of least fuel consumption while compro-
mising on engine exhaust NO, emissions when the EATS is warmed. In
this approach, the drive cycle is broken into 60s segments. The LNT-SCR
NO, conversion efficiency interface is made discrete with 3 levels that re-
duces the computational effort for the controller. A full factorial simulation
of the combination of engine-LNT-SCR actions is done to determine the
least equivalent fuel consumption combination that satisfies the emission
constraints. The result is compared to the rule based controller used for
the engine-LNT-SCR coordination under different catalyst conditions and
sequenced WLTC.

Paper III

Dhinesh Velmurugan, Daniel Lundberg and Tomas McKelvey, "Look
Ahead based Supervisory Control of a Light Duty Diesel Engine",
IFAC Conference on Engine and Powertrain Control, Simulation
and Modeling (E-COSM’18), September 2018, Changchun, China.

In this paper, the full factor simulation of the discrete combination of con-
trol actions is focussed. A lumped parameter based model for each of the
subsystems is used instead of the full scale model of the subsystems. The
simplicity of the lumped models enable implementation of the controller in
a real time ECU. The lumped models are calibrated to be accurate enough
for cumulative effects within the look ahead segment being considered. The
use of such a model for supervisory control is investigated. The same inter-
face and discrete action controls defined in the early paper is used. The look
ahead information in each segment for 18 combination of control actions (3
LNT, 3 SCR and 2 Engine modes) is evaluated using the lumped models. In
comparison with using the complex models [2], the resulting average equiv-
alent fuel consumption saving is similar in the order of 1% while fulfilling
exhaust emission constraints.
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